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ABSTRACT 

 

AN INVESTIGATION INTO THE ROLE OF TACTILE FEEDBACK IN THE 

NEUROMUSCULAR CONTROL OF SPINE MOVEMENT 

Shawn Matthew Beaudette                                                                                                Advisor: 

University of Guelph, 2018                                                                                 Dr. Stephen H.M. Brown 

The spine requires refined, adaptable neuromuscular control to ensure proper function. To 

facilitate this control, many sensory systems contribute feedback about the position and movement of 

one’s body. These systems include feedback from muscles, tendons, ligaments, as well as the skin. The 

overall aim of this PhD dissertation was to investigate the influence of tactile (skin) sensory feedback on 

the neuromuscular control of the spine. To address this aim, four experiments were completed.  

In Experiment #1 the effect of decreased tactile sensitivity on spine neuromuscular control was 

investigated. Participants had the skin of their back anaesthetized (numbed). When compared to a control 

group, the anesthesia resulted in a significant impairment in skin sensitivity. However, this reduction had 

negligible impact on spine neuromuscular control.  

 In Experiments #2 and #3, the influence of spine flexion-extension posture on skin structure and 

tactile sensitivity were investigated, respectively. For Experiment #2 participants were required to adopt 

extended, neutral or flexed spine postures during which measures of skin stretch, thickness and hardness 

were taken. The results demonstrated that spine posture significantly influenced each measure of skin 

structure. In Experiment #3 participants were asked to adopt the same three postures, during which 

measures of touch sensitivity, spatial acuity and skin stretch sensitivity were obtained. The results 

suggested that posture-mediated changes in skin structure (Experiment #2) significantly influenced the 

sensitivity to tactile stimuli.  

 In Experiment #4, the utility of skin stretch feedback to facilitate adjustments in spine movements 

was investigated. If participants perceived skin stretching at specific regions of the back, they were 

instructed to adjust their spine flexion movement to minimize this sensation. These results are the first to 
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demonstrate the utility of tactile information to evoke a redistribution of flexion motion across spine 

subsections (e.g. thoracic/lumbar) or intervertebral joints.   

 Combined, Experiments #1-4 suggest that tactile feedback is a supplementary resource which can 

be used in the neuromuscular control of spine movement. When tactile feedback is diminished, 

neuromuscular control appears unaffected (Experiment #1). When pertinent posture-mediated 

(Experiments #2 and #3) feedback is provided, it can be interpreted to evoke a re-distribution of flexion 

movement across the spine (Experiment #4).        
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CHAPTER 1 – INTRODUCTION AND OVERVIEW 

1.1 General Introduction 

1.1.1 Low Back Pain 

Low back Pain (LBP) is one of the leading causes of disability worldwide. Recent systematic 

reviews assessing the global prevalence of LBP have estimated the point prevalence of activity-limiting 

LBP to be ~12%, with a one-month prevalence of ~23% (Hoy et al., 2012) and a lifetime prevalence of 

60-85% in industrialized countries (Kuiper et al., 2005; van Tulder et al., 2002; Walker, 2000; Woolf & 

Pfleger, 2003). Due to this, the total healthcare expenditures incurred by individuals with LBP exceeds 

$100 billion per year in the United States, two-thirds of which are a result of lost wages and reduced 

productivity (Katz, 2006). Furthermore, in 2016, an analysis for the Global Burden of Disease (GBD) 

study identified the combined effects of low back and neck pain as the leading cause for disability-

adjusted for life years (DALY; a measure representing the sum of years of life lost due to premature 

mortality and years lived with a disability) in Canada (GBD 2015 and HALE Collaborators). With an 

aging population (i.e. Smith et al., 2013), and the current obesity epidemic (i.e. Orpana et al., 2007; Zhang 

et al., 2016) it is expected that burden of LBP in western society will continue to get worse. Currently the 

management of most LBP is largely focused on pain relief and prevention of worsening outcomes through 

physical therapy and exercise. However, given the very large burden and associated economic 

consequences of such treatments, it has been suggested that LBP should be a priority for research to 

identify more effective preventative and therapeutic measures (Waddell & Burton, 2001). Of these LBP 

preventative measures, patient and physiotherapist groups have identified biomechanical risk factors as 

the most important to address (Stevens et al., 2016). Some specific biomechanical risk factors which have 

been identified within the scientific literature include: (1) repeated spine flexion bouts under compressive 

load (Callaghan & McGill, 2001) such as during occupational or sporting related tasks (Marras et al., 

1993; Hangai et al., 2008); (2) instances of high spine flexion or local (e.g. thoraco-lumbar) kyphosis 

(Dankaerts et al., 2006; Hemming et al., 2018); (3) compound or “awkward” postures including spine 

flexion coupled with lateral bending or axial twisting (Stevens et al., 2016). 
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1.1.2 Spine Motor Control 

The spine is an anatomically complex series of 25 intervertebral joints spanning the base if the 

occipital bone and the first sacral vertebra (S1). Each joint has the capacity to both translate along and 

rotate about three orthogonal axes (Figure 1.1), resulting in many degrees of freedom (e.g. 25 levels, 6 

degrees of freedom each), and a variety of control options to complete any spine movement. Translations 

occur in three dimensions (3D) about medial-lateral (ML), anterior-posterior (AP) and superior-inferior 

(SI) directed axes, with rotations about each axis being denoted as flexion extension (FE), lateral bend 

(LB) and axial twist (AT) respectively. The coordination of spine movement is done by the 

neuromuscular control system, comprised of the passive and active tissues acting about the spine which 

are mainly controlled by efferent (muscular activation) and modulated by afferent (sensory feedback) 

systems (for review see: Reeves et al., 2007; Hodges, 2011). This system needs to account for the current 

state of the spine system, passive tissue properties, as well as control from peripheral (spinal) and central 

(cortical) levels of the central nervous system (CNS) (Figure 1.2).  The goal of the neuromuscular control 

system is to both facilitate the completion of dynamic motor tasks (e.g. walking, lifting, jumping, etc.), as 

well as to ensure optimal spine range of motion (ROM) and stability, thereby avoiding injury.  The 

neuromuscular control of the lumbar spine can be quantified through the interpretation of spine state 

variables including (but not limited to) measures of spine position/orientation, stability, stiffness as well 

as task-related progress. In biomechanics, state variables such as these are obtained by using tools to 

capture raw data describing the movement of body segments (i.e. kinematics), the forces acting on these 

segments (i.e. kinetics), and the necessitated muscular activation (i.e. electromyography).  
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Figure 1.1 Schematic depiction of each intervertebral movement plane. Each vertebra has the capacity to translate 

along (denoted in red), as well as rotate about (denoted in black), three orthogonal axes.  
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Figure 1.2 Components of the neuromuscular control system for the spine (adapted from: Reeves NP, Narendra KS, 

Cholewicki J: Spine stability: The six blind men and the elephant. Clin Biomech (Bristol, Avon) 2007;22:266-274.). 

CNS = central nervous system. 
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1.1.3 Injury Mechanisms 

Proper neuromuscular control is critical to avoid spine musculoskeletal injury. Specifically, it has 

been hypothesized that spine injuries may occur when intervertebral or torso equilibrium is disturbed by 

biomechanical perturbations including neuromuscular control errors (Panjabi, 1992a; Panjabi, 1992b). If 

spine neuromuscular control is impaired, these small perturbations can cause brief uncontrolled 

intervertebral movements (i.e. buckling) resulting in unsuccessful transmission of spine compression and 

shear forces and thereby subsequent tissue strain and injury (Cholewicki & McGill, 1996; Granata & 

Gottipati, 2008). Furthermore, it is possible that the injurious effects of small neuromuscular control 

errors may be exacerbated at spine end-ROM postures (such as high flexion) where the strain on soft 

tissues (i.e. muscles, ligaments) is already high, further increasing one’s risk in obtaining certain types of 

back injuries (e.g. intervertebral disc herniation; Callaghan & McGill, 2001). The link between spine 

neuromuscular control and spine injury has been heavily researched throughout the biomechanics 

literature (Hodges, 2011; Hodges & Moseley, 2003; O’Sullivan, 2005); however, a reliable means for 

improving the neuromuscular control of the spine for applications in LBP prevention and rehabilitation 

has yet to be determined.     

1.1.4 Sensory Feedback 

To adjust and monitor spine motion the body uses several sensory feedback systems. These 

systems work in concert to provide the body with a sense of proprioception which considers the 

conscious sensations of one’s body position and movement, the sense of tension or force, the sense of 

effort as well as the sense of balance (Sherington, 1906; Proske & Gandevia, 2012). The term kinesthesia 

(Bastian, 1888) refers to a subset of one’s proprioceptive senses, specifically to the sensation of one’s 

body position and movement. In addition to visual and vestibular input, peripheral bodily receptors 

associated with kinesthesia include sensors located within the muscle (i.e. muscle spindles & Golgi 

tendon organs), the joint capsule, as well as the skin (i.e. Merkel cells, Meisner corpuscles, Ruffini 

endings, Pacinan corpuscles, hair plexus nerve endings, and free nerve endings). A summary of each 
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kinesthetic sensor is illustrated in Table 1.1. Receptors located within the skin have recently been 

receiving a significant amount of research interest for applications in haptics; the field of applying touch 

(tactile) sensation and control to interaction with computer applications (Shull & Damian, 2015). The 

utility of such tactile stimuli in the manipulation of spine neuromuscular control to reduce LBP 

prevalence has yet to be investigated.    

 

 

Table 1.1 Kinesthetic sensor locations and associated detectable sensory stimuli (information summarized 

from Proske & Gandevia, 2012). 

Sensor Anatomical Location Detectable Sensory Stimuli 

Muscle Receptors   

Muscle Spindles 

Golgi Tendon Organs 

Muscle belly Muscle length & velocity 

Muscle-tendon junction Muscle tension 

Joint Receptors 

Ruffini-Like Endings 

Skin Receptors 

Merkel Cells 

Meissner Corpuscles 

Ruffini Endings 

Pacinian Corpuscles 

  

Joint capsule and ligaments   Tissue stretch 

 

Tip of epidermal sweat ridges 

 

Edges & points 

Dermal papillae Lateral motion 

Dermal collagen fibers Skin stretch 

Dermis & hypodermis Vibration 

 Hair Plexus Base of hair follicle Movement of hair follicle 

 Free Nerve Endings Epidermis & dermis Touch, pressure & stretch 
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1.1.5 Skin Structural Anatomy 

As outlined above, the mechanoreceptors residing within the skin are distributed across a variety 

of individual skin layers (for spatial comparison of the distribution of each of these mechanoreceptors 

consult Figure 1.3). Each adjacent skin layer has its own distinct structure, and corresponding mechanical 

properties. The epidermis is the most superficial and stiffest skin layer (Leyva-Mendivil et al., 2015), and 

functions as a mechanical barrier between internal structures (such as small capillaries and nerve endings) 

and the external environment. With the epidermis consisting of five separate sub-layers, the most 

superficial epidermal sub-layer is the stratum corneum. This sub-layer is formed primarily of keratinized 

dead/dying skin cells, and has been heavily researched due to its capacity to absorb liquids and other 

topical agents, thereby manipulating its mechanical properties (i.e. Bhushan, 2012; Wu et al., 2006). Just 

deep to the epidermis is the dermis. In contrast to the epidermis the dermis primarily consists of small 

capillaries, sebaceous (oil) glands, hair follicles and cutaneous nerves embedded within a connective 

tissue matrix (Geerligs, 2006). The primary component of this connective tissue matrix is collagen, which 

makes up ~75% of the dry weight of dermal tissue (Wilkes et al., 1973). The varying principle orientation 

of dermal collagen fibers throughout different regions of the body contribute to the skin’s anisotropic 

material properties (Ni Annaidh et al., 2012). The principle orientation of collagen within the dermis can 

be represented through classical depictions of Langer’s lines, conventionally used to guide surgical 

incision orientation (Langer et al., 1978). The deepest and most compliant skin layer is the hypodermis, 

primarily consisting of subcutaneous fat stores, and loose connective tissue (Geerligs, 2006).      
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Figure 1.3 Schematic depiction of each skin layer (left) and associated contents (right). Adapted from Gardner & 

Johnson (2013). 

 

1.1.6 Previous Research and Applications 

 

In the field of tactile feedback and LBP, there have been two primary areas of research. For the 

first area, which concerns LBP prevention, the principal focus has been on assessing the utility of tactile 

feedback on limiting the incidence of known biomechanical risk factors for low back injury (e.g. end-

range spine postures, or sustained spine flexion). Within this area, researchers have utilized tactile stimuli 

such as athletic tape (e.g. Pinto et al., 2017), elastic kinesiology tape (e.g. Castro-Sánchez et al., 2012; 

Hagen et al., 2015; Ruggiero et al., 2015; Kelle et al., 2016), or vibration (O’Sullivan et al., 2013; 

Çelenay et al., 2015) to alert an individual to adjust their posture or movement. Although research 

utilizing elastic kinesiology tape has generally presented ambiguous outcomes (for review see: Kalron & 

Bar-Sela, 2013), rigid athletic tape and vibration “on/off” stimuli have been shown to limit the incidence 

of high spine flexion (e.g. Pinto et al., 2017), and prolonged flexed sitting postures (e.g. O’Sullivan et al., 

2013; Çelenay et al., 2015). Findings such as these have motivated the development of wearable 

consumer products designed to monitor one’s spine posture and administer adjustment cues (e.g. 

UPRIGHT®, Upright Technologies Ltd., Yahud, Israel). Furthermore, imperceptible high frequency 

tactile vibration has been shown to influence one’s standing trunk orientation (Martin et al., 2015). 
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Combined, these studies demonstrate a strong link between tactile sensory feedback and spine posture, 

suggesting that tactile feedback may be successful in providing information relevant for the 

neuromuscular control of dynamic spine movement.  

For the second area, which concerns chronic LBP (CLBP) rehabilitation, the principal focus has 

been on reversing pain-related, maladaptive cortical changes in an effort reduce pain and restore function.  

Previous work has demonstrated that CLBP patients have diminished tactile sensitivity atop the skin of 

the low back, paired with motor strategies that encumber movement of the lumbopelvic region 

(Luomajoki & Moseley, 2011; Moseley, 2008; Catley et al., 2014; Adamczyk et al., 2018. These 

deficiencies in tactile acuity are believed to stem from re-organization within the somatosensory cortex 

(Flor et al., 1997; Lloyd et al., 2008) in response to chronic nociceptive (pain) input. Based on these 

findings, several recent research studies have implemented tactile sensory re-training paradigms to 

decrease perceptions of pain, increase tactile sensitivity and improve motor function in clinical groups 

such as chronic regional pain syndrome, phantom limb pain and CLBP (Moseley et al., 2008; Mosley et 

al., 2008; Flor et al., 2001). These paradigms have shown promise (Catley et al., 2014) and appear to be 

most beneficial when paired with conventional physical therapy style training paradigms (Wälti et al., 

2015). To limit the burden placed on clinicians administering these types of training paradigms, recent 

research (Barker et al., 2008) has worked on assessing the efficacy of a wearable device designed to 

deliver different spatiotemporal cues to the wearer, while training their ability to distinguish such cues.  

1.2 Dissertation Overview 

As one of our principal senses, the role of one’s sense of touch on spine neuromuscular control is 

poorly understood. The aim of this thesis was to further the understanding of tactile perception in the skin 

of the trunk dorsum, and how certain local sensory deficiencies or pertinent feedback can be used to 

modulate the movement of the spine in healthy individuals. As outlined above, these findings will have 

implications concerning tactile biofeedback (LBP prevention) and tactile sensory re-training (LBP 

rehabilitation). In brief, Experiment #1 was designed to assess the influence of local tactile deficiencies 
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on the neuromuscular control of the spine. Experiments #2 and #3 assessed the influence of spine posture 

on the structure and perceptual sensitivity of the skin, thereby guiding an understanding of which tactile 

stimuli are perceptible across a wide range of spine postures. Finally, Experiment #4 was designed to 

assess the influence of pertinent, posture-mediated tactile feedback, on the neuromuscular control of 

dynamic spine movement.  

1.2.1 Experiment I 

Purposes:  

(1) Determine if lumbar tactile sensitivity and spatial acuity can be decreased in healthy 

participants (using a topical anesthetic) to mirror levels reported in CLBP patients. 

(2) Determine if deficiencies in tactile sensitivity and spatial acuity generate detectable 

differences in gross spine neuromuscular control. 

 Hypotheses: 

(1) By using a topical anesthetic, tactile sensitivity and spatial acuity can be decreased to 

levels similar to those reported in CLBP patients. 

(2) Deficiencies in tactile sensitivity and spatial acuity will result in larger movement 

variability, decreased spine stability and decreased proprioception. 

1.2.2 Experiment II 

Purpose:  

(1) Quantify the magnitude, as well as the spatial distribution, of structural deformation at the 

skin of the trunk dorsum in response to spine forward flexion and backward extension. 

Hypotheses: 

(1) As spine posture moves from extension to flexion it was expected that the skin of the trunk 

dorsum would stretch to become both thinner and harder. 
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(2) It was expected that the above changes would be dictated by the intervertebral distribution of 

the flexion movement, with lumbar motion segments that experience more flexion generating 

larger local posture-mediated changes in skin structure. 

(3) It was expected that all posture mediated changes in skin structure would be affected by body 

type, such that larger deformations would occur when a thicker hypodermis was present. 

1.2.3 Experiment III 

Purpose:  

(1) Quantify the influence of posture-mediated skin deformations on tactile perceptual sensitivity 

of the skin of the trunk dorsum.  

Hypothesis: 

(1) As the spine posture moves from extension to flexion it was expected that touch perceptual 

sensitivity and spatial acuity would decrease, and that skin stretch perceptual sensitivity 

would increase. 

1.2.4 Experiment IV 

Purposes:  

(1) To determine if tactile feedback can be used to adjust dynamic spine flexion posture by re-

distributing flexion across spine subsections and motion segments.  

(2) To determine if tactile feedback can limit the targeting error and variability or repeated 

flexion movements. 

Hypotheses: 

(1) Tactile feedback will result in a redistribution of flexion movement away from the location of 

the stimulus. 

(2) Tactile feedback will result in lowered targeting error and flexion variability. 
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1.3 Statement of Ethics 

The experiments presented in this dissertation were all conducted in accordance with the ethical 

guidelines of the University of Guelph and were approved by the University Research Ethics Board for 

Natural, Physical and Engineering Sciences.  
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CHAPTER 2 – EXPERIMENT I: LOW BACK SKIN INSENSITIVITY HAS MINIMAL IMPACT 

ON ACTIVE LUMBAR SPINE PROPRIOCEPTION AND STABILITY IN HEALTHY ADULTS 
 

Experimental Brain Research 2016; 234 (8): 2215 – 2226. doi: 10.1007/s00221-016-4625-5. 

 

2.1 Chapter Overview  

 Patients with CLBP present with a variety of impairments including both (1) reduced tactile 

sensitivity/acuity and (2) encumbered motor control strategies. Some notable motor changes include 

reports of decreased seated balance performance (i.e. Radebold et al., 2001; van Daele et al., 2009; 

Willigenburg et al., 2013b) and decreased trunk proprioception (i.e. Brumagne et al., 2000; Silfies et al., 

2007). The overall purpose of this study was to investigate the influence of local tactile deficiencies on 

the neuromuscular control of the spine. The aim was to diminish tactile sensitivity and acuity measures, in 

the region of the low back, to the range of those observed in CLBP groups (using a topical anesthetic), as 

well as to identify if diminished tactile sensitivity alone could account for any detectable motor 

impairments. Although we expected reductions to impair the neuromuscular control of the spine, no 

significant impairments were observed. The results suggest that healthy participants can adapt to 

deficiencies in tactile sensitivity, presumably through relying on existing, unperturbed sensory feedback.      

2.2 Introduction 
 

To complete dynamic motor tasks and ensure adequate stability of the lumbar spine, sensitivity of 

the proprioceptive and kinesthetic systems is necessary. Sensory feedback systems, which facilitate 

coordinated and stable movement patterns, include inputs from visual, vestibular, cutaneous, ligamentous 

and muscular subsystems (Proske & Gandevia, 2012). In the absence of visual information, one’s body 

representation in space (proprioception) has primarily been attributed to muscular receptors whereas a 

complimentary, supplementary or substitutory role has been attributed to more peripheral receptors, such 

as those within the skin (Aimonetti et al., 2012; Kavounoudias et al., 2001; Proske & Gandevia, 2012). 

Previous research has classified these skin receptors into separate groups responding independently to 

target biologically relevant phenomena (Johansson et al., 1982; Johansson & Vallbo, 1979; Morioka et 

https://doi.org/10.1007/s00221-016-4625-5
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al., 2008). These receptors include rapidly adapting Meissner and Pacinian corpuscles which respond to 

skin slips/lateral movements and high frequency vibrations respectively, as well as slowly adapting 

Merkel cells and Ruffini endings which respond to indentation and stretch respectively (Gardner & 

Johnson, 2013; Johnson, 2001; Macefield, 2005).  In addition to these receptors, the skin of the torso also 

includes free nerve endings surrounding hair follicles, which are especially sensitive to hair movement 

(Gardner & Johnson, 2013). Within CLBP patients, previous research has noted a decrease in the 

cutaneous sensitivity of low back using two-point discrimination measurements (Moseley, 2008; Catley et 

al., 2014). Furthermore, it has been suggested that the deficits in tactile acuity are related to the 

guarded/encumbered lumbopelvic motor movements associated with CLBP (Luomajoki & Moseley, 

2011). How the feedback from the cutaneous sensory receptors located within the low back contributes to 

the control of lumbar spine movement and proprioception is still unknown.  

Previous works have demonstrated that CLBP patients have diminished tactile sensitivity atop the 

skin of the low back, paired with encumbered motor strategies of the lumbopelvic region (Luomajoki & 

Moseley, 2011; Moseley, 2008; Catley et al., 2014). It is possible that the deficits in tactile acuity stem 

from reorganization within the somatosensory cortex (Flor et al., 1997; Lloyd et al., 2008), changes in 

peripheral receptor sensitivity (such as is the case in diabetic neuropathies), or some combination of both 

factors.  Based on these findings, recent research has begun to suggest that sensory re-training paradigms 

that target tactile sensitivity of a painful region can assist in reducing perceptions of pain (Catley et al., 

2014). These paradigms appear to be especially promising when paired with conventional physiotherapy 

style training paradigms (Wälti et al., 2015). It is currently unknown however, whether the tactile acuity 

deficits observed in CLBP (as well as the effects of tactile sensory-retraining) act through peripheral (e.g. 

cutaneous mechanoreceptor sensitivity) or central (cortical) neural mechanisms.  

To manipulate cutaneous sensory feedback, previous works have employed the use of an 

anesthetic to decrease/eliminate cutaneous sensitivity from a specific anatomical area (Bjӧrkman et al., 

2014; Cordo et al., 2011; Howe et al., 2015; Lowrey et al., 2010). With this idealized removal of skin 
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information, researchers can speculate on how the eliminated cutaneous mechanosensitive feedback 

contributes to the control of posture, dynamic movement or proprioception. Alternatively, researchers can 

also infer if individuals are able to adjust to the loss of accessible sensory information with an increase in 

the reliance on information originating from the remaining senses. Based on this, the primary goals of the 

present study were to (1) discern if decreases in lumbar tactile acuity (due to the topical anesthetic 

treatment) in healthy participants could mirror those reported in CLBP patients, as well as to (2) identify 

if these peripheral tactile insensitivities alone would result in larger movement variability, decreased 

stability, and decreased proprioception of the lumbar spine. 

2.3 Materials and Methods 
 

2.3.1 Participants  
 

Fourteen male and fourteen female participants were divided evenly into age, height and weight-

matched treatment and placebo groups (Table 2.1). Participant exclusion criteria included the presence of 

pain within the lumbopelvic or lower-limb region as well as any self-reported, diagnosed sensory or 

motor deficit disorders. All participants (n = 28) completed a health screening questionnaire and signed 

informed consent prior to data collection. The study was approved by the institutional research ethics 

board in accordance with the Declaration of Helsinki. 

2.3.2 Procedure 
 

All collections were completed at the same time of day, each with a total duration of 

approximately 4.5 hours. Upon arrival, participants were randomly assigned into either an EMLA 

(EMLA®, Astra Zeneca: 2.5% lidocaine/2.5% prilocaine, topical anesthetic) or PLACEBO (inert, 

unscented moisturizing cream) treatment group. The first half-hour was allotted for instruction and 

practice of the experimental tasks as well as for the consent process. The remaining four hours were used 

for skin sensitivity, proprioceptive and stability testing procedures as well as the administration of the 

anesthetic or placebo skin treatment (Figure 2.1A). The orders of proprioceptive and stability tasks were 

randomized and balanced between participants, and were held in a constant order during repeated 
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assessments within each participant. The treatment cream (EMLA or PLACEBO) was applied in a dose of 

0.1 g/cm2
 atop the skin of the low back for a period of two hours. During this time, participants lay prone 

on a chiropractic bench while also completing two-minute walking bouts every 30-minutes. These short 

walks were done to mitigate any effect of maintaining a prolonged prone posture (e.g. intervertebral disc 

swelling or low-back discomfort). The boundaries for cream application were defined anatomically based 

on the SI locations of the twelfth thoracic (T12) and first sacral (S1) spinous processes as well as the ML 

peripheral boundaries of the left and right paraspinal (erector spinae) muscle bellies (Figure 2.1B, i). This 

anatomical location was targeted due to reports of decreased cutaneous sensitivity in CLBP patients 

within this region (Luomajoki & Moseley, 2011; Moseley, 2008). The average dose area for each 

participant group is presented in Table 2.1. During the administration of the EMLA or PLACEBO 

treatment all participants, and experimenters taking any measurements, were blinded to the type of skin 

treatment cream. 

 

 

Table 2.1 Mean (± SD) EMLA and PLACEBO group participant characteristics.  

Group Height (cm) Weight (kg) Age (y) Dose Area (cm2) 

EMLA  

(7 male; 7 female) 
174.9 (± 10.2) 70.6 (± 12.5) 24 (± 2.2) 217.1 (± 46.9) 

PLACEBO  

(7 male; 7 female) 
176.8 (± 8.8) 76.8 (± 16.5) 24 (± 2.9) 218.6 (± 30.9) 

  



17 
 

 

 

 

 

 

Figure 2.1 Schematic depiction of each data collection session showing both the A) timeline of procedure as well as 

B) each individual sensitivity (PRE-SENS, POST-SENS1 and POST-SENS2) or proprioceptive/stability (PRE and 

POST) assessment. Tests included i) touch sensitivity (*) and spatial acuity (grey bar) threshold testing both within 

(L1 & L4) and outside (T9) of the experimental test area (dashed box), ii) proprioceptive acuity testing for both 

flexion/extension and axial twisting movements, and iii) dynamic stability estimation during both seated stability 

and repetitive sagittal lifting tasks. 
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2.3.3 Cutaneous Sensitivity Tests 
 

 Cutaneous sensitivity was measured across three separate assessments relative to the application 

of either the EMLA or PLACEBO treatment cream. These assessments included measures prior to cream 

application (PRE-SENS), immediately following cream removal (POST-SENS1) as well as immediately 

following the completion of the second round of lumbar spine proprioceptive and stability tasks (POST-

SENS2). The POST-SENS1 and POST-SENS2 assessments were separated in time by ~40-45 minutes 

(i.e. the average duration of the proprioception and stability tasks). Control test-locations (outside of dose 

area) were assessed at the 9th thoracic (T9) level both immediately superficial to the vertebral spinous 

process (T9SP) and superficial to the right-side paraspinal muscle belly (T9MB). Experimental test-

locations (within dose area) were assessed at the first (L1) and fourth lumbar (L4) vertebral levels, again 

both superficial to the vertebral spinous process (e.g. L1SP) and muscle belly (e.g. L4MB). Prior to any 

cutaneous sensitivity tests, each test location was lightly shaved with a disposable razor, with care not to 

abrade the skin. Two cutaneous sensitivity tests were administered: a Semmes-Weinstein (Semmes et al., 

1960; Weinstein, 1993) touch sensitivity threshold test (e.g. Wand et al., 2010) as well as a two-point 

discrimination spatial acuity threshold test (e.g. Catley et al., 2013; Johnson & Phillips, 1981; Luomajoki 

et al., 2011; Moseley et al., 2008; Nolan et al., 1985; Wand et al., 2014). Touch sensitivity threshold tests 

were completed at six anatomical test locations including T9SP, T9MB, L1SP, L1MB, L4SP and L4MB. 

Spatial acuity threshold tests were completed in a superior-inferior orientation at two anatomical test 

locations, T9MB and L4MB. Both the touch sensitivity and spatial acuity threshold tests utilized a 

modified stepwise 4-2-1 approach (Dyck et al., 1993) such that minimum sensitivity threshold was 

defined as a 66% success rate (e.g. Frost et al., 2015).  

2.3.4 Lumbar Spine Proprioception Tests 
 

Proprioceptive acuity was tested across two separate assessments relative to the application of 

either the EMLA or PLACEBO treatment cream. The first tests were completed prior to cream 

application, immediately following the cutaneous sensitivity tests (PRE), while the second tests were 
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completed following cream removal, again immediately following the cutaneous sensitivity tests (POST). 

Proprioceptive tests included active lumbar repositioning (Figure 2.1B, ii) within both the sagittal (e.g. 

Brumagne et al., 2000) and axial (e.g. Silfies et al., 2007) planes. Sagittal repositioning was performed 

while seated in a kneeling chair, while axial repositioning was performed while seated upright on a 

twisting platform. For each task, participants were required to (without the use of vision, at a self-selected 

pace) either flex or rightward-twist, away from their starting neutral position, towards a random target 

within ~10o of each participant’s mid-range ROM. After holding this target for ~2 seconds participants 

were required to flex/twist to their end ROM and hold this position again for ~2 seconds. Next, 

participants were instructed to begin moving back toward the neutral position; however, they were 

instructed to pause for an additional ~2 seconds when they believed they were repositioned at the original 

midrange target location (Figure 2.1B, ii). Each of the sagittal and axial repositioning tests was repeated 

five times at both PRE and POST assessments. Sagittal repositioning kinematic data were acquired from 

rigid bodies consisting of 3 non-collinear kinematic markers affixed at the T12 and S1 vertebral levels. 

Axial repositioning kinematic data were acquired from a rigid body placed on the twist platform. Both 

sets of kinematic data were sampled at 100 Hz (Optotrak 3D Investigator, Northern Digital, Waterloo ON, 

CAN). 

2.3.5 Lumbar Spine Stability Tests 
 

Similar to the proprioceptive acuity tests, each lumbar spine stability test was completed at the 

same PRE and POST assessments. Stability tests included both a seated balance (e.g. Reeves et al., 2006; 

van Dieёn et al., 2010) test as well as a repeated sagittal lifting (e.g. Beaudette et al., 2014; Graham et al., 

2012) test (Figure 2.1B, iii). For the seated balance test, participants sat atop a hemispherical wobble 

board (10 cm radius) placed on a force platform (True Impulse, Northern Digital, Waterloo ON, CAN); 

data were sampled at 50 Hz for 60 seconds. Participants were instructed to remain as stable as possible 

with their arms crossed against their chest and legs strapped together at the knees and ankles to minimize 

potential compensatory leg movements. To accommodate for any learning/practice effects in seated 
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balance control (i.e. Hendershot et al., 2013), participants completed a minimum of three practice trials 

(or until they subjectively felt comfortable with the task). Following the initial practice, each seated 

balance test was repeated 5 times at both the PRE and POST assessments.  For the repeated sagittal lifting 

tests participants were required to lift a light load (4.5 kg) for 30 consecutive repetitions using similar 

pacing and setup as outlined in previous works (Beaudette et al., 2014). Specifically, each lifting trial was 

completed with a maintained, participant-specific base of support, as well as a maintained lifting rate of 

10 lifts/min (controlled via metronome). Shelf heights were set based on specific anatomical landmarks 

(lower shelf at the level of the tibial tuberosity and upper shelf at the level of the anterior superior iliac 

spine) for each participant in standing. 3D lumbar spine angular kinematic data for the repeated lifting test 

were sampled at 100 Hz from rigid bodies again placed at the T12 and S1 vertebral levels (same as the 

sagittal repositioning task).  

2.3.6 Data Processing and Analyses 

2.3.6.1 Preprocessing 
 

 Raw kinematic data from the repositioning and repeated lifting tasks were filtered (effective 4th 

order; 2nd order dual-pass Butterworth) with a 6 Hz low-pass cutoff. To quantify 3D lumbar spine angles 

(for the sagittal plane repositioning task as well as the repeated lifting task) a (1) FE, (2) LB and (3) AT 

Cardan rotational sequence was implemented. For the repeated lifting test, these 3D lumbar spine angular 

data were used in the estimation of lumbar FE, LB and AT ROM as well as FE, LB and AT ROM 

variability (standard deviation of each repeated lift to lift ROM). To quantify 3D axial rotations during the 

axial repositioning test the twist platform rigid body orientation was quantified in 3D global space. For 

the seated balance test, raw voltages from the force platform were filtered (effective 4th order; 2nd order 

dual-pass Butterworth) with a low-pass cutoff of 10 Hz. These voltages were calibrated into triaxial forces 

and moments which were subsequently used to calculate AP and ML center of pressure (CoP) trajectories. 

Using these CoP waveforms, AP and ML displacements and velocities were quantified and assessed using 
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maximum range, root mean square (RMS), and cumulative path length outcome parameters (e.g. van 

Dieёn et al., 2010).  

2.3.6.2 Repositioning Error 
 

To assess sagittal or axial angular lumbar spine active repositioning error, three estimates were 

used: constant error (CE), absolute error (AE) and variable error (VE) (e.g. Brumagne et al., 2000; 

Rausch Osthoff et al., 2015). CE is a measure of the difference between the target angle, and the re-

matched angle and is a measure of angular bias. CE values assess a participant’s tendency towards 

over/undershooting the target angle such that positive values represent the magnitude (in degrees) of 

overshoot. When calculating average CE, overshoot and undershoot errors may cancel each other out, 

which may, in some cases, result in (misleadingly) low CE values in subjects which are highly variable. 

To address this, CE values are conventionally paired with AE values to quantify the amount of error, 

irrespective of direction (AE = |CE|), therefore accounting for both re-positioning bias and variability 

(Verscheuren et al., 2002). Last, VE values are calculated as the standard deviation of repeated CE values 

and quantify proprioceptive precision (i.e. consistency) throughout repeated measurements. Previous 

research has demonstrated good within-session reproducibility (0.47 < ICC < 0.61, 0.57o < SEM < 0.73o) 

for active repositioning measurements, particularly within the axial plane (e.g. Silfies et al. 2007). 

CE, AE and VE measures have both neuromuscular and behavioral relevance in many real-world 

scenarios (i.e. Guth et al., 1990). A hypothetical example outlining each measure’s relevance during 

targeted spine flexion is depicted in Figure 2.2. In this example two participants have completed four 

repeated targeted spine flexion trials. Participant “A “continually undershoots the target, therefore 

presents with a large negative CE, large positive AE (equivalent in magnitude to CE due to repeated 

target undershooting), and small positive VE (due to a high consistency between repeated trials). This 

may suggest a systematic error in the participants perception of the target location, restricted mechanical 

ROM (i.e. if the target is outside of the participant’s physical flexion capacity), or a learned behavioral 

fear-avoidance of high spine flexion (i.e. spine flexion intolerance). In contrast, Participant “B” both 
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undershoots and overshoots the target, therefore presents with a small CE (due to cancelation of 

overshooting and undershooting trials), large positive AE (due to the large errors in trials 1, 2 and 4), and 

large positive VE (due to the low consistency between repeated trials). This may suggest a sensory 

insensitivity influencing the participant’s perception of the target location, or a lack of attentional focus 

on the task. 

 

 

 

 

Figure 2.2 A Hypothetical scenario depicting the neuromuscular and behavioral relevance of constant error (CE), 

absolute error (AE) and variable error (VE) measures during a dynamic spine flexion target matching task. 

Participant ‘A’ consistently undershoots the target location resulting in negative CE, positive AE and low VE 

values. Participant ‘B’ variably undershoots and overshoots the target resulting in low CE, high positive AE and 

high positive VE values.   
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2.3.6.3 Local Dynamic Stability 
 

 To estimate the local dynamic stability (LDS), the maximum finite-time Lyapunov exponent 

(LyE) was calculated for each seated balance and repeated lifting time-series. Previous research studies 

have demonstrated fair to excellent intra-session reliability for LyE estimates of trunk dynamic stability 

using kinetic seated balance data (0.75 < ICC < 0.83; Lee & Granata, 2008), as well as kinematic repeated 

sagittal flexion-extension data (0.39 < ICC < 0.73; Graham et al., 2012). Using this method (Rosenstein et 

al., 1993), positive LyEs are indicative of dissipative (unstable) dynamics and deterministic chaos 

whereas negative LyEs are representative of convergent (stable) dynamics (Stergiou et al., 2004). These 

estimates have been used previously in the analysis of trunk movements during walking (e.g. Bruijn et al., 

2009; Dingwell & Cusumano, 2000), joint movements during repeated lifting (e.g. Graham & Brown, 

2012) and walking (Beaudette et al., 2015b), as well as during standing balance tests (Roerdink et al., 

2006).  The time-series data used to estimate LDS were Euclidean norm lumbar spine angles during the 

repeated lifting movements (as suggested in: Beaudette et al., 2015a), as well as AP and ML CoP 

displacement data during the seated balance tasks. To best ensure steady state repeated lifting dynamics, 

lifts 1-5 were excluded. Similarly, to mitigate any data collection initiation/termination effects, the first 

and last five seconds of each seated balance trial were excluded. For repeated lifting, a time-delay (Td) of 

10% of a lifting cycle was used, paired with an embedding dimension (dE) of 6, estimated using a global 

false nearest neighbours (GFNN) analysis (Kennel et al., 1992). LyE values for the repeated lifting 

movements were approximated from the average local divergence curve between 0-0.5 lifting cycles to 

mirror previous analyses (Beaudette et al., 2014; Graham et al., 2012; Graham & Brown, 2012). For 

seated balance, a Td of 11 and 10 frames were used for the AP and ML CoP displacement data, 

respectively, paired with a dE of 8. These Tds were chosen such that xi and xi+Td were not strongly 

correlated (R2 < 0.7) (e.g. Ramdani et al., 2013), and the dE were again selected based on a GFNN 

analysis. LyE estimations for the seated balance data were approximated from the average local 

divergence curve between 0-1 second. All of these analyses were performed using custom software 
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developed in MATLAB (The MathWorks, Natick MA, USA). A visual representation of the LDS 

analysis using representative seated stability and repeated sagittal lifting data is depicted in Figure 2.3.  

 

 

 
Figure 2.3 Representative data depicting local dynamic stability (LDS) analyses for both the A) seated stability (x = 

Medial-lateral; y = Anterior-Posterior) and B) repeated sagittal lifting tasks. From top to bottom, the series of steps 

outline the acquisition of time series data (top), reconstruction into multidimensional state space (middle) and 

creation of an average maximal logarithmic divergence curve to obtain LyE estimates (bottom). Note, only three 

embedded dimensions are shown for each state space diagram for demonstration; however, higher state space 

dimensionality was utilized for each. 
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2.3.7 Statistical Analyses 
 

Dependent variables for the statistical analyses included: (1) touch sensitivity and spatial acuity 

thresholds, (2) sagittal and axial CE, AE and VE estimates of repositioning error, (3) seated balance 

estimates of AP and ML CoP displacement and velocity ranges, RMS, cumulative path lengths, and AP 

and ML LyE estimates, and (4) repeated lifting estimates of FE, LB and AT ROM, ROM variability and 

LyE estimates of LDS. Independent variables included the time-point of assessment (e.g.  PRE/POST or 

PRE-SENS/POST-SENS1/POST-SENS2) as well as the location of the cutaneous sensitivity tests (e.g. 

T9SP, T9MB, etc…). For each cutaneous sensitivity test (touch sensitivity and spatial acuity threshold), 

two separate (EMLA and PLACEBO) two-way, repeated measures ANOVAs were completed to evaluate 

the impact of PRE-SENS/POST-SENS1/POST-SENS2 assessment and location on each respective 

dependent variable. For all other tests (axial and sagittal repositioning, seated balance and repeated 

lifting) two separate (EMLA and PLACEBO) one-way repeated measures ANOVAs were performed to 

evaluate the effect of each PRE/POST assessment on each respective dependent variable. For all analyses, 

post-hoc pairwise multiple means comparisons were computed using a Tukey adjustment to determine the 

cause of any significant main effects (type one error rate; α = 0.05). All statistical analyses were 

performed using SAS 9.2 (SAS Institute, Cary NC, USA). Unless otherwise specified, all data are 

presented as means ± standard errors of the mean (SEM). 

2.4 Results 
 

2.4.1 Cutaneous Sensitivity Tests 
 

 Within the EMLA group there was a significant two-way PRE-SENS/POST-SENS1/POST-

SENS2 assessment*location interaction for both the touch sensitivity (p = 0.0243) and spatial acuity (p = 

0.0003) threshold data. Post hoc tests revealed that the EMLA treatment induced significantly higher 

touch sensitivity and spatial acuity thresholds, indicating reduced sensitivity, within the test-locations, 

especially at POST-SENS1. Specifically, participants in the EMLA group had larger touch sensitivity 

thresholds at the L1SP (p = 0.0434) and L4SP (p = 0.0006) locations during the POST-SENS1 assessment 
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(when compared to PRE-SENS) (Figure 2.4A). In addition to these touch sensitivity threshold changes, 

participants in the EMLA group also had larger spatial acuity thresholds at the L4MB test-location during 

both the POST-SENS1 (p = 0.0001) and POST-SENS2 (p = 0.0082) assessments (when compared to 

PRE-SENS) (Figure 2.5A). All touch sensitivity and spatial acuity measurements at the control T9 level 

(T9SP or T9MB) were unaffected by the EMLA treatment.  

Within the PLACEBO group, touch sensitivity thresholds were consistent across all PRE-

SENS/POST-SENS1/POST-SENS1 assessments (p = 0.5525) and across all locations (p = 0.8152) 

(Figure 2.4B). Spatial acuity threshold data from the PLACEBO participant group were observed to differ 

significantly based on location (p = 0.0433); however, were unaffected based on the PRE-SENS/POST-

SENS1/POST-SENS2 assessment being analyzed (p = 0.9410). Post hoc tests revealed that spatial acuity 

thresholds at the L4MB level (28.7 mm) were significantly lower than those at the T9MB level (34.9 mm) 

in the PLACEBO participant group (Figure 2.5B).  
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Figure 2.4 Touch sensitivity thresholds (in grams) for the A) EMLA and B) PLACEBO groups. Please note the 

change in y-axis scale between A) and B) and that an increased threshold indicates a decreased sensitivity. Touch 

sensitivity data are presented from the T9 spinous process (T9SP) and muscle belly (T9MB) control locations as 

well as the experimental L1 and L4 spinous process (L1SP and L4SP) and muscle belly (L1MB and L4MB) test 

locations. Asterisks (*) show significant post hoc differences (p < 0.05) relative to the PRE-SENS assessment at 

each location. All data are presented as means ± SEM. 
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Figure 2.5 Spatial acuity thresholds (in millimeters) for the A) EMLA and B) PLACEBO groups. Note that an 

increased threshold indicated a decreased sensitivity. Spatial acuity data are presented from the T9 muscle belly 

(T9MB) control location as well as the experimental L4 muscle belly (L4MB) test location. Asterisks (*) show 

significant post hoc differences (p < 0.05) either between locations or relative to the PRE-SENS assessment at each 

location. All data are presented as means ± SEM. 
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2.4.2 Lumbar Spine Proprioception Tests 
 

 Within the EMLA group, sagittal repositioning estimates of CE, AE or VE were all unaffected by 

PRE/POST assessment (p ≥ 0.2742). Similarly, within the PLACEBO group, sagittal repositioning 

estimates of CE (p = 0.2819), AE (p = 0.5081) and VE (p = 0.8187) were again unaffected by PRE/POST 

assessment. For the EMLA group, axial repositioning estimates of VE were observed to differ 

significantly between PRE/POST assessments (p = 0.0134); however, CE (p = 0.4080) and AE (p = 

0.9918) estimates were unaffected. Specifically, within the EMLA group axial VE data, post hoc analyses 

revealed participants had significantly larger VE during POST when compared to PRE (Table 2.2). For 

the PLACEBO group, axial repositioning estimates of CE (p = 0.6645), AE (p = 0.9748) and VE (p = 

0.3290) were all unaffected by the PRE/POST assessment. All repositioning data are shown in Table 2.2. 
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Table 2.2 Mean (± SEM) lumbar spine sagittal and axial active repositioning errors. Error estimates include 

constant errors (CE), absolute errors (AE) and variable errors (VE) for each of the EMLA and PLACEBO 

participant groups.  

Test Treatment Outcome PRE (o) POST (o) p-value 

Sagittal Repositioning EMLA CE 3.0 (± 2.0) 3.2 (± 2.2) 0.9158 

  AE 7.1 (± 1.0) 8.1 (± 1.2) 0.2742 

  VE 3.6 (± 0.5) 4.2 (± 0.7) 0.5051 

 PLACEBO CE 2.7 (± 1.7) 4.0 (± 1.7) 0.2819 

  AE 5.8 (± 1.0) 6.4 (± 1.0) 0.5081 

  VE 3.8 (± 0.6) 3.7 (± 0.5) 0.8187 

Axial Repositioning EMLA CE -0.1 (± 1.3) 0.7 (± 1.2) 0.4080 

  AE 4.1 (± 0.7) 4.1 (± 0.6) 0.9918 

  VE 2.2 (± 0.2) 3.1 (± 0.3) 0.0134* 

 PLACEBO CE 0.6 (± 0.7) 0.3 (± 0.8) 0.6645 

  AE 2.8 (± 0.4) 2.8 (± 0.3) 0.9748 

  VE 2.6 (± 0.4) 2.2 (± 0.3) 0.3290 

* = Indicates significance at the p < 0.05 level.  



31 
 

2.4.3 Lumbar Spine Stability Tests 
 

 Within the EMLA group, seated balance outcomes of CoP AP velocity range (p = 0.0082) and 

AP velocity RMS (p = 0.0327) were observed to differ significantly across PRE/POST assessments. 

Further, within the EMLA group, estimates of CoP path-length (p = 0.0596) and ML LyE (p = 0.0861) 

tended towards being different across PRE/POST assessments. Specifically, post hoc tests revealed that 

CoP AP velocity ranges and AP velocity RMS were larger during PRE when compared to POST. Similar 

trends were observed for the CoP path-length and ML LyE estimates. Within the PLACEBO group, 

seated balance estimates of AP LyE were observed to differ significantly across PRE/POST assessments 

(p = 0.0045). Further, estimates of CoP AP velocity range (p = 0.0883), ML velocity range (p = 0.0868) 

and ML velocity RMS (p = 0.0924) tended towards being different across PRE/POST assessments. 

Specifically, post hoc tests revealed that the AP LyE estimate was significantly larger (indicating lesser 

stability) during PRE when compared to POST. Further, similar trends were observed for CoP AP 

velocity range, ML velocity range and ML velocity RMS. All seated balance data can be seen in Table 

2.3. For both the EMLA and PLACEBO participant groups, all repeated lifting dependent variables (FE, 

LB and AT range and variability as well as LyE) were unaffected by each PRE/POST assessment. All 

repeated lifting data are shown in Table 2.4.  
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Table 2.3 Mean (± SEM) seated stability outcome measures for the EMLA and PLACEBO participant groups. Note 

that a smaller LyE value represents an increase in stability. 

Treatment Outcome PRE POST p-value 

EMLA 
AP range (cm) 1.7 (± 0.2) 1.56 (± 0.2) 0.3128 

 
ML range (cm) 1.7 (± 0.2) 1.61 (± 0.2) 0.6053 

 
AP RMS (cm) 0.3 (± 2.6 x 10-2) 0.25 (± 2.9 x 10-2) 0.9252 

 
ML RMS (cm) 0.3 (± 2.1 x 10-2) 0.24 (± 3.3 x 10-2) 0.7459 

 
AP vel. range (cm/s) 18.1 (± 2.8) 14.09 (± 0.7) 0.0082* 

 
ML vel. range (cm/s) 13.2 (± 1.0) 12.40 (± 1.0) 0.3863 

 
AP vel. RMS (cm/s) 1.8 (± 0.3) 1.53 (± 7.3 x 10-2) 0.0327* 

 
ML vel. RMS (cm/s) 1.3 (± 7.9 x 10-2) 1.27 (± 5.7 x 10-2) 0.3361 

 
Cumulative path length (cm) 96.4 (± 10.5) 86.37 (± 3.3) 0.0596† 

 
AP LyE 0.6 (± 3.1 x 10-2) 0.59 (± 2.7 x 10-2) 0.5756 

 
ML LyE 0.8 (± 1.1 x 10-2) 0.73 (± 2.0 x 10-2) 0.0861† 

PLACEBO 
AP range (cm) 1.9 (± 0.2) 1.64 (± 0.2) 0.1391 

 
ML range (cm) 1.8 (± 0.2) 1.62 (± 0.2) 0.1378 

 
AP RMS (cm) 0.3 (± 3.7 X 10-2) 0.28 (± 4.3 X 10-2) 0.4235 

 
ML RMS (cm) 0.3 (± 2.9 X 10-2) 0.25 (± 2.9 X 10-2) 0.1801 

 
AP vel. range (cm/s) 15.8 (± 1.4) 14.01 (± 0.9) 0.0883† 

 
ML vel. range (cm/s) 13.9 (± 1.2) 12.35 (± 0.9) 0.0868† 

 
AP vel. RMS (cm/s) 1.6 (± 9.7 x 10-2) 1.53 (± 7.7 x 10-2) 0.4687 

 
ML vel. RMS (cm/s) 1.4 (± 9.6 x 10-2) 1.26 (± 6.6 x 10-2) 0.0924† 

 
Cumulative path length (cm) 89.5 (± 5.4) 86.24 (± 3.9) 0.3300 

 
AP LyE 0.6 (± 1.9 x 10-2) 0.59 (± 3.0 x 10-2) <0.0045* 

 
ML LyE 0.8 (± 2.3 x 10-2) 0.75 (± 2.6 x 10-2) 0.5144 

* = Indicates significant PRE/POST assessment differences at the p < 0.05 level. 

† = Indicates comparisons tending towards being different across PRE/POST assessments (p < 0.10)  
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Table 2.4 Mean (± SEM) repeated lifting outcomes for the EMLA and PLACEBO participant groups. Note that a 

smaller LyE value represents an increase in stability. 

Treatment Outcome PRE POST p-value 

EMLA 
FE ROM (o) 27.7 (± 3.3) 26.8 (± 3.1) 

0.8452 

 
LB ROM (o) 3.2 (± 0.2) 3.4 (± 0.3) 

0.5305 

 
AT ROM (o) 2.4 (± 0.2) 2.9 (± 0.5) 

0.2968 

 
FE ROM Variability (o) 3.1 (± 0.5) 2.6 (± 0.4) 

0.4081 

 
LB ROM Variability (o) 1.1 (± 0.1) 0.9 (± 0.1) 

0.1116 

 
AT ROM Variability (o) 0.7 (± 0.1) 0.7 (± 0.1) 

0.8089 

 
Euclidean Norm LyE 2.2 (± 0.1) 2.1 (± 0.1) 

0.6247 

PLACEBO 
FE ROM (o) 26.3 (± 2.2) 26.9 (± 2.8) 

0.8576 

 
LB ROM (o) 3.7 (± 0.3) 3.7 (± 0.3) 

0.8573 

 
AT ROM (o) 2.6 (± 0.2) 2.9 (± 0.4) 

0.6349 

 
FE ROM Variability (o) 2.4 (± 0.3) 2.7 (± 0.4) 

0.4441 

 
LB ROM Variability (o) 1.1 (± 0.1) 1.2 (± 0.1) 

0.5595 

 
AT ROM Variability (o) 0.7 (± 0.1) 0.7 (± 0.1) 

0.9579 

 
Euclidean Norm LyE 2.0 (± 0.1) 2.0 (± 0.1) 

0.5962 
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2.5 Discussion 
 

 The goals of the present study were to (1) determine if topical anesthesia (EMLA) atop the skin 

of the low back had the capacity to decrease cutaneous mechanosensitivity (mirroring cutaneous 

insensitivities observed in CLBP patients), and (2) to assess if this decrease in cutaneous sensitivity of the 

low back influenced estimates of lumbar spine proprioception, dynamic movement control, and LDS in a 

group of healthy young adults. We could confirm a decrease in cutaneous sensitivity in response to an 

EMLA treatment; however, we were unable to detect any consistent declines in lumbar spine 

proprioception, dynamic movement control, or LDS in response to decreased skin sensitivity.  

 In accordance with our first hypothesis, the EMLA topical anesthetic decreased cutaneous 

sensitivity based on our estimates of touch sensitivity and spatial acuity thresholds (Figures 2.4A and 

2.5A). Inspecting our POST-SENS1 cutaneous assessments, the current data show that EMLA induced an 

average increase in touch sensitivity threshold of 6462 %, paired with an average increase in spatial 

acuity threshold of 200 %, across all test-locations (e.g. L1 and L4) relative to the original PRE-SENS 

assessment. This cutaneous insensitivity persisted until our final POST-SENS2 cutaneous assessment for 

both the touch sensitivity (2038 % increase) and spatial acuity (175 % increase) threshold measures. 

These data demonstrate a decrease in mechanoreceptor sensitivity within the skin of the low back, which 

would suggest a decreased ability of this skin area (mean 217.1 ± 12.5 cm2) to contribute to any sensory 

feedback needed to control dynamic movement of the lumbar spine. These reductions are similar to those 

shown previously using topical anesthesia to decrease the cutaneous sensitivity within the upper and 

lower limbs (e.g. Bjӧrkman et al., 2004; Howe et al., 2015; Lowrey et al., 2010). Further, it is also 

noteworthy that the decreased spatial acuity threshold in our EMLA treatment group is in line with the 

reported spatial acuity deficits experienced in CLBP patients (e.g. spatial acuity threshold estimates of 

~60-70 mm compared to a ~40-50 mm healthy control) (Luomajoki & Moseley, 2011; Moseley, 2008). 

 In partial accordance with our second hypothesis, decreased cutaneous sensitivity of the skin of 

the low back resulted in decreased axial repositioning precision (increased VE) within our EMLA 
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treatment group (Table 2.2). This suggests that the cutaneous information from the skin of the low back 

may be used, to some degree, to provide feedback for the precision of active movements of the lumbar 

spine within the axial plane. Since the ROM is relatively low within these tasks, changes in paraspinal 

and intrinsic back muscle lengths is likely minimized. As such, being that muscle spindle signaling is 

especially adept to code for changes in muscle length (Fallon & Macefield, 2007), it is possible that the 

muscular contributions to sensory feedback during the axial repositioning tasks are limited (relative to the 

sagittal repositioning and repeated lifting tasks). Therefore, it is possible that feedback from the skin of 

the low back serves a larger role within these axial plane tasks, and further, removal of cutaneous sensory 

feedback has some effect. However, overall, any potential effects of the decreased cutaneous sensitivity 

were limited, as no other variables assessed within the current paradigm demonstrated a significant effect. 

Being that previous research has determined a reliance on cutaneous sensory feedback to control upright 

standing using a vibrotactile stimulation paradigm (Lee et al., 2012; Martin et al., 2015), it is possible that 

our anesthesia treatment was too focal, and that other areas of skin (or other sensory systems) were able to 

compensate for the decreased low back cutaneous sensitivity. It is also possible that under different 

circumstances (e.g. during standing balance), the contribution of cutaneous sensory feedback may have a 

more profound effect in the maintenance of lumbar spine proprioception or stability. Further research to 

assess the relative dependence of muscular and cutaneous sensory feedback, across various static postures 

and dynamic tasks, is needed to determine if this is the case. 

 Contrary to our second hypothesis, it was clear that a decreased sensitivity of the skin of the low 

back has no significant effect on estimates of active sagittal repositioning error (Table 2.2), seated balance 

(Table 2.3) or repeated lifting (Table 2.4).  Through previous research, active sagittal repositioning tests 

have been shown to be sensitive to vibrational sensory perturbations in healthy participants (Brumagne et 

al., 2000; Hidalgo et al., 2013); however, cutaneous sensory perturbations (such as taping techniques 

designed to illicit skin stretch) have shown mixed results (Hidalgo et al., 2013; Kalron & Bar-Sela, 2013; 

Ruggiero et al., 2015). Seated balance tests, similar to those used in the current paradigm, have also been 
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used previously in the analysis of trunk stiffening (Reeves et al., 2006), as well as overall trunk postural 

control (van Dieёn et al., 2010). Furthermore, the repeated lifting test has been shown to be sensitive to 

levels of muscular mediated stiffening (Beaudette et al., 2014; Graham & Brown, 2012), experimental 

pain (Ross et al., 2015), and movement pace (Granata & England, 2006). Therefore, these tests of lumbar 

spine movement control have been shown previously to be sensitive to various sensory perturbations and 

task demands. The current results demonstrate that information from the skin of the low back has little 

effect in providing feedback for dynamic movements of the lumbar spine, especially when the necessary 

muscular activation is relatively large (e.g. seated balance, repeated lifting), or when the motion is within 

the sagittal plane (e.g. sagittal repositioning or repeated lifting). As noted above, it is therefore possible 

that these movements are feedback-controlled predominantly by other remaining sensory sources 

unaffected by the EMLA topical anesthetic (e.g. feedback from muscle spindles, golgi tendon organs, 

joint receptors or the vestibular system). This reliance on muscle-mediated feedback within sagittal plane 

movements has been noted during previous research using vibrational interventions designed to target 

muscle spindle sensory channels (e.g. Boucher et al., 2013; Boucher et al., 2015; Kiers et al., 2014; Kiers 

et al., 2015; Willigenburg et al., 2012; Willigenburg et al., 2013a). Although healthy participants were 

studied, the data from the present study suggest that peripheral tactile insensitivities (i.e. as observed 

within CLBP patients) alone cannot account for the reported changes in lumbar spine movement control. 

It is possible however that cortical changes (e.g. Flor et al., 1997; Lloyd et al., 2008; Tsao et al., 2011) or 

changes to other sensory systems may drive the movement control deficits observed in CLBP groups.  

 In interpreting the results of this study there are some limitations to consider. First, based on the 

touch sensitivity threshold data, it is possible that the EMLA topical anesthetic effects are transient (e.g. 

the desensitization begins to wear off by the POST-SENS2 assessment). However, the current touch 

sensitivity threshold data demonstrate, that even if the desensitization brought on by the EMLA anesthetic 

was reduced at the POST-SENS2 assessment, its effects are still present (2038 % increase in touch 

sensitivity threshold at POST-SENS2 relative to PRE-SENS). Second, due to the maximum dose 
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suggested by the EMLA manufacturers (≤ 400 cm2), it was only possible to anesthetize a relatively small 

area of the low back (Table 2.1). The consistent dose of 0.1 g/cm2 was chosen to adhere to the maximum 

dose while also providing a sufficient depth of cream as to completely cover the test area; however, it is 

possible that a dose over a larger, or different area may have resulted in greater influence on the low back 

proprioception, dynamic movement and LDS variables. Third, it is apparent within our seated balance 

data that, despite allotted time for practice, both participant groups improved at the task between our PRE 

and POST assessments (Table 2.3). Had this improvement been more prevalent in either the EMLA or 

PLACEBO group this could have indicated that skin sensory feedback facilitated task improvement. 

However, as these improvements were true for both our EMLA and PLACEBO groups, this suggests little 

impact of skin insensitivity on the control of seated balance. Finally, all analyzed proprioceptive and 

stability tasks were conducted under active muscular control. These tasks were chosen as: 1) they are 

functional in nature, and 2) best represent movements in which motor control defects have been detected 

in CLBP groups. It is possible that if passive movements were explored (resulting in reduced muscular 

sensory feedback), larger effects of cutaneous desensitization would have been observed. However, we 

were most interested in an ecologically relevant, real-world scenario in which any potential use of 

cutaneous sensory information would occur in addition to readily available information from other 

remaining senses.  

2.6 Conclusions 
 

 In conclusion, this work demonstrated that over-the-counter, topical lidocaine-prilocaine based 

anesthetic (1) can effectively decrease the cutaneous sensitivity of low back region, and (2) has a minimal 

effect on low back proprioceptive and movement capability during active tasks. The decreases in low 

back cutaneous sensitivity mirror those reported in CLBP patients. When linking these findings to the 

body of research examining patients with recurrent CLBP, it appears that peripheral cutaneous 

insensitivities alone cannot explain declines in lumbar spine motor control. It is possible that higher level 
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cortical changes drive any motor declines associated with tactile insensitivity, and that benefits from 

tactile sensory re-training modalities necessitate more than simple changes in peripheral sensitivity alone.  
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2.7 Dissertation Progress Summary I 
 

Throughout this dissertation the aim of these Dissertation Progress Summaries will be to 

consolidate the major contributions from each experiment. These contributions will be summarized to 

outline the combined impact of each experiment in terms of the foundational knowledge gained from 

each. To facilitate this aim Chapters 2-5 will conclude with a figure which will be continuously updated 

as the dissertation progresses. Figure 2.6 depicts the dissertation summary, and the contributions derived 

from Experiment I. 

Figure 2.6 Dissertation Progress Summary I. Outlining the foundational knowledge gained from Experiment #1.  

 

As the findings from this work suggest negligible influence of tactile insensitivities on spine 

motor control, the remainder of this dissertation will aim at understanding the influence of supplemental 

tactile feedback on dynamic spine motor control. To deliver tactile feedback across a wide range of 

postures the influence of spine posture on skin structure (Experiment #2) and perceptual sensitivity 

(Experiment #3) must first be assessed.  
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CHAPTER 3 – EXPERIMENT II: SPINE POSTURAL CHANGE ELICITS LOCALIZED SKIN 

STRUCTURAL DEFORMATION OF THE TRUNK DORSUM IN VIVO 
 

Journal of the Mechanical Behavior of Biomedical Materials 2017; 67: 31-39. doi: 10.1016/j.jmbbm.2016.11.025. 

3.1 Chapter Summary 

 Embedded within the skin are mechanoreceptors which are sensitive to any structural or 

mechanical changes that occur in their surrounding environment, thereby conveying one’s sense of touch. 

Recent research suggests that the activation of these receptors is dictated, in part, by the structural and 

mechanical characteristics of the surrounding skin tissue matrix. Specifically, previous work has shown 

that both skin thickness as well as hardness can dictate mechanoreceptor sensitivity within the glabrous 

skin of the fingertip and foot sole (Dellon et al., 1995; Strzalkowski et al., 2015b). As such, the aim of the 

current work was to quantify the structural changes that occur within the skin of the trunk dorsum due to 

changes in spine posture. This work was done as a prelude to future work (Experiment #3) investigating 

posture-mediated changes in tactile sensitivity. By building from recent in vitro research (i.e. Ni Annaidh 

et al., 2012; Ottenio et al., 2015), the findings of the current work suggest that measures of skin stretch 

(3D kinematics), skin thickness (ultrasound imaging) and hardness (handheld durometer) are all 

significantly impacted by changes in spine flexion-extension posture. Specifically, in a flexed spine 

posture, the skin stretches along a longitudinal axis resulting in a tissue that is both thinner, and harder 

when compared to an extended spine posture. Furthermore, the current results suggest that local changes 

in skin structure are dictated, to some extent, by both the intersegmental distribution of spine flexion and 

hypodermal thickness. These results present a potential mechanism explaining posture-mediated changes 

in tactile sensitivity if they are indeed present.     

3.2 Introduction 

Human skin is a complex, anisotropic, viscoelastic material which can be divided into three main 

layers: the epidermis, the dermis and the hypodermis. The epidermis, which consists of the stiffest 

(Leyva-Mendivil et al., 2015) and most superficial layers of the skin, acts as the mechanical barrier 

between deeper internal structures and the external environment. The mechanical properties of the most 

https://doi.org/10.1016/j.jmbbm.2016.11.025
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superficial epidermal layer, the stratum corneum, have been heavily researched due to the capacity of this 

layer to absorb liquids (such as water) as well as other topical agents which can modify its mechanical 

and chemical properties, altering its physical appearance and mechanical response to deformations. In 

contrast to the epidermis, the dermis primarily consists of capillaries, oil/sweat glands, hair follicles and 

nerve endings embedded within a connective tissue matrix. Specifically, within the dermis lie the collagen 

fiber networks responsible for the skin’s anisotropic material properties (Ni Annaidh et al., 2012), with 

these collagen fibers making up ~75% of the dry weight of dermal tissue (Wilkes et al., 1973). The 

orientation of these collagen fibers can be represented through the classical Langer lines (Langer, 1978), 

conventionally used to guide surgical incision orientation. The deepest skin layer, the hypodermis, 

consists primarily of subcutaneous fat stores making it the most compliant and softest skin layer 

(Geerligs, 2006). Much of the previous work characterizing human skin material properties has been done 

in vitro (e.g. Wildnauer, 1971; Park & Baddiel, 1972; Papir, 1975; Koutroupi & Barbenel, 1990; Gardner 

& Briggs, 2001; Marcellier et al., 2001; Yuan & Verma 2006; Wu, 2006; Ni Annaidh et al., 2012; 

Gerhardt et al., 2012; Ottenio et al., 2015) with any in vivo research (e.g.  Potts et al., 1983; Smalls et al., 

2006; Staloff & Rafailovitch, 2008) using non-ecological means (e.g. indentation, torsion or suction 

methods) to deform the skin. Only recently have researchers begun to investigate the influence of body 

posture on measures of skin surface strain/deformation in vivo (e.g. Maiti et al., 2016; work examining the 

forearm). It is possible that these skin surface deformations may differ between anatomical 

locations/joints studied, as well as throughout incremental changes in body posture.  Thus, there is a clear 

need for in vivo quantification of skin deformation across an entire postural ROM due to the functional 

nature of skin as both the mechanical barrier to the external environment as well as the sensory organ 

responsible for the sense of touch. 

To perceive touch, there are four separate specialized mechanoreceptors located within the skin 

tissue matrix, each of which respond to mechanical deformation (Johansson & Vallbo, 1979). Due to 

differences in receptor morphology and receptor depth, each receptor is sensitive to specific biological 
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stimuli (e.g. pressure, stretch or vibration); however, if the structure and mechanical characteristics of the 

surrounding tissue matrix change, it is possible that the sensitivity of these receptors would change in 

correspondence. Previous work has suggested that both skin thickness as well as hardness can dictate 

mechanoreceptor sensitivity within the glabrous skin of the fingertip and foot sole (Dellon et al., 1995; 

Strzalkowski et al., 2015b); however, the effect that different body postures have on the mechanical 

structure of skin tissue is unclear. As such, it is important to delineate the extent of structural deformation 

that occurs within the skin in vivo in response to changes in body posture. Delineating the effects of body 

posture on skin strain/sensitivity will be relevant for future applications in tactile biofeedback (i.e. tactile 

cuing pertaining to an individual’s posture/movements) which may be administered by a wearable device 

or article of clothing across a wide range of body postures.  

The skin of the trunk dorsum is of interest for two main reasons. First, due to the large capacity 

for inter-segmental spine ROM, the overlying skin has the potential to undergo large deformations. 

Second, the skin of the trunk dorsum also has clinical/therapeutic significance. Several previous research 

studies have noted a decreased tactile acuity in chronic lower back pain (CLBP) patients (e.g. Moseley, 

2008; Luomajoki & Moseley, 2011; Catley et al., 2014), with some research suggesting that this is at least 

partially reflective of cortical changes in the processing of sensory information when in a chronic pain 

state (e.g. Flor et al., 1997; Lloyd et al., 2008). To reverse this compensatory cortical reorganization, 

newer research has begun to suggest the use of tactile retraining paradigms on the skin superficial to the 

painful region (e.g. Moseley et al., 2008). Preliminary results suggest that these tactile re-training 

paradigms may be successful in combination with conventional motor-retraining therapies to alleviate 

subjective pain levels (Wälti et al., 2015); however, the clinical demand for such re-training paradigms 

could be quite large and may require device-assisted automation (e.g. tactile re-training paradigms 

administered through a belt or smartphone). An understanding of how the skin deforms across various 

spine postures will help in the implementation of such a training paradigm or device, especially beyond 
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the conventional seated or prone lying posture (e.g. in end-range postures where injury/pain may be more 

common). 

The purpose of the current work was to quantify the magnitude, as well as the spatial distribution, 

of structural deformation at the skin of the trunk dorsum in response to changes in sagittal plane spine 

posture. These results will form the foundation for computer models to investigate skin structural 

deformation as well as further investigations pertaining to skin sensitivity across various postures. It was 

hypothesized that with increased spine extension the skin would relax thereby making it thicker and 

softer. Further, it was hypothesized that with increased spine flexion the skin would stretch thereby 

making it thinner and harder. We expected that these changes would be dependent on the intervertebral 

distribution of the overall spine ROM, with the more mobile lumbar spine segments resulting in the 

largest deformations at the overlying skin surface. Further, we expected that the changes would be 

affected by body type, such that larger deformations would occur when greater magnitudes of 

subcutaneous fat/fascia were present (e.g. increased hypodermal thickness). 

3.3 Materials and Methods 

3.3.1 Participants  

A sample (n = 28; 14 female) of young, healthy volunteers were recruited (mean ± SD: age 24.4 

± 2.1 years; mass 75.6 ± 14.3 kg; height 1.76 ± 0.1 m; body mass index (BMI) 24.4 ± 3.8 kg/m2) (BMI 

range 18.2-36.6 kg/m2). Participant exclusion criteria included the self-reported presence of pain within 

the lumbopelvic or lower limb region, as well as any known diagnosed allergies to adhesives or gels. All 

participants completed a health screening questionnaire and signed informed consent prior to data 

collection. The protocol was approved by the institutional Research Ethics Board in accordance with the 

Declaration of Helsinki. 
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3.3.2 Procedure 

All participants completed a single laboratory visit lasting approximately 1-hour. During this visit 

each participant adopted three static, supported spine postures (spine extension, prone neutral and spine 

flexion) while atop a massage-style chiropractic table. To achieve the spine extension posture, each 

participant was required to lie prone atop wedge-style pillows placed below his/her torso as well as 

his/her legs (Figure 3.1A). For the neutral spine posture each participant was required to simply lie prone 

atop the chiropractic bench (Figure 3.1B). To achieve the spine flexion posture, each participant was 

required to adopt the child’s yoga pose with his/her head in contact with the chiropractic bench (Figure 

3.1C). Throughout each static, supported posture each participant was instructed to place his/her arms by 

his/her side to control for any confounding influence of shoulder/scapular posture on skin deformation. 

Further, each participant was instructed to relax the muscles of his/her back to mitigate any cofounding 

effects of active muscle-mediated skin deformation. Although skin locations and postures were 

randomized, skin stretch deformation, skin hardness and skin (epidermal + dermal) thickness measures 

were completed, in this order, across each spine posture. This order was chosen to mitigate any potential 

confounding influence of the agar stand-off pad on measures of skin stretch or hardness due to changes in 

skin hydration status (i.e. Bhushan, 2012; Wu et al., 2006). In addition to the above postures a single, self-

paced, standing dynamic maximum spine flexion trial was completed to discern the maximum stretch 

deformation capacity for each participant during a spine forward bending task. To complete this task, 

participants were required to begin in a standing neutral posture, flex forward slowly until a maximum 

spine flexion ROM was reached and subsequently extend backwards to their original starting neutral 

posture.   
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Figure 3.1 Methodological depiction of skin surface deformations and ultrasound imaging (epidermis + dermis) at 

the L4 test site for each of the A) spine extension, B) neutral spine and C) spine flexion test postures. Kinematic 

markers are shown in red for each posture about anatomical anterior-posterior (AP), medial-lateral (ML) and 

superior-inferior (SI) axes. All postures (left), kinematic marker data (middle) and ultrasound images (right) are 

shown from a representative participant. Red arrows depict measures of skin thickness across the different postures 

measured about the middle 0-5 -1 cm of each image. 
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3.3.2.1 Skin Stretch Deformation 

3D skin stretch deformation was estimated using an 11x9 point matrix (Figure 3.2) of passive, 

disc-shaped (6.5 mm diameter) kinematic markers (sampled at 30 Hz for ~5 seconds) affixed to the skin 

of the trunk dorsum (Optitrack, NaturalPoint, Inc., Corvallis, OR, USA). The markers were cut from vinyl 

reflective tape, and as such were very thin and low mass. The size of each point matrix was scaled to each 

participant by referencing specific skeletal landmarks. The lateral boundaries of each matrix were defined 

using the inferior angle of each participant’s right and left scapula while lying in a neutral prone posture. 

Each row of the point matrix was referenced to the level of each participant’s palpable spinous processes 

between the 8th thoracic and first sacral vertebra (T8-S1), again, while lying in a prone neutral posture.  

 

Figure 3.2 Anatomical location of the 11x9 kinematic point matrix placed atop the skin of the trunk dorsum. The 

lateral boundaries of each matrix were defined anatomically using the position of the inferior angle of each 

participant’s left and right scapula (left and right IAS). Each row of the matrix was defined segmentally at the level 

of the T8-S1 palpable spinous processes (e.g. T8 SP).   
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3.3.2.2 Skin Hardness 

Skin hardness was quantified at four test locations for each of the three spine postures. All test 

locations were atop the right paraspinal muscle belly, at the L4, L2, T12 and T10 vertebral levels. To 

quantify skin hardness a handheld Shore durometer was used (Type 1600-OO, Rex Gauge, Brampton, 

ON, Canada) with a 2 mm diameter, column shaped indenter. This style of durometer is particularly 

suited for measuring skin hardness (Kissin et al., 2006) and has been used in previous investigations 

assessing skin hardness on the foot sole (e.g. Strzalkowski et al., 2015b). By measuring the penetration 

depth of the linear indenter into the skin surface the durometer can give a measure of skin hardness on a 

linear scale from 1-100 (arbitrary units, au). Three hardness tests, each separated by approximately 1 

second, were taken at each site (L4, L2, T12, and T10) for each posture (spine extension, prone neutral 

and spine flexion) and averaged.  

3.3.2.3 Epidermal and Dermal Thickness 

Skin (epidermal + dermal) thickness was quantified at the same four locations as skin hardness 

(e.g. L4, L2, T12 and T10), again for each of the three spine postures. To quantify skin thickness, a single 

high-resolution transverse plane ultrasound image was acquired using a 6-15 MHz linear transducer set to 

a depth of 15 mm (Sonosite M-Turbo, Markham, ON, Canada). To acquire each image the ultrasound 

transducer was manually held perpendicular to the surface of an ~5 - 10 mm thick agar standoff pad, 

which was placed atop the skin and used to reduce any confounding effects of variable ultrasound 

transducer pressure on measures of skin thickness, as well as to optimize the focal zone at the level of the 

epidermis. Images acquired from the ultrasound were exported to ImageJ (National Institute of Health 

(NIH), Bethesda, MD, USA) where thickness measures were taken at the middle region of the image 

(corresponding to the same locations as each skin hardness measurement) (see Figure 3.1). This middle 

region was defined by tracing horizontal lines (5 to 10 mm width, centered at the mid-point of the image) 
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along the epidermis and base of the reticular dermis, and thickness was calculated as the mean distance 

between these lines.  

3.3.2.4 Hypodermal Thickness 

The thickness of the hypodermis was quantified at the four test locations (L4, L2, T12 and T10) 

in the neutral posture only to determine the potential influence of localized tissue composition (e.g. 

amount of subcutaneous fat stores) on skin tissue deformation. To quantify hypodermal thickness a single 

high-resolution sagittal plane ultrasound image was acquired at each test site using the same 6-15 MHz 

linear transducer as for the skin thickness images, instead set to a depth of 33 - 40 mm. The ultrasound 

transducer was manually positioned perpendicular to the skin surface and image analysis was again 

completed using ImageJ software. Hypodermal thickness was taken about the centre of each image, and 

was represented as the distance between the base of the reticular dermis and the superficial boundary of 

the thoracolumbar fascia. Similar to the measurement of epidermal + dermal thicknesses, the middle 

region of each image was defined by tracing horizontal lines (5 – 10 mm width, centered at the mid-point 

of the image) along the base of the reticular dermis and the superficial boundary of the thoracolumbar 

fascia. Thickness measurements were taken as the mean distance between these lines. 

3.3.3 Data Processing 

3.3.3.1 Skin Relative Point Displacement and Stretch Ratios 

Raw kinematic data were filtered (effective 4th order; 2nd order dual-pass Butterworth) with a 1 

Hz low-pass cutoff. The mean position for each point was taken over the duration of each approximately 

five second static trial. To quantify the magnitude of stretch across the kinematic point matrix the 3D 

length (Euclidean norm) connecting neighboring points along each column (n = 11), as well as each row 

(n = 9) was taken. Using this approach, each column represents the skin stretch deformation parallel to the 

longitudinal axis of the spine, whereas each row represents transverse (perpendicular), off-axis 
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deformations. Stretch ratios (SRs) for each of the static extension and flexion postures were computed 

between each neighboring pair of points such that: 

𝑆𝑅 = 𝐿𝐹𝐸/𝐿𝑁𝑒𝑢𝑡𝑟𝑎𝑙. 

Where each SR is the ratio of change in 3D length between the static flexion or extension posture 

(LFE) and the neutral posture (LNeutral). As such, any SR equal to one represents the original neutral length 

(no deformation), values less than 1 indicate that the skin was relaxed from the neutral length, and values 

greater than 1 indicate that the skin was being stretched relative to the neutral length. SR values were 

analyzed between each neighboring pair of points (intervertebral segment) and further averaged along 

both the longitudinal and transverse axes to provide a mean representation of skin deformation.  Finally, 

mean longitudinal SR data from the self-paced dynamic forward bending trial were time-normalized from 

0-100% of the movement such that peak stretch (peak spine flexion) occurred at 50% of the trial. 

 To further quantify the spatial distribution of skin deformation across the kinematic point matrix, 

3D relative displacement vectors (RDVs) were computed at each neighboring (within each column along 

the longitudinal axis) pair of points. To do this, the displacement (relative to the neutral spine posture) 

was calculated at each point of the 11x9 matrix for both the spine extension and spine flexion postures:  

𝑅𝐷𝑉𝑥𝑦𝑧 =  𝑝𝑐𝑟𝑎 − 𝑝𝑐𝑎𝑢, 

Where pcra was the 3D resultant displacement (relative to neutral) for the cranial neighboring 

point, and pcau was the 3D resultant displacement for the caudal neighboring point. 3D vector differences 

between each cranial-caudal neighboring pair allowed for the computation of 3D relative displacement at 

each row (intervertebral segment), except the S1 row (this row did not have an inferior row to reference 

relative displacement). These methods are similar in principle to the 2D in vitro work done by Marcellier 

and colleagues (2001). All skin SR and RDV calculations were completed using custom software written 

in MATLAB R2014b (The MathWorks, Natick MA, USA).   
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3.3.3.2 Intervertebral Spine Flexion-Extension Angle 

To quantify intervertebral flexion-extension angles, all markers along the midline of the 11x9 

kinematic matrix (representing locations of the 11 spinous processes) were first fit with a cubic spline (1 

mm resolution) to approximate the 2D sagittal plane curvature of the skin surface in each spine posture 

(e.g. spine extension, neutral and spine flexion). From these splines, unit vectors were calculated at each 

spinous process marker normal to the spline curvature in the mid-sagittal plane; normal vectors at T8 and 

S1 were not calculated, as the spline is less stable at the endpoints. Intervertebral angles were then 

calculated as the dot product between each neighboring unit vector pair from T9-T10 through L4-L5. 

Intervertebral flexion-extension angles for both the flexion and extension spine postures were normalized 

to the neutral prone lying posture. All spine intervertebral flexion-extension angles were computed using 

custom software written in MATLAB R2014b.   

3.3.4 Statistical Analyses 

Six separate general linear model repeated measures ANOVAs were applied to the dataset (SAS 

9.2, SAS Institute, Cary NC, USA). Dependent variables included intervertebral skin SRs, mean 

longitudinal and transverse skin SRs, skin thickness (epidermis + dermis), skin hardness, hypodermal 

thickness, and inter-segmental spine angles. Independent variables included the spine posture (spine 

flexion, neutral spine or spine extension), test location (L4, L2, T12 or T10) as well as intervertebral 

segment. The first one-way ANOVA was used to determine the effects of posture on longitudinal and 

transverse skin SRs. A second one-way ANOVA was used to determine between segment differences in 

intervertebral skin SRs. A third one-way ANOVA was used to determine the effects of test location on 

hypodermal thickness. Two separate one-way ANOVAs were completed for each of the spine extension 

and spine flexion postures to determine between segment differences in intervertebral angles. Further, a 

two-way ANOVA was completed to determine the effects of posture and test location on each of skin 

thickness and hardness. For all analyses, post hoc pairwise multiple means comparisons were made using 

a Tukey adjustment to determine the cause of any significant main effects (α = 0.05). Finally, the 
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relationships between hypodermal thickness and each of skin stretch and thickness were assessed by using 

a coefficient of determination (R2). Unless otherwise specified, all data are presented as means ± SEM. 

3.4 Results 

3.4.1 Skin Stretch Deformation 

Mean skin SRs across both the longitudinal and transverse axes were observed to differ 

significantly (p < 0.0001) between flexed and extended postures (Figure 3.3A). Specifically, when the 

spine was flexed the skin stretched along the longitudinal axis (SR = 1.38 ± 0.01) and retracted along the 

transverse axis (SR = 0.95 ± 0.00), relative to the extended spine posture where the skin retracted along 

the longitudinal axis (SR = 0.88 ± 0.01) and stretched along the transverse axis (SR = 1.01 ± 0.00). 

During the dynamic full flexion trial there was a gradual increase in skin stretch along the longitudinal 

spine axis throughout the flexion phase, with a mean maximum skin SR, across all participants, of 1.44 

(Figure 3.3B).  
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Figure 3.3 A) Mean (± SEM) stretch ratios along the longitudinal and transverse spine axes for each of the static 

flexion and extension postures. Asterisks denote significant differences between the spine flexion and extension 

postures (p <0.0001). Note that values >1 represent stretch relative the neutral posture whereas values < 1 represent 

relaxation/retraction of the skin relative to neutral. B) Mean (± 1 SD) stretch ratio along the longitudinal spine axis 

across the dynamic forward flexion, full range of motion (ROM) movement. Participants flexed from standing 

neutral to full spine flexion (50% ROM) and then back to neutral. Note that each instantaneous stretch ratio is 

relative to the starting neutral standing posture.  
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For both the spine extension (p = 0.0015) and spine flexion (p < 0.0001) postures, intervertebral 

skin SRs were observed to differ significantly dependent on the intervertebral segment.  Specifically, 

when the spine was extended, it was observed that the skin at the L1-L2 (p = 0.0121) and L2-L3 (p = 

0.0068) segment levels was significantly more relaxed/retracted than the skin at the T8-T9 segment level 

(Figure 3.4A). When the spine was flexed, similar results were observed with a significantly higher 

magnitude of skin stretch distributed across lumbar, compared to thoracic, intervertebral segments (Figure 

3.4A). The RDV data again showed that most of local skin deformations occurred within the lumbar 

region. This was especially apparent in the spine flexion posture, as is illustrated in the depiction of the 

mean 2D (longitudinal and transverse axes) static extension and flexion RDV data across all participants 

(Figures 3.4B and 3.4C).  
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Figure 3.4 A) Mean (± SEM) intervertebral stretch ratios along the longitudinal spine axis for each of the static 

extension (EXT) and flexion (FLEX) postures. Pound and cross symbols indicate significant differences between the 

T8-T9 and both the L1-L2 and L2-L3 intervertebral segments in the extension posture. For the flexion posture, 

different letters indicate significant differences between intervertebral segments (p < 0.05). Please note that if 

intervertebral segments are denoted by the same letter, or combination of letters, they do not differ significantly. B) 

Mean (across all participants) longitudinal and transverse relative displacement vector (meters) orientations during 

the static extension posture. C) Mean (across all participants) longitudinal and transverse relative displacement 

vector (meters) orientations during the static flexion posture. 
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3.4.2 Epidermal and Dermal Thickness 

A significant posture (extension, neutral or flexion) by test location (L4, L2, T12 or T10) 

interaction (p = 0.0069) was observed for skin (epidermal + dermal) thickness (Figure 3.5).  At each of 

the L2, L4 and T12 test locations the skin in spine flexion was significantly thinner than in both the 

neutral spine and extended spine postures. Furthermore, in the neutral spine posture the skin was 

significantly thinner than in spine extension. At the T10 test location the skin was significantly thinner in 

the flexed spine posture (2.9 ± 0.1 mm) compared to the extended spine posture (3.7 ± 0.1 mm), but not 

compared to the neutral spine posture (3.3 ± 0.1 mm). Furthermore, there was no difference in skin 

thickness between the neutral spine and extended spine postures at T10. Finally, in the spine flexion 

posture both the T10 (2.9 ± 0.1 mm) and T12 (2.8 ± 0.1 mm) test locations were significantly thicker than 

both the L4 (2.2 ± 0.1 mm; p < 0.0001) and L2 (2.3 ± 0.1; p < 0.0001) test locations.  
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Figure 3.5 Mean (+SEM) skin (epidermis + dermis) thickness for each test location and spine posture. Asterisks 

indicate significant differences between spine postures (p < 0.05). Pound and cross symbols indicate significant 

differences between the thoracic (T10 and T12) and lumbar (L4 and L2) test locations in the flexion posture only (p 

< 0.05). 

 

3.4.3 Skin Hardness 

A significant spine posture (extension, neutral or flexion) by test location (L4, L2, T12 or T10) 

interaction (p = 0.0150) was observed for skin hardness. Across all test locations a significant effect of 

posture was observed such that the skin was hardest in spine flexion, followed by the neutral posture, and 

softest in spine extension (all comparisons p < 0.0001) (Figure 3.6). In the neutral spine posture it was 

observed that the T10 test location (22.3 ± 0.7 au) was significantly harder than both the L4 (17.6 ± 0.7 

au; p = 0.0022) and L2 (18.4 ± 0.9 au; p = 0.0264) test locations.  
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Figure 3.6 Mean (+SEM) skin hardness for each test location and spine posture. Asterisks indicate significant 

differences between spine postures (p < 0.0001). Pound and cross symbols, located within the grey bars, indicate 

significant differences between the T10 test location and both the L4 (p =0.0022) and L2 (p = 0.0264) locations, 

only in the neutral spine posture.  

 

3.4.4 Hypodermal Thickness 

A significant main effect of test location was observed for measures of hypodermal thickness (p < 

0.0001) with a general trend toward a decreasing thickness from L4 through T10 (Figure 3.7). 

Specifically, it was observed that the L4 test location (8.6 ± 1.2 mm) was significantly thicker than both 

the T12 (3.7 ± 0.5 mm) and T10 (2.3 ± 0.3 mm) locations. Similarly, the L2 test location (6.0 ± 0.8 mm) 

was found to be significantly thicker than the T10 test location. Thicknesses within each of the lumbar 

region (L4 and L2; p = 0.0952) and thoracic region (T12 and T10; p = 0.5571) were found to be 

statistically similar.  
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Figure 3.7 Mean (+SEM) hypodermal thickness for each test location in the neutral spine posture. Different letters 

indicate significant differences between test locations (p < 0.05).   

 

3.4.5 Intervertebral Spine Flexion-Extension Angle 

A significant main effect of intervertebral segment was observed for intervertebral angles in the 

spine flexion posture (p < 0.0001); however, no significant effect was observed for the spine extension 

posture (p = 0.1120) (Figure 3.8). Specifically, for the spine flexion posture it was observed that the bulk 

(53.5%) of the overall spine flexion ROM came primarily through rotations at the L2-L3 segment (11.9 ± 

0.6 degrees) as well as the L3-L4 (9.5 ± 0.8 degrees) and L1-L2 (8.5 ± 0.8 degrees) segments. Much more 

variability between individuals existed in spine extension intervertebral angles. 
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Figure 3.8 Sagittal plane intervertebral spine angles. A) Depicts a spatial schematic from a representative 

participant; B) and C) show the mean intervertebral angle across all segments for the flexion (B) and extension (C) 

spine postures. Different letters indicate significant differences between intervertebral segments (p < 0.05).   

 

3.4.6 Dependence of Skin Structural Deformation on Hypodermal Thickness 

The relationship between the range of mean longitudinal SRs (flexion posture minus extension 

posture) and the average hypodermal thickness (averaged across L4, L2, T12 and T10 test locations) was 

observed to be strong with an R2 = 0.5827 (Figure 3.9). Similarly, the relationship between skin thickness 

range (flexion posture minus extension posture) and hypodermal thickness was weak to strong with R2 

values ranging between 0.1337 and 0.4649 (Figure 3.10).  
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Figure 3.9 Linear regression analysis depicting the relationship between the range of skin stretch ratios (flexion 

posture minus extension posture) and the average hypodermal thickness (averaged across each of the L4, L2, T12 

and T10 locations). 
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Figure 3.10 Linear regression analyses depicting the relationship between the range of thickness (flexion posture 

minus extension posture) and the hypodermal thickness at each of the A) L4, B) L2, C) T12 and D) T10 test 

locations. 
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3.5 Discussion 

  The purpose of the current work was to quantify the structural deformation of the skin of the 

trunk dorsum, in vivo, in response to changes in sagittal plane spine posture. This was done to provide a 

foundation for future work aiming to model skin mechanics, as well as for work to investigate skin 

sensation/tactile-retraining within the lumbar region. The current results demonstrate that changes in 

sagittal plane spine posture result in large deformations of the skin of the trunk dorsum. In brief, as the 

spine moves from a neutral posture into flexion, the skin of the trunk dorsum stretches predominantly 

within the lumbar region (Figure 3.4). As the spine moves from a neutral posture into extension the skin 

of the trunk dorsum relaxes/retracts uniformly across both the thoracic and lumbar regions. These 

deformations, quantified at the skin surface, corresponded to expected changes in both skin (epidermal + 

dermal) thickness (Figure 3.5) and hardness (Figure 3.6). It is possible that these changes in skin 

thickness and hardness may directly modify peripheral tactile sensitivity (discussed below), which should 

be investigated in further experiments.   

 As hypothesized, in spine flexion the skin of the trunk dorsum became stretched (Figures 3.3 and 

3.4) thereby making it thinner (Figure 3.5) and harder (Figure 3.6), and in spine extension the skin 

became relaxed or retracted thereby making it thicker as well as softer. The relationship between skin 

thickness and hardness has been assessed previously suggesting that thicker skin regions are generally 

harder than thinner ones (e.g. Kissen et al., 2006); however, the current findings highlight that within a 

specific region of skin, stretch causes a relative thinning resulting in a harder tissue, and retraction causes 

a relative thickening resulting in a softer tissue.  This is supported by previous in vitro work that 

quantified increases in skin stiffness with an increased stretch (e.g. Ni Annaidh et al., 2012, Ottenio et al., 

2015).  Specifically, the current data suggest that, in the static flexed spine posture the skin of the trunk 

dorsum stretched, on average, by 38% (SR = 1.38) in the longitudinal direction relative to the neutral 

prone lying posture. Skin stretch during flexion resulted in an average decrease of skin thickness of 19% 

and an average increase in skin hardness of 106%. These changes in skin thickness due to posture-



63 
 

mediated skin stretch agree with previous findings at the volar forearm quantified using optical coherence 

tomography (Maiti et al., 2016). Similarly, during the static spine extension posture, the skin of the trunk 

dorsum relaxed/retracted, on average, by 12% (SR = 0.88) relative to the neutral prone lying posture. This 

skin relaxation/retraction resulted in an average increase of skin thickness of 17% and an average 

decrease in skin hardness of 39%. Beyond the static posture data, dynamic forward bending yielded a 

greater stretch, to an average maximum of 44% (SR = 1.44) relative to neutral standing. Put together, 

these data suggest that there is a capacity for larger relative changes in both skin thickness and hardness 

than those observed within the static supported spine extension and flexion postures assessed here. 

Finally, in each of the static flexion and extension postures, off-axis, transverse deformations were 

observed demonstrating that, as expected, when stretched or retracted the skin is pulled toward or pushed 

away from the medial-lateral midline, respectively (Figures 3.3 and 3.5).  

 We expected that the distribution of these changes throughout the skin of the trunk dorsum would 

be dependent to some degree on intervertebral ROM, hypodermal thickness as well as collagen fiber 

orientation (e.g. Langer’s lines; Langer, 1978). When inspecting the local distribution of our skin stretch 

deformations during the static spine flexion posture, it is clear that the majority of change occurs within 

the lumbar region (e.g. Figure 3.4). There are three main reasons why this could be the case. First, based 

on our data, the distribution of the overall spine flexion ROM appears to be dominated by intervertebral 

rotations within the lumbar region (Figure 3.8B). Therefore, since this region experiences the largest 

postural change, it is likely that this explains the largest magnitude skin deformations occurring in this 

region. Second, and in conjunction with the first point, it is possible that the skin within the lumbar region 

has the largest capacity for deformation in response to sagittal plane movement due to the orientation of 

the collagen fibers (e.g. Ni Annaidh et al., 2012) in this region relative to the thoracic region. Specifically, 

the collagen fiber orientation within the lumbar skin region is predominantly aligned perpendicular to the 

axis of the spine (Langer, 1978), thereby suggesting that these fibers will not provide significant 

resistance to skin deformation during sagittal plane motion (flexion/extension). In the thoracic region, 



64 
 

however, the collagen fibers are more aligned with the longitudinal axis of the spine, and thus are likely 

better able to resist skin deformation during sagittal plane motion.  Third, our data also suggest that local 

hypodermal thickness may mediate the deformations that occur at the skin surface to some extent. This 

relationship could possibly arise due to the greater radius between the skin surface and joint centers of 

rotation as hypodermal thickness increases, and/or due to a looser connective tissue matrix (infiltrated 

with subcutaneous fat tissue) within the hypodermis which could be less effective at anchoring superficial 

skin layers. Overall, the largest structural deformations are occurring within the lumbar spine region, and 

that if any corresponding changes in skin sensitivity exist (in response to these mechanical changes), it is 

likely that the lumbar region would be most affected. 

As mentioned above, it is possible that the observed changes in skin tissue deformation have the 

potential to result in changes in local tactile sensitivity to mechanical stimuli (e.g. as quantified through 

Semmes-Weinstein monofilament threshold testing or two-point discrimination threshold testing; 

Experiment #1 and Nolan, 1985). It has been previously shown that tactile sensitivity may be at least 

partially dependent on skin material properties within the fingertip and foot sole (Dellon et al., 1995; 

Strzalkowski et al., 2015b). As such, due to the interactive nature of the hand and foot skin regions with 

the environment, local wear and callus formation may impact tactile sensitivity. While the skin of the 

trunk dorsum does not play the same interactive role with the external environment, our results 

demonstrate that the skin of the trunk dorsum clearly undergoes massive structural deformation due to 

changes in spine posture. With a decrease in the combined epidermal and dermal thickness it is possible 

that the mechanoreceptors responsible for one’s kinesthetic sense move both closer to the skin surface, as 

well as change in their spacing relative to one another. Based on the current knowledge of 

mechanoreceptor function/morphology, receptor depth as well as spacing can impact receptive fields and 

tactile spatial resolution (Gardner & Johnson, 2013).  Additionally, with an increase in skin 

hardness/stiffness the mechanical transmission of forces within the skin tissue may change (e.g. changes 

in skin resistance to indentation when the skin is harder). Future work should assess changes in peripheral 
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tactile sensitivity in response to changes in posture as these results would have large implications for any 

applications of tactile cuing or tactile-retraining approaches in clinical populations such as those with 

CLBP (e.g. Moseley et al., 2008; Wälti et al., 2015). 

 There are some limitations to consider when interpreting the results of the current work. First it is 

possible that the durometer assessment of skin hardness can be influenced by the make-up of deeper 

tissues. These tissues could include subcutaneous hypodermal fat stores, active/inactive muscle, or even 

superficial bony structures (e.g. vertebral spinous processes). To avoid any potential confounding effects 

of deeper tissues on measures of skin hardness we assessed skin hardness superficial to the paraspinal 

muscle belly (away from any bony prominences) while each participant was instructed to relax their 

musculature. Second, and related to the previous point, it was assumed that all static spine postures were 

passively supported (e.g. no activation of the paraspinal musculature). This assumption is based on the 

instructions given to each participant, which were to “lie quietly atop of the massage bench as relaxed as 

possible” within each static test position. Muscle activation, or muscle “bulging”, could have an influence 

on skin deformation; however, these deformations would likely be quite small relative to any changes in 

spine posture. Electromyographic (EMG) activity could have been recorded to better ensure muscle 

silence; we however, selected against this method to avoid any confounding influence of surface EMG 

electrodes on skin stretch deformation. Future work should assess the effect of muscle activation on 

muscle belly deformation (muscle bulging) as well as skin deformation. Finally, in the spine extension 

posture it is possible the skin relaxation/retraction may in part include buckling of the individual layers of 

the skin as they move past their slack resting length and compressive loads are converted into bending 

loads (e.g. Leyva-Mendivil et al., 2015). It is unclear how this could impact tactile sensitivity, and future 

work should address this. 

3.6 Conclusions 

 In conclusion, this work demonstrated the extent to which the skin of the trunk dorsum can 

deform with changes in sagittal plane spine posture. The mean range of skin stretch from spine extension 
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to flexion was 50% (stretched by 38% in flexion relative to neutral, and relaxed/retracted by 12% in 

extension). These changes in skin stretch resulted in a range of skin thickness changes >1 mm (~30% 

neutral skin thickness). Furthermore, the skin became significantly harder (106%) in spine flexion (more 

adept to resist mechanical deformation) and softer (39%) in spine extension (lower resistance to 

mechanical deformation). Additionally, the local distribution of these skin structural/material changes are 

biased towards deformations in the lumbar region. Specifically, it was observed that a stretch range 

(between static spine extension and flexion) of ~68% exists within the lumbar region, compared to ~26% 

in more superior thoracic regions.  It is probable that the greater deformations within the lumbar spine 

region are due in large part to the greater intervertebral contribution from these segments towards an 

overall sagittal plane spine angle. This work provides insight to the extent of trunk dorsum skin structural 

change and provides the foundation for future work investigating skin mechanics as well as changes in 

skin sensitivity with the adoption of different body postures. 
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3.7 Dissertation Progress Summary II 

Expanding on Figure 2.6, the consolidated dissertation progress is depicted in Figure 3.11. Again, 

the combined impact of each research study has been summarized in terms of the foundational scientific 

knowledge gained from each experiment.  

Figure 3.11 Dissertation Progress Summary II. Outlining the foundational knowledge gained from Experiments 1-2. 

 

Now that the clear influence of spine posture on skin structure has been distinguished, an 

understanding of how these structural/mechanical changes influence perceptual tactile sensitivity (across 

a wide postural range) is necessary (Experiment #3). 
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CHAPTER 4 – EXPERIMENT III: SPINE POSTURE INFLUENCES TACTILE PERCEPTUAL 

SENSITIVITY OF THE TRUNK DORSUM 
 

Annals of Biomedical Engineering 2017; 45(12): 2804-2812. doi: 10.1007/s10439-017-1924-3. 

4.1 Chapter Summary 

 Previous research has suggested that both skin thickness and hardness can dictate 

mechanoreceptor sensitivity to external stimuli (i.e. Dellon et al., 1995; Strzalkowski et al., 2015b). 

Furthermore, changes in tactile sensitivity have been demonstrated previously at the wrist (Cody et al., 

2010) in response to both changes in wrist posture and changes in skin stretch imposed from an external 

source (independent from changes in posture). Combined with our previous work investigating the 

influence of spine posture on skin structure (Experiment #2), these findings suggest that changes in spine 

posture may impact the tactile perceptual sensitivity of the skin of the trunk dorsum. The purpose of the 

current work was to investigate this relationship by completing tactile perceptual sensitivity assessments 

at the same extended, neutral and flexed spine postures used in Experiment #2. The results of this work 

demonstrate that tactile perceptual sensitivity of the skin of the trunk dorsum can differ due to changes in 

spine posture. Specifically, increased thresholds (decreased sensitivity) for touch sensitivity, longitudinal 

spatial acuity and transverse stretch sensitivity estimates were observed in flexed spine postures. Further, 

spine flexion also resulted in a reduced sensory threshold (increased sensitivity) to stretching stimuli in 

the longitudinal direction (parallel to the axis of the spine). These findings are useful considerations when 

applying tactile stimuli either as a therapy (i.e. Barker et al., 2008; Gutknecht et al., 2015; Wälti et al., 

2015) or to evoke a motor change (i.e. O’Sullivan et al., 2013; Çelenay et al., 2015) across a wide range 

of body postures.      

4.2 Introduction 

Biofeedback interventions such as taping, haptics, bracing and clothing design are dependent, in 

part, on a foundation of knowledge pertaining to tactile (skin) sensitivity. Previous work has noted a 

significant influence of skin sensory information on the kinesthesia of distal joints within the limbs 

(Collins et al., 2005). Furthermore, recent work using high-frequency (e.g. 250 Hz) vibrotactile 

https://doi.org/10.1007/s10439-017-1924-3
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stimulation has noted a link between skin sensory stimuli and torso posture (Martin et al., 2015). Based 

on this research, it is possible that interventions targeting the skin of the torso or low back can provide 

cues to an individual during the completion of everyday tasks to facilitate postural changes. In addition, 

certain skin sensory cues (e.g. using elastic kinesiology tape) may assist one in avoiding postures that are 

thought to cause, or exacerbate LBP, and may have a role in increasing back extensor endurance (Castro-

Sánchez et al., 2012; Hagen et al., 2015; Kelle et al., 2016); however, future work to distinguish the 

mechanisms of such benefits is needed (Kalron & Bar-Sela, 2013). Since many tasks necessitate that 

individuals adopt a wide range of body postures, there needs to be an understanding as to how different 

postures (including associated skin deformations) influence one’s sensitivity to tactile stimuli. Previous 

work (Ní Annaidh et al., 2012) has demonstrated highly anisotropic tissue properties associated with the 

skin of the trunk dorsum during in vitro tissue deformations (which would simulate stretching of the skin 

during changes in posture), including differences in stiffness across specific anatomical regions (e.g. 

lumbar vs. thoracic) as well as stretch-loading directions (e.g. longitudinal vs. transverse). Furthermore, 

our previous work, which investigated the distributions of skin deformation of the trunk dorsum in vivo, 

noted large changes in skin stretch, thickness and hardness due to corresponding changes in spine flexion-

extension posture (Experiment #2). Based on these findings, the following question arises; how do these 

posture-mediated changes in skin structural properties influence an individual’s sensitivity (e.g. touch, 

stretch or spatial acuity) to tactile stimuli? 

Specialized mechanoreceptors located within the reticular dermis transduce the sense of touch 

(Gardner & Johnson, 2013). Due to differences in receptor morphology and depth, each is sensitive to 

specific mechanical stimuli (e.g. pressure, stretch or vibration; Johansson & Vallbo, 1979; Macefield, 

2005). Recent work examining the foot sole (Strzalkowski et al., 2015b) and hands (Dellon et al., 1995; 

Hudson et al., 2015) have suggested that mechanoreceptors located within the dermis have sensory 

thresholds that are in part dependent on the mechanical properties of the surrounding skin tissues 

(irrespective of any change in body posture). Furthermore, the mechanical properties of the skin have 
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been observed to vary in response to changes in hydration (Bhushan, 2012; Wu et al., 2006) as well as 

mechanical loading (Geerligs et al., 2006; Ní Annaidh et al., 2012). Interestingly, both hydration state 

(Levesque et al., 2000) and mechanical loading (Mildren et al., 2016) have also been shown to 

significantly alter tactile perceptual sensitivity thresholds. Combined, these previous research studies 

suggest that the sensitivity of each mechanoreceptor to a given mechanical stimulus may differ if the 

mechanical properties of the surrounding tissues change. Furthermore, as the skin begins to deform it is 

possible that these deformations will alter the conformation of skin receptive fields, thereby influencing 

perceptual measures of spatial acuity. This posture-dependence in perceptual spatial acuity has been 

demonstrated previously at the wrist (Cody et al., 2010) in response to both changes in wrist posture and 

changes in skin stretch imposed from an external source (independent from changes in posture). As such, 

it would be expected that changes in spine posture, which influence trunk dorsum skin structural 

properties (Experiment #2), would influence tactile perceptual sensitivity and spatial acuity concordantly. 

If tactile sensitivity is indeed influenced by skin structural properties, which are altered with changes in 

body posture, this may impact the consistent perception of tactile stimuli across a dynamic postural range. 

These findings would therefore influence strategies for administering tactile cues to an individual during 

the completion of everyday tasks, as well as within the clinic.  

A functional example of targeted tactile feedback would be through the use of a tactile sensory re-

training paradigm. These paradigms have shown promise as therapies to alleviate pain associated with 

chronic regional pain syndrome (Moseley et al., 2008), phantom limb pain (Flor et al., 2001) as well as 

CLBP (Moseley, 2008). Specifically, at the low back, previous research has demonstrated diminished 

tactile sensitivity atop the skin of the trunk dorsum in CLBP patients (Catley et al., 2013; Luomajoki & 

Moseley, 2011; Moseley, 2008). Furthermore, it has been suggested that these changes in tactile 

sensitivity are representative of changes in cortical processing pathways (Flor et al., 1997; Lloyd et al., 

2008). Based on these findings, preliminary results suggest that tactile re-training paradigms may be 

successful, in combination with conventional motor re-training therapies, to alleviate subjective levels of 
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LBP (Barker et al., 2008; Gutknecht et al., 2015; Wälti et al., 2015). One consideration with these sensory 

re-training paradigms; however, is the body posture in which the targeted tactile stimuli are delivered. For 

example, for patients who experience pain during spine flexion, it may be suitable to administer 

treatments in a flexed spine posture. If the perceptual tactile sensitivity is inherently dependent on spine 

posture, it is also possible that different tactile stimuli (e.g. touch, stretching, etc.) may have larger or 

lesser, clinically relevant, therapeutic effects across different spine postures.    

The purpose of the current work was to quantify the influence of posture-mediated skin 

deformation on tactile perceptual sensitivity of the skin of the trunk dorsum. These results will provide 

further understanding of posture-dependent tactile sensitivity, relevant for applications in tactile 

biofeedback (e.g. through a wearable sensor or article of clothing), as well as CLBP patient sensory re-

training paradigms. It was hypothesized that spine flexion (causing the skin to stretch thereby becoming 

both thinner as well as stiffer) would result in an increased Semmes-Weinstein monofilament touch 

sensitivity threshold (less sensitive), increased two-point detection threshold (less sensitive) and a 

decreased skin stretch sensitivity threshold (more sensitive). In contrast, it was also hypothesized that 

spine extension (causing the skin to relax thereby becoming thicker as well as more compliant) would 

result in a decreased Semmes-Weinstein monofilament touch sensitivity threshold (more sensitive), 

decreased two-point detection threshold (more sensitive) and an increased skin stretch sensitivity 

threshold (less sensitive).  

4.3 Materials and Methods 

 4.3.1 Participants 

A sample of young, healthy individuals (12 total; 6 female) volunteered to participate in the study 

(mean ± SD: age 24.0 ± 2.0 years; mass 75.4 ± 12.5 kg; height 1.75 ± 0.06 m). Participant exclusion 

criteria included any current pain within the lumbopelvic or lower limb regions, as well as any allergies to 
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adhesives. Participants completed a health history questionnaire and signed informed consent prior to 

further data collection. The protocol was approved by the institutional Research Ethics Board.   

 4.3.2 Procedure 

 Each participant completed a single laboratory visit lasting approximately two hours. Prior to the 

initiation of skin sensitivity testing two separate perceptual testing locations were prepared. To landmark 

the superior-inferior anatomical location of each testing site bony spinous processes were palpated and 

washable marker was applied to the skin immediately superficial to the T10 and L4 spinous processes. 

Next, an area 3-5 cm rightward to each spinous process was cleansed with rubbing alcohol and lightly 

shaved. Following this, participants lightly extended their backs to activate the erector spinae muscles 

(e.g. iliocostalis, longissimus and spinalis). During this extension activation, washable marker was again 

used to identify the apex of the active right muscle belly (~3-5 cm rightward from each spinous process) 

at each of the previously marked T10 and L4 vertebral levels. Once each muscle belly location was 

marked the participant was instructed to relax his/her muscles, and this mark was used as the location of 

all subsequent perceptual sensitivity tests. The T10 and L4 vertebral levels were selected due to the 

disparity between these locations in terms of skin structural deformation (Experiment #2), as well as the 

ecological relevance of each location (e.g. the approximate location of a belt across the waist or a sports 

bra).  

Each participant was then required to adopt three static, supported spine postures (spine 

extension, prone neutral and spine flexion). Further, during each posture, participants were instructed to 

relax the muscles of his/her back to mitigate any cofounding effects of active muscle on skin deformation, 

as well as any of the perceptual tactile sensitivity measures. To achieve the spine extension posture 

participants were instructed to lie prone atop a massage-style chiropractic bench with wedge-style pillows 

placed beneath his/her torso and legs (Figure 4.1A). For the neutral posture, participants were instructed 

to simply lie prone atop the chiropractic bench (Figure 4.1B). For the spine flexion posture, participants 

adopted a child’s style yoga pose by flexing his/her knees, hips and spine atop the chiropractic bench 
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(Figure 4.1C). In each of the spine extension, neutral and flexion postures tactile sensitivity measurements 

were taken at the T10 and L4 testing locations (Figure 4.1D). Each measurement was taken by the same 

experimenter for all participants. Tactile sensitivity measures included skin touch sensitivity thresholds, 

skin spatial acuity thresholds and skin stretch sensitivity thresholds. Simple randomization was used to 

dictate the order of postures to mitigate any effects caused by tissue stress-relaxation during each 

sustained static posture. Furthermore, within each posture, simple randomization was again used to dictate 

the order of testing locations; however, this order was maintained for each tactile sensitivity test. The 

order of tactile sensitivity tests was fixed as such: (1) skin touch sensitivity threshold testing, (2) skin 

spatial acuity threshold testing and (3) skin stretch sensitivity threshold testing. This order was chosen to 

mitigate any potential confounding influence of the cyanoacrylate adhesive (used for stretch sensitivity 

testing) on measures of skin touch sensitivity or spatial acuity. For each tactile sensitivity test all locations 

and postures were completed prior to the onset of the subsequent test. The order of postures and locations 

within each given tactile sensitivity test, although chosen at random, was fixed for all tests conducted on 

the same participant. Tactile perceptual sensitivity tests commenced once the participant had maintained 

each given posture for at least one minute.   
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Figure 4.1 Pictorial demonstration of the static spine postures including the A) spine extension, B) neutral prone 

lying and C) spine flexion postures. D) Schematic depiction of the right-side paraspinal T10 and L4 skin sensory 

testing locations (denoted by asterisks). i)  Pictorial demonstration of the i) Semmes-Weinstein monofilament touch 

sensitivity threshold assessment, the ii) longitudinal two-point discrimination spatial acuity threshold assessment and 

the iii) transverse skin stretch sensitivity threshold assessment. Participants were instructed to maintain each posture 

(A, B & C) during the administration of each sensitivity threshold assessment (i, ii & iii). 

 

 4.3.3 Touch Sensitivity Threshold 

 To quantify touch sensitivity thresholds, a standard 20-piece set of Semmes-Weinstein 

monofilaments were used (as in Experiment #1; Dellon, 2014; Semmes et al., 1960; Wand et al., 2010). 

Touch sensitivity measures were taken at each test location (T10 or L4 muscle belly) at all three test 

postures (spine extension, neutral and spine flexion). Each monofilament was depressed onto the skin at a 

90o angle until buckling and subsequently removed after approximately one second (Figure 4.1D, i). 

Participants were required to identify whether each stimulus was perceived, and were instructed to be at 

least 90% confident in their responses. To discern each individual’s perceptual threshold, a modified 

stepwise 4-2-1 approach (Dyck et al., 1993) was utilized (including trials where no monofilament was 

depressed onto the skin) such that a minimum sensitivity threshold was defined as a 66% success rate. 

 4.3.4 Spatial Acuity Threshold 

 To quantify tactile spatial acuity a 0-150 mm digital caliper was used to discern each individual’s 

two-point discrimination threshold (as in Experiment #1; Catley et al., 2014; Luomajoki & Moseley, 

2011; Nolan, 1985; Wand et al., 2010). Spatial acuity measures were taken at each test location (T10 or 
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L4 muscle belly) at all three test postures (spine extension, neutral and spine flexion) in both longitudinal 

(parallel to the axis of the spine) and transverse (perpendicular to the axis of the spine) directions. Each 

end of the digital caliper was depressed onto the skin simultaneously and held for approximately one 

second (Figure 4.1D, ii). Participants were required to identify whether each stimulus was perceived as 

one or two points and were instructed to be at least 90% confident in their responses. To discern each 

individual’s perceptual threshold a modified stepwise approach, and cut-off, similar to that described 

earlier was used (see section 4.3.3). 

 4.3.5 Stretch Sensitivity Threshold 

 To quantify tactile stretch sensitivity a novel approach was taken. Small plastic tabs (15 mm x 15 

mm x 1 mm) were affixed to the skin at the T10 and L4 testing locations using a cyanoacrylate adhesive. 

Nylon cord was then affixed to each tab along either the longitudinal or transverse axis such that manual 

loads could be applied either inferiorly or laterally. Each manual load was applied by an experimenter in a 

slow controlled fashion. Tension in the nylon cord was slowly increased causing the plastic tab to 

displace, and the skin to stretch. Once the plastic tab was no longer able to displace any further, tension in 

the nylon cord was slowly decreased. The stretching of the plastic tab-skin interface, due to the imposed 

manual loads, was tracked using a passive infrared optical system (Optitrack, NaturalPoint, Inc., 

Corvallis, OR, USA) with 6.5 mm disc-shaped markers placed on each plastic tab as well as 20 mm 

superiorly and 20 mm medially relative to each tab (Figure 4.1D, iii) while the participant maintained a 

neutral posture. An additional kinematic marker was placed on the right middle finger of each participant 

to be used as a perceptual trigger, such that the participant could flex his/her finger when the perception 

of skin stretch (or the displacement of the plastic tab from its original position) was present. For each 

tactile stretch sensitivity test 10 repeated loading cycles were administered at random (1-5 second) time 

intervals. Longitudinal and transverse SRs were computed in alignment with the axis of the imposed 

stretch (e.g. the superior skin marker and the tab marker were used to compute SRs during the inferiorly 

directed loading cycles). The onset of acceleration of the finger marker was used to distinguish the 
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magnitude of skin stretch necessary for each participant to identify the perception of the imposed stretch. 

The perceptual threshold (sensitivity) was calculated as the mean across all 10 cycles. 

 4.3.6 Data Processing 

 Raw kinematic data, sampled at 120 Hz, were filtered (effective 4th order; 2nd order dual-pass 

Butterworth) with a low-pass cut-off of 2 Hz. To quantify accelerations of the finger marker (perceptual 

trigger), a three-point, finite central difference method was used to double-differentiate filtered 3D 

displacement data. To quantify each longitudinal or transverse SR, the 3D length (Euclidean norm) 

connecting either the longitudinal or transverse points was taken. Mean stretch velocities were calculated 

as the total change in length over a lengthening cycle divided by the elapsed time period. Cycle-by-cycle 

SRs for each posture/location were calculated relative to the resting length of each marker pair prior to 

each imposed loading cycle such that: 

𝑆𝑅 =  
𝐿𝑝𝑒𝑟𝑐𝑒𝑝𝑡 − (𝑣𝑠𝑡𝑟𝑒𝑡𝑐ℎ  × 𝑅𝑇)

𝐿𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙
 

 Where SR is the stretch ratio at the perception of stretch, Lpercept is the 3D length calculated at 

each participant’s point of skin stretch perception for each imposed stretching load, vstretch is the mean 

velocity of the imposed stretching load, RT is a constant representing a typical reaction time to a mild 

tactile stimulus and Loriginal is the original 3D length prior to each imposed stretching load. This formula 

was developed to account for any variation in Loriginal due to changes in posture, and vstretch due to 

variability by the experimenter. An RT of 220 ms was chosen based on previous work quantifying the 

motor reaction time to a mild tactile stimulus (Cody et al., 2010; Forster et al., 2002). Representative data 

depicting the novel skin stretch sensitivity threshold assessment is depicted in Figure 4.2. 
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Figure 4.2 Demonstration of the novel skin stretch sensitivity assessment. A) Example of the experimental setup 

outlining the location of passive kinematic markers (black open circles) and directions of force application (black 

arrows). B) Depiction of representative data outlining the magnitude of each applied stretching load (black tracing) 

and subjective perception of skin stretch for each pulling load (red circles). The mean across ten repeated stretching 

cycles was taken to represent the stretch sensitivity for each assessment. 

  



78 
 

4.3.7 Statistical Analyses 

A general linear model, two-way repeated measures ANOVA was applied to the dataset (SAS 

9.2, SAS Institute, Cary NC, USA). Dependent variables included Semmes-Weinstein monofilament 

touch sensitivity thresholds, longitudinal and transverse spatial acuity thresholds, and mean longitudinal 

and transverse skin stretch sensitivity thresholds. Independent variables included the spine posture (spine 

extension, neutral or spine flexion) as well as the testing location (T10 vs. L4 muscle belly). Post hoc 

pairwise multiple means comparisons were completed using a Tukey adjustment to determine the cause of 

any significant main effects, or main effect interactions (α = 0.05). Unless otherwise stated, all data are 

presented as means ± SEM. 

4.4 Results 

 4.4.1 Touch Sensitivity Threshold 

 A significant main effect of posture (p = 0.0001) was observed for the measure of Semmes-

Weinstein monofilament touch sensitivity threshold (Figure 4.3); however, no significant main effect of 

testing location (p = 0.7549) or location*posture interactions (p = 0.4271) were observed. Specifically, 

the force necessary to elicit a perception of touch was significantly smaller (more sensitive) in both the 

extension (0.85 ± 0.13 grams; p < 0.0001) and neutral (1.24 ± 0.29 grams; p = 0.0051) spine postures 

compared to the flexion posture (2.28 ± 0.44 grams). 
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Figure 4.3 Mean (± SEM) Semmes-Weinstein monofilament touch sensitivity threshold (grams), across each of the 

L4 and T10 testing locations, for each spine posture. Stars indicate statistically significant differences between 

postures (p < 0.05). 
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4.4.2 Spatial Acuity Threshold 

For the longitudinal spatial acuity threshold both a significant main effect of posture (p = 0.0001) 

and testing location (p = 0.0289) were observed; however, no significant posture*location interactions (p 

= 0.9433) were observed. For the posture effect, it was observed that the spatial acuity threshold was 

significantly lower (more sensitive) for the extension (32.29 ± 3.46 mm; p = 0.0001) and neutral (38.33 ± 

3.18 mm; p = 0.0185) spine postures compared to the flexion posture (48.54 ± 4.39 mm) (Figure 4.4). For 

the location effect, it was observed that the spatial acuity threshold was significantly lower (more 

sensitive) for the L4 (36.39 ± 3.77 mm; p = 0.0289) testing location compared to the T10 location (43.06 

± 4.33 mm). For the transverse spatial acuity threshold neither a significant main effect of posture (p = 

0.5777) (Figure 4.4), location (p = 0.9624) nor a significant posture*location interaction (p = 0.9083) 

were observed. 
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Figure 4.4 Mean (± SEM) spatial acuity threshold (millimeters), across each of the L4 and T10 testing locations for 

each posture. Black bars denote longitudinal thresholds whereas white bars denote transverse thresholds. Stars 

indicate statistically significant differences between postures (p < 0.05). 
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4.4.3 Stretch Sensitivity Threshold 

 For the longitudinal skin stretch sensitivity significant main effects of posture (p < 0.0001) and 

testing location (p = 0.0123) were observed; however, no significant posture*location interactions were 

observed (p = 0.1127). For the posture effect, the magnitude of longitudinal skin stretch necessary to elicit 

a perceptual sensation of stretch was significantly larger (less sensitive) in both the extension (1.112 ± 

0.015; p < 0.0001) and neutral (1.103 ± 0.014; p <0.0001) postures compared to the flexion posture 

(1.013 ± 0.003) (Figure 4.5). For the location effect, it was observed that the mean longitudinal skin 

stretch sensitivity threshold was significantly higher (p = 0.0123) at the L4 location (1.098 ± 0.006) 

relative to the T10 location (1.076 ± 0.006). For the transverse skin stretch sensitivity a significant main 

effect of posture (p < 0.0001) was also observed (Figure 4.5); however, no significant main effect of 

testing location (p = 0.6247) or location*posture interactions (p = 0.5449) were observed. Specifically, 

the magnitude of transverse skin stretch necessary to elicit a perception of stretch was significantly 

smaller (more sensitive) in both the extended (1.015 ± 0.003; p < 0.0001) and neutral (1.019 ± 0.004; p = 

0.0010) spine postures compared to the flexion posture (1.033 ± 0.005). 
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Figure 4.5 Mean (± SEM) skin stretch sensitivity threshold (stretch ratio), across each of the L4 and T10 testing 

locations for each spine posture. Black bars denote longitudinal thresholds whereas white bars denote transverse 

thresholds. Stars indicate statistically significant differences between postures (p < 0.05). 
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4.5 Discussion 

The goal of the current work was to identify the influence of posture-mediated skin deformation 

on tactile perceptual sensitivity of the trunk dorsum. An understanding of such a relationship is relevant 

for applications in tactile re-training within the lumbar region, as well as for wearable biofeedback 

sensors and clothing design. The current results clearly demonstrate that changes in spine flexion-

extension posture influence tactile perceptual sensitivity. Specifically, as the skin stretches in spine 

flexion to become both thinner and stiffer, there is an associated increase in touch sensitivity threshold 

(Semmes-Weinstein monofilaments), spatial acuity (two-point discrimination) threshold, and transverse 

stretch sensitivity threshold (all representing decreased sensitivity). Furthermore, in contrast with rest of 

the perceptual sensitivity data, spine flexion resulted in a decreased longitudinal stretch sensitivity 

threshold (increased sensitivity).  

4.5.1 Touch Sensitivity Threshold 

Touch sensitivity thresholds in the neutral spine posture agreed with those from previous reports 

that have assessed the trunk dorsum (i.e. Experiment #1; Rabey et al., 2015; Wand et al., 2010). As 

hypothesized, touch sensitivity threshold was highest (i.e. the highest force necessary to elicit a sensation 

of touch) in the flexion posture (Figure 4.3). Specifically, there was a decrease in skin sensitivity of 1.43 

grams from the spine extension posture to the spine flexion posture. When interpreting the significant 

effect of posture on the current data, it is important to note that previous in vitro (Ní Annaidh et al., 2012; 

Otténio et al., 2015) as well as in vivo (Maiti et al., 2016) research has reported that the skin becomes 

stiffer when stretched. In addition, there is research that suggests stiffer skin results in lowered activation 

of mechano-sensitive afferents to a tactile stimulus (Hudson et al., 2015), as well as elevated sensory 

perceptual thresholds (Dellon et al., 1995; Strzalkowski et al., 2015b).  

4.5.2 Spatial Acuity Threshold 

Spatial acuity thresholds in both the longitudinal and transverse directions agreed with previous 

reports that have assessed the trunk dorsum in a neutral posture (i.e. Experiment #1; Catley et al., 2014; 
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Luomajoki & Moseley, 2011; Nolan, 1985; Wand et al., 2010). Again, as hypothesized, longitudinal 

tactile spatial acuity thresholds were observed to be highest (e.g. the largest caliper distance needed for a 

participant to discern two separate stimuli) in the flexion posture (Figure 4.4). Specifically, there was an 

increase in longitudinal two-point detection threshold of ~16 mm from the spine extension posture to the 

spine flexion posture (corresponding to an approximate 50% increase in longitudinal skin stretch; 

Experiment #2). Interestingly, and in contrast with the longitudinal data, transverse tactile spatial acuity 

thresholds did not differ significantly between postures (despite the skin retracting by approximately 6% 

along the transverse axis from spine extension to flexion; Experiment #2). It is possible that the observed 

differences in spatial acuity were only present in the longitudinal direction as this aligned with the 

primary direction of the imposed skin stretch, with transverse-oriented deformations being significantly 

smaller (Experiment #2). Because the number of receptors within a given anatomical location (e.g. T10 

and L4 locations) is finite, the distance between mechanoreceptors about a given axis along the skin 

surface could increase following an imposed stretch. This could result in a change in the shape, or relative 

degree of overlap between separate receptive fields thereby influencing one’s perceptual spatial acuity 

(Cody et al., 2010). Across all postures, the L4 testing location had significantly lower longitudinal spatial 

acuity thresholds (increased sensitivity) compared to the T10 location. Interestingly, we noted a similar 

finding in previous work (Experiment #1) that assessed trunk dorsum longitudinal spatial acuity within a 

neutral prone lying posture at T9 and L4 testing locations. These spatial differences could simply be due 

to differences in the relative number of receptors at each location (e.g. Peters et al., 2009); however, to 

our knowledge the distribution of mechanoreceptors across the trunk dorsum has yet to be investigated 

and could be an area of interest for future study.  

4.5.3 Stretch Sensitivity Threshold 

Interestingly, a differential effect of spine posture was observed for the longitudinal and 

transverse measures of skin stretch sensitivity.  Specifically, the spine flexion posture resulted in both the 

lowest longitudinal stretch sensitivity threshold and the highest transverse stretch sensitivity threshold 
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(Figure 4.5). These results may be explained if the postural changes are thought of as resulting in a ‘pre-

deformation’ of the skin; for example, our previous work clearly demonstrated that spine flexion results in 

a stretch of the skin along the longitudinal axis with a corresponding retraction/relaxation of the skin 

along the transverse axis (Experiment #2). Therefore, the ‘pre-stretch’ of the skin in the flexion posture 

would possibly bring the mechanoreceptors responsible for sensing this stretch (Ruffini Endings) closer to 

their threshold, thereby resulting in a lower additional stretch administered by the stretch test necessary to 

result in a sensation. Similarly, the ‘pre-retraction’ of the skin in the extension posture would have the 

opposing effect. Although unclear based on the current work, such a mechanism may be an area of 

interest for future study.  

In the neutral posture a larger magnitude of stretch was necessary to elicit a sensation in the 

longitudinal direction relative to the transverse direction (Figure 4.5). Based on the work done by Ní 

Annaidh and colleagues (2012), it is possible that this results from the anisotropic nature of skin, caused 

by the differential alignment in collagen fibers (e.g. Langer’s Lines; Langer, 1978). Being that the 

mechanoreceptors responsible for the sensation of skin stretch (Ruffini endings) are suggested to be 

intrinsically linked within the collagen fiber network present within the dermis (Gardner & Johnson, 

2013), it is possible that these receptors are most sensitive to skin deformations along the axis of 

individual collagen fibers. Because the alignment of Langer’s lines are predominantly transversely 

oriented within the areas tested in the current study (e.g. L4 and T10), this may the drive the increased 

sensitivity to skin stretch along the transverse axis. This directional sensitivity of a Ruffini ending 

mechanoreceptor to skin stretch has been shown in other body areas including the hairy skin surrounding 

the hand and fingers (Edin & Abbs, 1991) and the glabrous skin of the foot (Kennedy & Inglis, 2002).  

4.5.4 Applications and Limitations 

 As mentioned earlier, the potential applications of the current findings are widespread. In the 

context of CLBP rehabilitation, tactile sensory re-training has shown promise as a treatment modality to 

decrease subjective measures of LBP (Barker et al., 2008; Gutknecht et al., 2015; Wälti et al., 2015). The 
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current data suggest that both patient posture, as well as the tactile stimulus administered, may be 

important considerations when attempting to optimize the clinically relevant, therapeutic effects of a 

tactile re-training paradigm. In the context of LBP prevention, previous work has shown that tactile 

feedback results in the fastest motor reaction times across a variety of movement tasks (e.g. Forster et al., 

2002; Godlove et al., 2014; Scott & Gray, 2008) when compared to other sensory feedback modalities. 

This body of work proposes that tactile feedback would be superior to other sensory feedback sources in 

the context of motor control if the goal of such feedback is to minimize motor reaction time. The current 

data suggest that an individual becomes both increasingly sensitive to longitudinal skin stretches, and 

decreasingly sensitive to touch, as the spine flexes. If the repeated spine flexion postures are to be avoided 

to decrease the incidence of specific types of injury (Callaghan & McGill, 2001), it is possible that skin-

stretching motor feedback (e.g. the use of skin stretch to increase the awareness of position and to evoke a 

motor or physical change) may be assistive in avoiding postures of high spine flexion.     

Although this research (in combination with previous research: Experiment #2 and Cody et al., 

2010) suggests a relationship between skin structural properties and tactile perceptual sensitivity, brought 

on by changes in body posture, it is possible that the administered perceptual tests could also be 

influenced by separate central mechanisms. Previous research has demonstrated changes in motor 

(Baudry et al., 2015) and somatosensory (Rigato et al., 2013) cortical excitability in response to the 

changes in posture; therefore, it is possible that these changes could influence tactile perceptual sensitivity 

in combination with any peripheral changes. It should be noted however, that previous work has 

demonstrated that perceptual sensitivity estimates (such as the ones used here) mirror the activation 

patterns of peripheral afferents in the hand (Johansson & Vallbo, 1979) and foot (Strzalkowski et al., 

2015a). As such, although it is impossible to delineate the influence of changes in cortical excitability on 

tactile perceptual sensitivity from the current data, we believe that the perceptual measures presented 

within the current study yield at least a partial estimate of changes in peripheral afferent activation.  
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4.6 Conclusions 

Tactile perceptual sensitivity can differ due to changes in body posture. It is possible that these 

changes in tactile sensitivity are caused by posture-mediated changes in skin structural properties. The 

skin of the trunk dorsum had an increased touch sensitivity threshold, longitudinal spatial acuity threshold 

and transverse stretch sensitivity threshold when the skin became stretched due to spine flexion. 

Furthermore, the skin of the trunk dorsum also had a reduced sensory threshold to stretching stimuli in the 

longitudinal direction, again due to skin stretch caused by spine flexion. These results suggest that as an 

individual flexes forward from a neutral posture, the sensitivity to skin stretch, in a direction parallel to 

that of the spine, increases. In addition, touch sensitivity threshold as well as spatial acuity appear to be 

disadvantaged in flexion, suggesting that separate stimuli must be sufficiently spaced to yield 

independently perceptible cues.  
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4.7 Dissertation Progress Summary III 

Expanding on Figure 3.11, the consolidated dissertation progress is depicted in Figure 4.6. Again, 

the combined impact of each research study has been summarized in terms of the foundational scientific 

knowledge gained and from each experiment.  

 

Figure 4.6 Dissertation Progress Summary III. Outlining the foundational knowledge gained from Experiments 1-3. 

 

 Following this experiment, it is clear that the posture-mediated changes in tactile perceptual 

sensitivity vary across different tactile stimuli. Specifically, although one’s sensitivity to touch and spatial 

acuity are disadvantaged in flexed spine postures, an increased perceptual sensitivity to longitudinal skin 

stretching stimuli was observed. If the aim of tactile feedback is to prevent low back injury, such 

feedback should limit the incidence of highly flexed postures (see section 1.1.3). As such, the utility of 

skin stretching feedback in the adjustment of dynamic spine flexion movement merits further 

investigation (Experiment #4).   
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CHAPTER 5 – EXPERIMENT IV: TACTILE FEEDBACK CAN BE USED TO REDISTRIBUTE 

FLEXION MOTION ACROSS SPINE MOTION SEGMENTS 
 

Annals of Biomedical Engineering, 2018; In Press. doi: 10.1007/s10439-018-1998-6. 

5.1 Chapter Summary 

 Some specific biomechanical risk factors for low back injury include isolated instances of high 

spine flexion or local (e.g. thoraco-lumbar) kyphosis (i.e. Dankaerts et al., 2006; Hemming et al., 2018). 

To address these concerns, previous research has suggested the utilization of “spine sparing” movement 

techniques which re-distribute motion away from the spine and into joints such as the knees or hips (i.e. 

Nadeau & Gagnon, 1996; Makhoul et al., 2017). The aim of the current work was to investigate the utility 

of simple skin-stretching tactile feedback to generate purposeful adjustments in dynamic spine 

movements. The results of this work demonstrate that localized tactile feedback can elicit a re-distribution 

of spine flexion movement across adjacent spine sub-sections (i.e. thoracic vs. lumbar) and motion 

segments (i.e. C7/T1 through L5/S1). Further, tactile feedback was shown to successfully limit the 

magnitude of end-range flexion, but did not limit functional mid-range spine flexion. Finally, tactile 

feedback located within the lower thoracic region increased thoracic flexion variability; however, tactile 

feedback located within the upper thoracic (T4 vertebral level) and lumbar (L4 vertebral level) regions 

did not demonstrate any significant impairment. The current findings provide evidence that spine 

neuromuscular control patterns can be cued and altered using simple tactile stimuli. In terms of low back 

injury prevention and/or rehabilitation, the tactile feedback investigated here have apparent utility in 

limiting recognized mechanical risk factors for low back injury; specifically, the local incidence of 

flexion at specific spine levels, and the incidence of end-range spine flexion.   

5.2 Introduction 

The spine is an anatomically complex system capable of a wide range of movements and postures 

necessitating refined, adaptable neuromuscular control. This neuromuscular control has been a heavily 

researched topic due to the suspected link between compromised control strategies and LBP or injury 

(e.g. Hodges & Moseley, 2003; O’Sullivan, 2005; Hodges, 2011). Based on these prevailing hypotheses, 

https://doi.org/10.1007/s10439-018-1998-6
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it is believed that many patients who develop LBP have motor control impairments which expose them to 

repeated aberrant levels of stress and strain, thereby providing a basis for tissue injury and ongoing pain. 

For example, previous research has identified specific modifiable, biomechanical risk factors associated 

with back pain or injury including (but not limited to): (1) repeated spine flexion bouts under compressive 

load (Callaghan & McGill, 2001) such as during occupational lifting or sporting-related tasks (Marras et 

al., 1993; Hangai et al., 2008); (2) instances of high spine flexion or local (e.g. thoraco-lumbar) kyphosis 

(Dankaerts et al., 2006; Hemming et al., 2018); (3) compound or “awkward” postures including spine 

flexion coupled with lateral bending and axial twisting (Stevens et al., 2016). Furthermore, in a recent 

study that assessed patient and physiotherapist views on triggers for LBP, biomechanical risk factors were 

identified as the most important (Stevens et al., 2016). Based on these works, there is a clear need to 

investigate whether these risk factors can be manipulated and mitigated. One avenue to elicit such 

changes could be through the use of supplementary sensory feedback, such as through the skin (e.g. 

Forster et al., 2002; Godlove et al., 2014; Scott & Gray, 2008; Martin et al., 2015), to facilitate motor 

changes.  

 To eliminate the occurrence of highly flexed spine postures, research has suggested utilizing 

“spine sparing” techniques to re-distribute flexion motion away from the spine and into neighbouring 

joints such as the knees or hips to decrease the incidence of low back injury and optimize performance 

(e.g. Nadeau & Gagnon, 1996; Makhoul et al., 2017). Techniques such as these are designed to place the 

spinal column in a more neutral posture, thereby decreasing the stress and strain on tissues including 

muscles, ligaments, and intervertebral discs; helping to prevent the initiation or re-aggravation of low 

back injury. We have recently investigated the use of athletic taping to promote a “spine sparing” strategy 

by redistributing motion away from the lumbar spine and into the knees and hips (Pinto et al., 2017). 

However, to our knowledge, no research has considered the ability to actively re-distribute motion within 

the spinal column itself as means to spare specific spine motion segments (e.g. the L4/L5), or spine sub-

sections (e.g. the lumbar spine).  



92 
 

In many instances, spine flexion is necessary, and inevitable, due to specific ecological task 

constraints; however, due to the many degrees of freedom along the spinal column, there are a variety of 

control options to achieve this flexion. Previous work in our laboratory has identified posture-mediated 

changes in tactile sensitivity of the trunk dorsum (i.e. Experiments #2 and 3). Specifically, this work 

identified an increased perceptual sensitivity to skin stretch in flexed spine postures. This suggests that 

skin-stretching feedback may provide dynamic sensory information pertaining to spine flexion posture. 

Whether this feedback can be interpreted to achieve tangible, dynamic motor outcomes has yet to be 

assessed.  

To adjust and monitor spine motion the body uses several sensory feedback systems. These 

systems work in concert to provide the body with a sense of proprioception; a term representing the 

conscious sensation of one’s body position and body movement (Proske & Gandevia, 2012). Previous 

work investigating the proprioception of the lumbar spine has noted a decreased ability for patients with 

chronic LBP to actively re-match their spine posture to a designated target (i.e. through an increased 

targeting error or variability) (Brumagne et al., 2000; Silfies et al., 2007), thereby demonstrating poorer 

proprioception in these groups. With the addition of supplementary tactile feedback however (i.e. through 

the use of an elastic lumbar brace) this proprioception can be improved in both LBP patients (Newcomer 

et al., 2001) and healthy participants (McNair & Heine, 1999). The influence of smaller, more focal, 

tactile feedback on spine target re-matching has yet to be assessed. 

The purpose of the current work was twofold: (1) to determine if tactile feedback can be used to 

adjust dynamic spine flexion posture by re-distributing flexion across various spine motion segments and 

(2) To determine if tactile feedback can limit the targeting error and variability (i.e. improve 

proprioception) during repeated flexion movements. It was hypothesized that additional tactile feedback 

would (1) result in a re-distribution of spine flexion movement away from the location of the tactile 

stimulus and, (2) would decrease the targeting error and variability of repeated spine flexion movements.            
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5.3 Materials and Methods 

5.3.1 Participants 

 Twenty-four males (mean ± SD age 23.6 ± 2.3 years; mass 78.8 ± 12.1 kg; height 1.8 ± 0.1 m; 

BMI 24.4 ± 3.5 kg/m2) volunteered to participate in the study. Participant exclusion criteria included the 

current presence of pain within the lumbopelvic region or lower limbs, as well as any diagnosed allergies 

to adhesives. Each participant completed a general health screening questionnaire and signed informed 

consent prior to data collection. The protocol was approved by the institutional research ethics board in 

accordance with the Declaration of Helsinki.   

5.3.2 Materials 

 To elicit a localized sensation of skin stretch (described as a sensation of “pulling” or “tension”) 

during spine flexion, a liquid bandage (New-Skin Liquid Bandage, Moberg Pharma, North America) was 

utilized. A 4x1 cm bilateral application of the liquid bandage was applied in two coats 5 cm lateral to the 

palpable spinous process in one of three locations: upper thoracic (U-Thor; T4 vertebral level), lower-

thoracic (L-Thor; T10 vertebral level), and lumbar (Lumb; L4 vertebral level) while the participant was 

standing (Figure 5.1). To track spine kinematics Optitrak Prime 13W cameras (Optitrak, NaturalPoint, 

Inc., Corvallis, OR, USA) were used. All raw kinematic data were sampled at 120 Hz. To limit the 

availability of supplemental sensory resources, participants were required to complete all spine flexion 

trials while standing on a compliant foam surface, wearing noise-cancelling headphones as well as a 

blindfold.  
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Figure 5.1 Schematic depiction of the experimental setup. Black dots demonstrate the placement of retro-reflective 

kinematic markers. Each marker in the center column was placed superficial to each palpable spinous process from 

C7 to S1. Grey squares demonstrate the application locations and dimensions of each bilateral tactile stimulus for 

the U-Thor, L-Thor and Lumb feedback trials. Although each of these bilateral feedback locations was administered 

independently they are depicted here simultaneously for spatial comparison. 

  



95 
 

 5.3.3 Procedure 

 Participants were outfitted with a grid of 57 reflective kinematic markers (6.5 mm diameter; see 

Figure 5.1) to track inter-segmental spine flexion motion (Zwambag et al., 2018). The middle column (19 

markers) was adhered superficial to the palpable spinous processes of the C7-S1 vertebrae. Each leftward 

and rightward lateral column was placed superficial to the apex of the left and right paraspinal muscle 

belly respectively (~3-4 cm lateral from each spinous process marker).  

 Next, participants completed the experimental protocol as depicted in Figure 5.2. First, three 

separate maximum flexion ROM trials were completed, without any tactile feedback, to normalize further 

flexion data as a percentage of maximum flexion. Following this, participants then completed a quiet 

standing quiet bias trial, an active flexion re-matching task (consisting of two separate trials, detailed 

below) and a maximum flexion ROM trial under baseline conditions (e.g. no supplemental tactile 

feedback) as well as three separate tactile feedback conditions (U-Thor, L-Thor, Lumb). All conditions 

were randomized and counterbalanced across the study. To complete the active re-matching task 

participants were first asked to subjectively select a target of 50-75% of their perceived maximal spine 

flexion, and to adjust (or “tune”) this target over the duration of ten repeated flexion movements at a self-

selected comfortable pace. Specifically, participants were instructed that the first 7 flexion cycles could be 

used as an adjustment period, following which, the remaining 3 flexion cycles would be used to define 

each condition-specific target. Following the ten-cycle target-tuning trial, participants rested for 1-2 

minutes to mitigate back fatigue or discomfort. After resting, participants were required to re-match, to 

the best of their ability, their original flexion target (i.e. based on the final three cycles of the target-tuning 

trial) repeatedly 30 times, again at a self-selected pace. During the baseline condition, each participant 

was instructed to complete the target-tuning and re-matching trials as naturally as possible. During the U-

Thor, L-Thor and Lumb feedback conditions participants were instructed to complete the task while also 

“modifying their movements to minimize the sensation of tension or stretch within the skin at the region 

of the tactile stimulus”. Finally, upon the completion of each of the re-matching trials, participants were 



96 
 

asked to complete one final full-flexion ROM test. If a tactile stimulus was present, participants were 

again instructed to modify their movements to minimize the local sensation of skin tension while 

concurrently achieving the perceived maximum magnitude of spine flexion. During all spine flexion 

trials, each participant’s pelvis was constrained using a belt around the waist to limit hip motion. Further, 

all trials were performed with arms across the chest. 

 

 

 

 
Figure 5.2 Timeline depicting the experimental protocol for Experiment #4. Three initial maximum spine flexion 

range of motion (ROM) trials were completed, without any tactile stimuli, to normalize subsequent data relative to 

peak spine flexion. Following these trials tactile cueing conditions were administered in a randomized order which 

was counterbalanced across participants. Within each condition participants completed a (1) 5-second standing trial 

(to remove any bias from subsequent trials), (2) target-tuning trial (10 repeated flexion cycles; 50-75% maximum 

flexion), (3) target re-matching trials (30 repeated flexion cycles; 50-75% maximum flexion), and a (4) maximum 

ROM flexion trial (1 flexion cycle; 100% maximum flexion).    
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  5.3.4 Inter-Segmental Kinematic Model 

 Raw kinematic data were filtered (effective 4th order; 2nd order dual-pass Butterworth) with an 

effective low-pass cut-off of 6 Hz and subsequently down-sampled to 30 Hz to speed further analyses. To 

quantify intervertebral flexion-extension angles a custom inter-segmental model was utilized (Zwambag 

et al., 2018). In brief, each column of markers (left, middle and right) was linearly padded with an 

additional 3 points superior to the C7 level and inferior to the S1 level using a linear extrapolation 

technique, resulting in three columns of markers each consisting of 25 points. Each column was then fit 

with 3D piecewise (5 knots and six segments) cubic splines consisting of 100 evenly spaced points. As 

the location of each spinous process marker may not lie directly on the spline, the minimum 3D distance 

between each spinous process marker and the middle spline was taken to index the approximate location 

of each vertebral segment along each spline (left, middle and right). These three 3D splines (consisting of 

300 points total) were used to generate orthogonal AP, ML and SI axes for each vertebral segment. First, 

the difference between the left and right 3D splines at each vertebral index was taken to represent the ML 

axis of each vertebral segment. Next, the 3D tangent slope of the middle 3D spline was taken to 

approximate the SI axis of each vertebral segment. Finally, the cross product between the ML and SI 

vectors, created above, was taken to represent the AP axis of each vertebral segment. The AP and SI 

vectors were re-crossed to adjust the ML vector at each vertebral segment, as well as to generate a set of 

completely orthogonal local coordinate systems. To quantify spine flexion angles a (1) FE, (2) LB, (3) AT 

Cardan rotational sequence was used for each vertebral local coordinate system. Total spine angles were 

quantified between the C7 and S1 vertebral levels, thoracic spine angles between the C7 and T12 

vertebral levels, and lumbar angles between the T12 and S1 vertebral levels. In addition, inter-segmental 

angles were quantified between adjacent vertebrae from C7/T1 through to L5/S1. All kinematic data 

analyses were completed using custom software written in MATLAB 2014b. A visual schematic of the 

intersegmental kinematic model from a representative participant is depicted in Figure 5.3. 
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Figure 5.3 Spatial reconstruction of the intersegmental kinematic model depicting a A) sagittal, B) posterolateral 

and C) posterior viewpoint from a representative participant. Grey circles are passive kinematic markers, black 

curves are right, middle and left 3D piecewise splines. Each local coordinate system is shown for each spine level 

from C7 to S1. Superior-Inferior (SI) vectors (green) are tangential to the middle 3D spline. Anterior-Posterior (AP) 

vectors (red) are perpendicular to the frontal plane. Medial-Lateral (ML) vectors (blue) are perpendicular to the SI 

and AP vectors. 
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 5.3.5 Outcome Parameters 

 All dynamic spine flexion data were referenced to a neutral standing posture to remove any bias 

between conditions arising from a change in neutral standing spine curvature. Furthermore, repeated 

flexion cycles were independently time-normalized from 0-100% such that the peak total flexion angle of 

each cycle occurred at the 50% time point. A visual representation presenting data from a representative 

participant (Baseline condition) is depicted in Figure 5.4. Representative data demonstrating the 

calculation of each outcome parameter is depicted in Figure 5.5. 

 

 
Figure 5.4 Representative data depicting C7-S1 spine flexion angles during the A) 10-cycle target-tuning (including 

the initial adjustment period) and B) 30-cycle target re-matching trials. In addition, mean (± 1 SD) trajectories from 

the C) final three target-tuning flexion cycles and D) 30 target re-matching flexion cycles are shown. Please note 

that the box about each peak trajectory denotes the region (i.e. 45-55% of a full flexion spine cycle) from which 

each outcome parameter (i.e. flexion angles, targeting error and targeting variability) was calculated. 
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Figure 5.5 Representative participant data depicting time-normalized A) total, B) thoracic and C) lumbar forward 

flexion data during a Baseline condition. Blue lines and blue shaded bands represent the mean and standard 

deviation band across the 30 cycles from the re-matching trial, respectively. Red lines and red shaded bands 

represent the mean and standard deviation band across the final three cycles of the target tuning trial, respectively. 

The vertical grey band bisecting each graph depicts the 45-55% region from which each outcome measure (i.e. 

flexion angles, targeting error and targeting variability) was calculated.    
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 5.3.6 Submaximal Spine Flexion Distribution 

 To distinguish spine flexion patterns between each tactile feedback condition, the 30-cycle target 

re-matching trials were examined. Flexion angles (e.g. total, thoracic, lumbar & 18 inter-segmental) for 

each tactile feedback condition were obtained by calculating the mean flexion angle between 45-55% of 

each flexion cycle, across all 30 repeated flexion cycles (Figures 5.4B and D). Thoracic (C7/T12), lumbar 

(T12/S1), and all inter-segmental (C7/T1 through L5/S1) flexion angles were normalized as a proportion 

of the total flexion (C7/S1) achieved within each flexion cycle to determine the extent to which each 

region/segment contributed to the overall C7/S1 spine flexion. Total (C7/S1) angles were subsequently 

normalized as a percentage of the maximum flexion observed in the maximum ROM trials to determine if 

participants were successful in flexing through the target flexion range (e.g. 50-75% of maximum 

flexion).   

 5.3.7 Targeting Error 

 To determine each individual’s subjective flexion target for each tactile feedback condition, the 

final three target-tuning cycles were examined (i.e. an adjustment period was provided to give participants 

opportunity to adjust to the novelty of the tactile feedback if necessary; Figure 5.4A). To estimate 

targeting error the mean flexion across all 30 cycles of the re-matching task was compared to the mean 

flexion across the final three target-tuning cycles (Figure 5.5). Specifically, the absolute difference of the 

mean angles determined between 45-55% of each flexion cycle was calculated to represent targeting error 

(in degrees) for each spine sub-section (e.g. total, thoracic or lumbar) and segment (e.g. C7/T1 through 

L5/S1). 

 5.3.8 Targeting Variability 

 To identify the variability of each individual’s flexion movements, the 30-cycle target re-

matching trial was analyzed (i.e. Figures 5.4B and D). The targeting variability, in degrees, was 

calculated as the mean 30-cycle standard deviation, determined between 45-55% of each flexion cycle for 

each spine sub-section (e.g. total, thoracic or lumbar) and segment (e.g. C7/T1 through L5/S1).  
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 5.3.9 Maximum Spine Flexion Distribution 

 The maximum flexion angle for each spine sub-section (e.g. total, thoracic or lumbar) or segment 

(e.g. C7/T1 through L5/S1) was determined for each spine flexion ROM test (Baseline, Lumb, L-Thor, U-

Thor). Total (C7/S1), thoracic (C7/T12) and lumbar (T12/S1) angles were then normalized as a 

percentage of maximum spine flexion as determined from the initial three ROM tests to determine if the 

presence or location of a tactile stimulus alters spine flexion ROM.   

5.3.10 Statistical Analyses 

 A one-way, general linear model, repeated measures ANOVA was applied to the dataset (SAS 

9.2, SAS Institute, Cary NC, USA). Dependent variables included normalized total, thoracic, and lumbar 

maximum spine flexion ranges; normalized total sub-maximal (e.g. 50-75%) targeting flexion ranges as 

well as lumbar and thoracic spine flexion proportions; and total, thoracic and lumbar targeting error and 

targeting variability measures. The independent variable was the tactile feedback condition (i.e. Baseline, 

Lumb, L-Thor, or U-Thor). Participants were modelled as random effects. Post hoc pairwise multiple 

means comparisons were completed using a Tukey adjustment to determine the cause of any significant 

main effects (α = 0.05). Intersegmental flexion angles were not statistically compared amongst conditions, 

but data are shown in the results to provide higher resolution context to the statistical findings. All data 

are presented as means ± SEM.      

5.4 Results 

5.4.1 Submaximal Spine Flexion Distribution 

 The sagittal-plane spine flexion posture from a representative participant is depicted in Figure 

5.6A. Despite most participants demonstrating visible changes in sagittal plane spine curvature across 

tactile feedback conditions, the mean total (C7/S1) normalized spine flexion angle did not change (p = 

0.5796) and was within the required 50-75% spine flexion range for each condition (Figure 5.6B). 
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Figure 5.6 A) Sagittal plane spine flexion curvature from a representative participant during the baseline condition 

(black) and tactile feedback conditions (grey). The location of each tactile stimulus is depicted by each labeled (e.g. 

Lumb, L-Thor or U-Thor) black rectangle. B) Mean (+ SEM) total (C7-S1) normalized (% Maximum) spine flexion 

across each condition (e.g. Baseline, Lumb, L-Thor and U-Thor) relative to the 50-75% target submaximal flexion 

range. No statistically significant differences were observed between conditions (p = 0.5796).    

 

A significant main effect of condition was observed for both the thoracic (p = 0.0009) and lumbar 

(p = 0.0009) flexion proportion data (Figure 5.7A). Specifically, the proportion of thoracic spine flexion 

was significantly higher during the Lumb feedback condition (49.0 ± 3.5%) relative to both the L-Thor 

(32.6 ± 4.3%; p = 0.0360) and U-Thor (24.2 ± 5.6%; p = 0.0004) conditions. Similarly, the proportion of 

lumbar spine flexion was significantly lower during the Lumb feedback condition (51.1 ± 3.6%) relative 

to both the L-Thor (67.5 ± 4.3%; p = 0.0367) and U-Thor (76.0 ± 5.61%; p = 0.0004) conditions. These 

statistical findings are further corroborated by the inter-segmental differences depicted in Figure 5.7B. 

Taken together, these findings suggest that participants can re-distribute spinal flexion about adjacent 

spine sub-sections (i.e. thoracic and lumbar) and segments (i.e. C7/T1 through L5/S1), in response to the 

tactile feedback, without limiting their total submaximal C7/S1 ROM. Specifically, these data 

demonstrate a substantial influence of tactile cueing condition on superior (i.e. C7/T1 through T5/T6) and 

inferior spine motion segments (i.e. L1/L2 through L5/S1) with negligible changes occurring in motion 

segments spanning T6/T7 through T12/L1. 
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Figure 5.7 A) Mean (+ SEM) thoracic and lumbar spine flexion proportion (% total C7-S1 spine flexion) during 

each tactile feedback condition (e.g. Baseline, Lumb, L-Thor and U-Thor). If different, letters denote statistically 

significant differences (p < 0.05) across tactile feedback conditions. B) Mean (+ SEM) inter-segmental flexion 

proportions (% total C7-S1 spine flexion) during each condition. 
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5.4.2 Submaximal Targeting Error  

 A significant main effect of condition was observed for the thoracic absolute target error (p = 

0.0111); however, when applying the Tukey post-hoc adjustment this significant difference was negated. 

Specifically (although lacking statistical significance), the L-Thor condition (3.9 ± 1.0o) trended towards 

having significantly greater error than both the Baseline (1.5 ± 0.3o; p = 0.0593) and Lumb (1.5 ± 0.2o; p 

= 0.0513) conditions (Figure 5.8A).  Statistically significant differences were not observed for either the 

total (p = 0.1294) or lumbar (p = 0.0931) errors. Figure 5.8B depicts the inter-segmental targeting errors. 

These findings suggest that the supplemental tactile feedback utilized here (i.e. Lumb, L-Thor, U-Thor) 

do not improve nor encumber dynamic spine flexion re-positioning accuracy. Furthermore, the inter-

segmental findings demonstrate an increased targeting error for the L-Thor and U-Thor conditions across 

all thoracic motion segments with the largest errors occurring in superior thoracic segments spanning 

C7/T1 and T4/T5. 
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Figure 5.8 A) Mean (+ SEM) total, thoracic and lumbar absolute targeting error (degrees) during each tactile 

feedback condition (e.g. Baseline, Lumb, L-Thor and U-Thor). The cross denotes a trend towards being statistically 

different from the Baseline and Lumb conditions. B) Mean (+ SEM) inter-segmental absolute targeting error 

(degrees) during each condition. 

 

5.4.3 Submaximal Targeting Variability 

A significant main effect was observed for the thoracic targeting variability (p = 0.0049), where 

the L-Thor (3.0 ± 0.4o) condition was found to have significantly higher variability than the both the 

Baseline (2.0 ± 0.3o; p = 0.0480) and Lumbar (1.8 ± 0.2o; p = 0.0098) conditions (Figure 5.9A). 

Statistically significant differences were not observed for either the total (p = 0.1076) or lumbar (p = 

0.5253) targeting variability. Figure 5.9B depicts the inter-segmental targeting variability. These findings 

suggest that L-Thor tactile feedback increases the variability of repeated thoracic flexion movement. 

Specifically, the inter-segmental findings demonstrate a substantial increase in L-Thor variability 

occurring in motion segments spanning C7/T1 through T4/T5 and T9/T10 through T11/T12. 
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Figure 5.9 A) Mean (+ SEM) total, thoracic and lumbar targeting variability (degrees) during each tactile feedback 

condition (e.g. Baseline, Lumb, L-Thor and U-Thor). If different, letters denote statistically significant differences 

(p < 0.05) across tactile feedback conditions. B) Mean (+ SEM) inter-segmental absolute targeting variability 

(degrees) during each condition. 

 

5.4.4 Maximal Spine Flexion Distribution 

 A significant main effect of condition was observed for the normalized total (p = 0.0007), 

thoracic (p = 0.0023) and lumbar (p < 0.0001) maximum spine flexion (Figure 5.10A). For the total 

angles, the Baseline condition (95.1 ± 2.3%) was significantly larger than the Lumb (78.4 ± 3.0%; p = 

0.0015), L-Thor (79.00 ± 3.9%; p = 0.0022) and U-Thor conditions (82.7 ± 2.9%; p = 0.0277). For the 

thoracic angles, the Baseline (90.4 ± 6.0%) condition was significantly larger than the L-Thor (66.9 ± 

6.7%; p = 0.0434) and U-Thor (61.5 ± 6.6%; p = 0.0080) conditions, and the Lumb condition (86.4 ± 

5.4%) was significantly larger than the U-Thor (p = 0.0290) condition. For the lumbar angles the Lumb 

condition (69.1 ± 3.6%) was significantly lower than that of the Baseline (95.5 ± 2.1%; p < 0.0001), L-
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Thor (83.7 ± 5.0%; p = 0.0185) and U-Thor (92.9 ± 2.2%; p < 0.0001) conditions. Figure 5.10B depicts 

the inter-segmental maximum flexion angles. Combined, these findings suggest that all three tactile 

feedback conditions (i.e. Lumb, L-Thor and U-Thor) function to limit end-range total C7/S1 spine 

flexion, while also re-distributing spine flexion motion about adjacent spine sub-sections (i.e. thoracic and 

lumbar) and segments (i.e. C7/T1 through L5/S1). Similar to the submaximal data (Figure 5.7B), these 

data demonstrate a substantial effect of tactile cueing condition on superior (i.e. C7/T1 through T4T5) and 

inferior (i.e. T12/L1 through L5/S1) spine motion segments with a negligible effect on intermediate 

segments (i.e. T5/T6 through T10/T11).  
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Figure 5.10 A) Mean (+ SEM) total, thoracic and lumbar normalized maximum flexion (% Max.) during each 

tactile condition (e.g. Baseline, Lumb, L-Thor and U-Thor). If different, letters denote statistically significant 

differences (p < 0.05) across conditions. B) Mean (+ SEM) inter-segmental maximum flexion capacity (degrees) 

during each condition. 
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5.5 Discussion 

The primary purpose of the current work was to determine the ability of localized tactile feedback 

to cause purposeful adjustments to dynamic spine flexion motion. Based on the findings it is clear that 

such feedback can be used to stimulate the re-distribution of spine movement (Figures 5.7 and 5.10) 

across adjacent spine sub-sections (e.g. thoracic or lumbar), as well as across individual motion segments 

(e.g. C7/T1 through L5/S1) to elicit changes in spine curvature (Figure 5.6A). The secondary purpose of 

this work was to determine if added sensory information at the skin of the trunk dorsum would influence 

the targeting error and variability of dynamic spine flexion movements. The results suggest that L-Thor 

feedback may increase targeting error (Figure 5.8) and variability (Figure 5.9) of thoracic flexion 

movements; however, no other feedback condition demonstrated any significant impairment.  

5.5.1 Submaximal Spine Flexion Distribution 

Across all tactile feedback conditions, participants could flex to the same submaximal C7-S1 

flexion target range, despite most showing visible differences in spine curvature (Figure 5.6). This means 

that, no matter the location of the tactile feedback, the participants perceived the skin stretching stimulus 

to successfully limit local spine flexion and re-distribute the necessary movement elsewhere. On average, 

across all baseline trials the majority (63%) of spine flexion movement occurred within the lumbar region 

relative to that of the thoracic region (37%). During the Lumb condition, participants adjusted this 

disparity in the proportion of their lumbar and thoracic flexion to 51% and 49%, respectively. This 

suggests that the spine neuromuscular control system has the capacity to evenly distribute flexion 

movement across lumbar and thoracic spine regions if necessary. Likewise, participants responded to the 

U-Thor condition by exaggerating the disparity in the proportions of lumbar and thoracic flexion to 76% 

and 24%, respectively. This suggests that the spine neuromuscular control system has the capacity to 

nearly isolate the lumbar region during forward spine flexion. When inspecting the inter-segmental 

flexion proportion data (Figure 5.7B), it is clear that a large component of total spine flexion occurs 

within the lower lumbar region. Furthermore, it is also apparent that supplementary tactile feedback had 
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the largest influence in both the lower lumbar (i.e. L1/L2 through L5/S1) and upper thoracic (i.e. C7/T1 

through T5/T6) regions. Taken together these changes suggest that these regions have the largest capacity 

to increase or decrease their relative ROM in response to a changing motor strategy. Therefore, based on 

the current data it is clear that tactile feedback can be readily perceived and interpreted to change and 

limit localized spine flexion.  

Although limited, previous research investigating separate tactile stimuli have noted a similar link 

between skin sensory stimulation and torso posture. Specifically, high frequency vibrotactile stimulation 

has been shown to elicit changes in trunk lateral bending, flexion and extension posture (e.g. Martin et al., 

2015). Furthermore, several applied research studies have suggested that tactile cues may be assistive in 

helping individuals to adjust their spine posture (e.g. O’Sullivan et al., 2013; Çelenay et al., 2015) to limit 

the occurrence of prolonged spine flexion. The primary difference between the current data and the results 

of these studies is the type of tactile stimulus applied (e.g. vibrotactile vs. skin stretch). The comparative 

effects of vibrotactile cueing and skin stretch feedback would be an interesting avenue for future study. 

Nevertheless, combined with these previous vibrotactile studies, the current results suggest that tactile 

feedback through the skin of the trunk dorsum can be an effective way to manipulate dynamic spine 

neuromuscular control.      

5.5.2 Submaximal Targeting Error and Variability 

 Based on the current data, L-Thor was the only feedback condition to notably impair either 

targeting error (Figure 5.8) or variability (Figure 5.9) of dynamic thoracic spine flexion. Based on the 

inter-segmental data it is apparent that these changes in targeting error and variability were predominantly 

driven through upper thoracic motion segments (i.e. C7/T1 and T4/T5). These findings were contrary to 

our original hypothesis, as it was expected that supplementary tactile feedback would decrease targeting 

error and movement variability; similar to the effects observed when utilizing an elastic lumbar brace 

(McNair & Heine, 1999; Newcomer et al., 2001). Increased perceptions of skin stretch have been shown 

previously to increase one’s perception of joint flexion at the index finger, elbow and knee (Collins et al., 
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2005); however, it is unclear why L-Thor was the only feedback condition to significantly alter similar 

proprioceptive measures (e.g. targeting error) within the current study. 

 Based on the submaximal spine flexion distribution data it is clear that the L-Thor condition 

resulted a spine posture with reduced thoracic flexion combined with an increased lumbar flexion; 

however, neither spine region significantly differed from the baseline condition. Based on this 

observation, it is possible that the L-Thor condition was the most novel, as during this condition 

participants could not simply limit lumbar (Lumb) or thoracic (U-Thor) spine flexion independently, but 

rather had to limit flexion movement from both regions simultaneously. The novelty of this evoked 

movement strategy could explain the increased thoracic flexion variability observed during the L-Thor 

condition. Finally, if the skin beneath the L-Thor stimuli underwent smaller posture-mediated structural 

deformations compared to other regions (Experiment #2), it is also possible that L-Thor feedback was less 

noticeable, and therefore the responses to such feedback more variable.     

5.5.3 Maximal Spine Flexion Distribution 

All three tactile feedback locations (e.g. Lumb, L-Thor and U-Thor) significantly limited the 

maximum amount of flexion that occurred within the spinal column (Figure 5.10). In addition to this (and 

similar to the submaximal trials), all three conditions re-distributed motion across different spine sub-

sections (e.g. thoracic vs. lumbar) and motion segments (i.e. C7/T1 through L5/S1). As such, while the 

sub-maximal spine flexion re-distribution data demonstrate that the tactile stimuli do not significantly 

limit the overall magnitude of mid-range flexion movements (Figure 5.6B); the tactile feedback does 

function to limit the magnitude of maximal spine flexion. It therefore appears that these skin adhesives 

function as a prompt or functional restriction, to avoid end-range flexion postures that have been linked to 

the risk of developing spine injury and pain (e.g. Dankaerts et al., 2006; Hemming et al., 2018).  
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5.5.4 Applications and Limitations 

The applications of the current data are widespread. First, in terms of LBP prevention, it is clear 

that one specific modifiable biomechanical risk factor for low back injury is end-range or prolonged spine 

flexion (e.g. Dankaerts et al., 2006; Hemming et al., 2018; Stevens et al., 2016). The current data show 

that tactile feedback can help to both spare specific spine regions (e.g. Figure 5.7) and limit the 

occurrence of end-range spine postures (e.g. Figure 5.10). Similar stimuli may have potential use in 

therapy or in targeted training programs to stimulate long-term retention. Future work will need to address 

this. Second, in terms of LBP rehabilitation, previous work has shown that patients with chronic LBP 

compensate for a loss of lumbar flexion by increasing thoracic flexion (Larivière et al., 2000). 

Furthermore, these patients typically also present with proprioceptive deficits (Brumagne et al., 2000; 

Silfies et al., 2007) which can be improved though the used of an elastic lumbar brace (McNair & Heine, 

1999; Newcomer et al., 2001). The tactile feedback utilized here could be a means to restore the 

thoracic/lumbar flexion disparity within chronic LBP patients; however, it is possible that larger, less 

localized methods of administering tactile feedback (i.e. an elastic brace) would be necessary to improve 

spine proprioception. Third, the current findings overlap with the goals of certain wearable vibrotactile 

biofeedback devices currently being developed and researched (e.g. O’Sullivan et al., 2013; Çelenay et 

al., 2015). Conventionally, the majority of vibrotactile biofeedback strategies are binary (e.g. yes/no, 

on/off) whereas the current skin stretching-based tactile stimuli are posture-mediated (i.e. Experiment #3) 

and provide continuous feedback through movement. Another interesting avenue for future research 

would be to investigate the respective strengths and weaknesses of each approach to elicit motor control 

outcomes. Last, the current findings demonstrate significant effects due to small areas (e.g. 4 cm x 1 cm) 

of stimulus application. The goal of the skin tactile stimulus was to elicit localized areas of perceived skin 

tension. Whether the effects of the current study corroborate the use of athletic taping (e.g. Kinesiology 

tape; for review see Kalron & Bar-Sela, 2013) is unclear, and also worth investigating with further 

research.     
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There are some limitations to consider when interpreting the results of this work. First, due to the 

nature of skin-based kinematic tracking, the exact locations of each spine vertebrae across a complete 

dynamic spine flexion range can only be approximated (e.g. due to associated soft tissue artefacts). The 

inter-segmental model used here has been shown to be robust to such soft-tissue related artefacts 

(Zwambag et al., 2018), and we are therefore confident in the changes in spine curvature reported here. 

Second, some could argue it is possible that each tactile stimulus mechanically restricted the ROM of 

each participant, irrelevant of any skin stretch biofeedback. To mitigate this likelihood an extremely weak 

tactile stimulus (e.g. New Skin Liquid Bandage) was used to avoid any mechanical restrictions to 

participant ROM. Anecdotally, each participant mentioned that, if necessary, he could flex beyond the 

point of skin stretch perception to detach the adhesive from the skin surface. Finally, competing sensory 

feedback was purposefully limited (i.e. by using a blindfold, headphones and compliant foam support 

surface) within the current experiment in order to provoke each participant into the utilization of skin-

stretch related sensory feedback. As the results from this study clearly demonstrate such feedback can be 

utilized to manipulate dynamic spine movement, future work can now address the ecological utility of 

such sensory feedback during practical, real-world environments where competing sensory inputs are 

available.           

5.6 Conclusions 

 Localized tactile feedback was shown to elicit a re-distribution of spine flexion movement across 

spine sub-sections (e.g. lumbar vs. thoracic) and intervertebral segments (e.g. C7/T1 through L5/S1). 

Furthermore, the presence of a tactile stimulus successfully limited the magnitude of end-range flexion, 

but did not limit functional mid-range spine flexion. Last, U-Thor (T4 vertebral level) and Lumb (L4 

vertebral level) tactile feedback conditions did not influence the targeting error or variability of dynamic 

spine flexion; however, L-Thor (T10 vertebral level) tactile feedback significantly increased thoracic 

flexion variability. The current results provide evidence to support simple applications to help individuals 
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avoid end-range spine flexion postures, as well as to promote the re-distribution of spine movement 

across individual motion segments to spare specific spine regions.  
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5.7 Dissertation Progress Summary IV 

Expanding on Figure 4.6, the consolidated dissertation progress is depicted in Figure 5.11. Again, 

the combined impact of each research study has been summarized in terms of the foundational scientific 

knowledge gained from each experiment.  

Figure 5.11 Dissertation Progress Summary IV. Outlining the foundational knowledge gained from Experiments 1-

4. 

 

  Based on this final experiment it is clear that localized skin stretching stimuli can provide 

pertinent, posture-mediated sensory feedback. This sensory feedback can be easily interpreted, facilitating 

the adjustment of dynamic spine movement thereby limiting the occurrence of end-range spine flexion, 

while also re-distributing flexion movement across spine motion segments.  
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CHAPTER 6 - SUMMARY, CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Summary of Findings 

 The role of one’s sense of touch on spine neuromuscular control is poorly understood. Previous 

work has demonstrated a link between tactile insensitivity and CLBP (i.e. Moseley, 2008; Luomajoki & 

Moseley, 2011; Catley et al., 2014) which has motivated investigations of tactile re-training therapies to 

reduce pain symptoms (Moseley et al., 2008; Gutknecht et al., 2015; Wälti et al., 2015). Furthermore, 

separate work has begun to investigate tactile feedback applications facilitating the adjustment of spine 

posture (e.g. during standing or sitting; O’Sullivan et al., 2013; Çelenay et al., 2015; Martin et al., 2015). 

To supplement these previous research studies the broad goal of this dissertation was to develop a basic 

understanding of the influence of tactile perception, across the skin on the trunk dorsum, on dynamic 

spine neuromuscular control. This goal was addressed through four complimentary experiments, each of 

which contributed to the scientific literature by adding specific foundational scientific knowledge (as 

depicted in Figure 5.11). 

6.1.1 Tactile Insensitivity and Spine Neuromuscular Control 

In Experiment #1, tactile sensitivity was diminished using a topical numbing cream, mirroring the 

level of tactile insensitivity reported in CLBP patients. As CLBP patients also have accompanying 

deficiencies in spine proprioception (Brumagne et al., 2000; Silfies et al., 2007) and stability (Radebold et 

al., 2001; van Daele et al., 2009; Willigenburg et al., 2013b), a secondary aim of this work was to 

investigate if simple local (i.e. lumbar) deficiencies in tactile sensitivity influence conventional spine 

neuromuscular control measures. Despite clear local tactile deficiencies (Figures 2.4 and 2.5), measures 

of spine proprioception (Table 2.2), seated stability (Table 2.3), and lifting neuromuscular control (Table 

2.4) were largely unaffected. These findings suggest that information from remaining sensory feedback 

systems can be utilized in the adjustment of spine movements to maintain adequate proprioception and 

stability. As such, local tactile insensitivities alone cannot explain the observed deficits in spine 

neuromuscular control reported in CLBP patients.  
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6.1.2 Posture-Mediated Changes in Tactile Sensitivity 

In Experiments #2 and #3 the influence of spine posture on skin structure and skin sensitivity 

were investigated respectively. Previous in vitro work investigating skin mechanics have demonstrated 

significant changes in the mechanical properties (i.e. mechanical stiffness and anisotropic characteristics; 

Ní Annaidh et al., 2012; Ottenio et al., 2015) of skin with an increased stretching load. Furthermore, 

separate work has suggested that changes in skin afferent activation (i.e. Strzalkowski et al., 2015b) 

accompany changes in the mechanical properties of the skin. Combined, these previous findings suggest 

that when an increased stretching load is imposed on the skin (i.e. through changes in body posture), the 

mechanical properties of the skin may change, thereby influencing one’s tactile perceptual sensitivity; a 

hypothesis recently tested, and accepted at the volar forearm in terms of tactile spatial acuity (Cody et al., 

2010). From Experiment #2 it was clear that spine flexion posture has a significant influence on skin 

stretch (Figure 3.3 and 3.4), thickness (Figure 3.5) and hardness (Figure 3.6) in vivo, and that these 

changes may be dependent by the local distribution of spine flexion (Figure 3.8) and amount of 

hypodermal thickness (Figures 3.7 and 3.9). From this experiment, it is clear that increases in spine 

flexion stretch the skin thereby influencing its structure. Experiment #3 was completed to investigate the 

influence of these posture-mediated changes in skin structure on measures of tactile sensitivity and acuity. 

The findings of Experiment #3 corroborate the relationship between skin structure and sensitivity to 

tactile stimuli through the observation of significant posture-mediated changes in tactile perceptual 

sensitivity. Specifically, while both touch sensitivity (Figure 4.3) and longitudinal spatial acuity (Figure 

4.4) were disadvantaged in flexed spine postures, longitudinal skin stretch sensitivity was improved 

(Figure 4.5). These findings suggest that longitudinal skin stretching stimuli result are highly perceptible 

in flexed spine postures and therefore may have utility in limiting such postures to avoid back injury.  

6.1.3 Tactile Feedback and Spine Neuromuscular Control 

In Experiment #4 the utility of a simple longitudinal skin stretching stimulus to generate pertinent 

tactile feedback resulting in purposeful adjustments to dynamic spine flexion was investigated. Similar to 
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previous work investigating movement strategies to re-distribute motion from the spine to distal joints 

such as the knees or hips (e.g. Nadeau & Gagnon, 1996; Makhoul et al., 2017), the aim of this work was 

to use tactile sensory feedback to re-distribute flexion motion throughout the spine itself. If limiting 

flexion at specific spine motion segments is possible, this would suggest that certain dynamic 

neuromuscular control strategies are advantageous in the avoidance of highly flexed intervertebral 

postures which may pre-dispose structural injury (e.g. Callaghan & McGill, 2001; Dankaerts et al., 2006; 

Hemming et al., 2018) at particular spine motion segment levels. The findings of Experiment #4 

demonstrate that specific localized tactile feedback can elicit drastic changes in spine curvature (Figure 

5.6) resulting in the re-distribution of motion between spine motion segments (Figure 5.7) during 

dynamic forward flexion. Furthermore, tactile cues function to limit end-range spine flexion (Figure 

5.10), with minimal influence on movement error (Figure 5.8) variability (Figure 5.9). The findings from 

this work suggest that simple tactile feedback can elicit changes in spine neuromuscular control strategies, 

thereby limiting recognized biomechanical risk factors for low back injury. 

6.2 Dissertation Conclusions 

 The combined findings from Experiments #1-4 suggest that tactile feedback is a supplementary 

sensory resource which can be used in the neuromuscular control of spine movement. In large part, these 

findings are in agreement with previous works suggesting a similar substitutory (Aimonetti et al., 2012) 

or complimentary/supplementary (Blanchard et al., 2011; Proske & Gandevia, 2012; Blanchard et al., 

2013) role for tactile sensory information in the neuromuscular control of limb movement. Simple 

changes in tactile sensitivity alone have negligible impact on spine neuromuscular control (Experiment 

#1); however, if pertinent posture-mediated (Experiments #2 and #3) feedback is provided, such feedback 

can be interpreted to adjust dynamic spine movement and limit recognized biomechanical risk factors for 

low back injury (Experiment #4).       
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6.3 Future Directions 

 Throughout this dissertation the consolidated dissertation progress sections have outlined specific 

foundational knowledge gained from each experiment. To link these experiments, and provide motivation 

for future research, extrapolated knowledge from the work presented in this dissertation is depicted in 

Figure 6.1 along with accompanying areas for further investigation.  

 

Figure 6.1 Extrapolated knowledge and future directions building on the work presented in this dissertation. 
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6.3.1 Tactile Sensory Re-Training 

 In Experiment #1 tactile sensitivity was decreased in healthy participants to mirror levels reported 

in CLBP patients. This experimental approach was used to determine the influence of diminished 

peripheral tactile sensitivity, alone, on spine neuromuscular control. In this healthy group, decreasing 

peripheral tactile sensitivity had limited effect on spine proprioception and stability. Being that the tactile 

deficits observed in CLBP patients are believed to be caused by cortical changes associated with chronic 

pain (e.g. Flor et al., 1997; Lloyd et al., 2008); future work should consider investigating neuromuscular 

control outcomes when administering tactile re-training treatments. In contrast to Experiment #1 where 

peripheral tactile acuity was diminished, future work involving tactile re-training paradigms can 

investigate the influence of increasing central tactile acuity on spine neuromuscular control. This work 

will further probe the difference between peripheral (i.e. mechanoreceptor level) and central (i.e. cortical 

level) tactile sensitivity deficits. 

 In Experiment #3, tactile sensitivity was observed to differ based on spine flexion-extension 

posture. Furthermore, in in some instances of LBP, pain can be exaggerated during certain flexion-

extension postures (i.e. O’Sullivan, 2005). Being that both tactile sensitivity and LBP can both be 

posture-dependent, future work investigating tactile acuity training paradigms should consider 

administering such paradigms across a wide range of body postures (as opposed to simply in a neutral 

prone lying, or seated posture) in an attempt to optimize any clinically relevant therapeutic effects.        

6.3.2 Tactile Sensation and Perception 

Combined, the results from Experiments #2 and #3 suggest that posture-mediated changes in skin 

structure influence the perceptual sensitivity to tactile stimuli. Hypothetically, these changes in perceptual 

sensitivity would be generated by peripheral changes in skin mechanical properties which influence the 

activation of the mechanoreceptors residing within the skin tissue matrix (e.g. Strzalkowski et al., 2015b). 

To further distinguish this proposed mechanism future work should investigate the potential changes in 

the activation of peripheral skin afferents due to changes in body posture using microneurography. 
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Although these techniques would be difficult to accomplish for the skin of the trunk dorsum (due to 

challenges stemming from the depth of the posterior rami nerves compounded with skin shearing superior 

to each nerve during changes in spine posture), such work could be accomplished by recording from the 

peripheral nerves within the limbs; so long as any resulting posture-mediated skin deformation is 

occurring sufficiently distal to the nerve being recorded. 

In Experiment #3 it was determined that flexed spine postures increase one’s perceptual 

sensitivity to skin stretching stimuli at the skin of the trunk dorsum. A logical follow-up to this study 

would be to investigate other body postures which increase one’s risk for structural injury (e.g. compound 

postures involving flexing bending and twisting of the spine). These findings would be beneficial to 

determine the type/anatomical location of the stimulus to be utilized to provide pertinent feedback to help 

avoid additional postures that increase one’s risk for back injury.  

6.3.3 Tactile Feedback and Spine Neuromuscular Control 

 In Experiment #4 it was observed that simple skin stretching tactile feedback could elicit changes 

in dynamic spine flexion patterns. Specifically, the findings of this work demonstrate that the spine 

neuromuscular control system has the capacity to re-distribute flexion motion across spine sections (i.e. 

thoracic vs. lumbar) and motion segments (i.e. C7/T1 through L5/S1). These findings show promise in 

balancing the degree of spine flexion across spine motion segments, while also limiting the incidence of 

end-range flexion. Future work is necessary to determine if such motor strategies are advantageous in 

limiting injury. For example, although specific biomechanical risk factors (such as high local spine 

flexion) are limited through the use of tactile feedback, it remains unknown if the adoption of novel spine 

neuromuscular control strategies increase the incidence of injury in other body regions (e.g. such as the 

shoulders, hips or knees). Finally, Experiment #4 demonstrated acute changes in response to novel tactile 

feedback. Future work should investigate if the motor strategies elicited by such tactile feedback are 

retained with training, or if long-term sustained use is required to evoke specific motor changes.   
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