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ABSTRACT 

 

Advancing age and diabetic peripheral neuropathy (PN) are both associated with an 

increased risk of fall-related injuries, especially when walking on uneven surfaces, but 

little is known about the effect of even a single unexpected underfoot perturbation on gait 

kinematics.  The challenge of establishing the effects of such a perturbation arises from 

the difficulty of isolating the stimulus-response relationships due to carryover effects 

from earlier perturbations.  To address this challenge a custom perturbing shoe was 

invented to present a single unexpected medial or lateral underfoot perturbation during 

level gait. The shoe was used to test the primary hypotheses that both age and increasing 

severity of PN would affect the kinematic response to these perturbations, chiefly by 

affecting myoelectric latencies, ankle proprioceptive thresholds, and ankle and hip 

muscle strength capacities.  

We recruited 42 older subjects with and without PN and 26 healthy young subjects.  We 

measured manual reaction times, unipedal balance times, lower extremity strength 

capacities, gait kinematics, lower extremity electromyographic latencies and ground 

reaction forces during gait trials with underfoot perturbations randomly presented in 16 of 

60 gait trials.  The results showed that hip strength was a significant predictor of unipedal 

stance time (R2 = 0.73).  Hip abduction/adduction and ankle inversion strengths explained 

almost 70% of the variation in gait speed over an uneven surface. The perturbing shoe 
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proved a reliable method for affecting step kinematics following an unexpected underfoot 

perturbation.  In healthy young adults, the single perturbation affected the kinematics of 

up to four of recovery steps but not pelvic displacements.  Despite exhibiting EMG 

responses on the first recovery step, healthy older adults chose to alter their lateral pelvic 

displacements, but not recovery step kinematics.  Subjects with moderate PN did not 

display early EMG or step kinematic responses, but larger lateral pelvic displacements 

than the healthy older adults.  These results suggest that with advancing age and PN, 

subjects employ a stance limb hip response rather than an ankle response to recover from 

a single underfoot perturbation.  

These results suggest that future interventions for patients with moderate PN should aim 

to increase maximum hip strength and rate of strength development.  
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Chapter 1 

 

Introduction 

 

1.1 Overview  

Falls among older persons are costly to society in financial and human terms.  

One in three adults 65 years and older falls each year (Hausdorf et al., 2001, Hornbrook 

et al., 1994).  Among those who fall, 20% to 30% suffer moderate to severe injuries that 

make it hard to live independently (Alexander et al., 1992).  The cause of numerous 

injuries and social dysfunction, falls are responsible of a majority of accidental deaths 

being the fifth leading cause of death among persons 65 years and older (Rubenstein and 

Josephson, 1996).  In 2000, the total direct cost of all fall injuries for people 65 years and 

older exceeded $19 billion (Stevens et al., 2006).  The financial cost of falls in older 

adults is expected to reach $54.9 billion by 2020 (Englander et al., 1996).  Clearly, falls 

in the elderly engender serious socioeconomic costs both on an individual and societal 

level. 

Peripheral neuropathy due to diabetes and other causes leads to balance impairment and 

is a potential risk factor for falls.  

About 25.8 million people in United States (18.8 million diagnosed and 7.0 undiagnosed 

people) – 8.3 percent of the population – have diabetes.  Among U.S residents ages 65 

years and older, 10.9 million (26.9%) had diabetes in 2010.  About 60 to 70 percent of 

people with diabetes have some form of neuropathy (NIDDK Publication No.11-3892 

Feb 2011).  The most common type of neuropathy is peripheral neuropathy (PN). PN is 

known to adversely affect the longest nerve axons of the peripheral nerves bilaterally 

(Dumitru et al. 2002).  
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Figure 1-1 shows PN’s distal-to-proximal gradient loss of sensory and motor function. 

The nerves in feet and legs are likely to be affected before the arms and hands. So PN 

may cause muscle weakness, loss of reflexes, especially in the feet and at the ankle. As a 

result, it is not surprising that PN has been found to impair bipedal and unipedal balance 

(Ucciolli et al., 1995; Simoneau et al., 1994; Richardson et al., 1996; Ashton-Miller et al., 

1996; Gutierrez et al., 2001).  

Time delay and influences the stability of a system.  

Impairments of nerve function could lead to an increase 

in time delay in a closed loop neural system or 

neuromuscular system.  In any closed loop feedback 

control system a time delay reduces the stability of a 

feedback controlled system (Franklin 1994).  The most 

effective way to understand the effect of time delay is to 

perturb the system, measure its response and then 

compare it with the unperturbed response. So, for gait, 

one can quantify the response to postural perturbations 

during gait by studying the change in variability in step 

kinematics (i.e., step width, step length, step time) from 

that in unperturbed gait.  

Do afferent and efferent impairments in the elderly and 

patients with PN lead to time delay in neuromuscular feedback system?  

In this thesis we aim to study the effect of age and PN on step kinematics during gait over 

a single perturbation or series of perturbations, because patients with PN remark that their 

balance feels most threatened when walking on uneven surfaces, particularly at dusk or in 

the dark (Thies 2005).  Thus they feel that they are most likely to fall on an uneven 

surface, so if we understood better why, we may be able to help them better prevent falls.   

 

If a fall is due to a loss of stability in the balance control system, then it would make 

sense to study how an individual with PN responds to a single unexpected perturbation 

during gait on a flat surface.  In this way we could examine how robust the feedback loop 

Figure 1-1 Gradient loss of 
sensory function in patient with 
peripheral neuropathy. (black)  
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system is to the single perturbation.  A longer time delay is anticipated to adversely affect 

the system stability. As shown in Figure 1-2, the components of the loop (a-d) include: a) 

reaching the sensory threshold necessary for activation of the afferent nerves; b) sensory 

nerve conduction time; c) motor nerve conduction time; d) rate of muscle force 

generation. If the time delay and signal strength become longer and/or weaker with age 

and/or disease, it may be due to 1) conduction delays in damaged sensory nerves, 2) 

conduction delays in damaged motor nerves, and/or 3) decreased joint torque from 

decreased number of muscle fibers. The effect of time delay and the importance of 

different components of the delay, on the postural responses to a single perturbation 

during gait variability are presently unknown, but will be addressed in this dissertation.  

 

 

Figure 1-2.  Conceptual neuromusculo-skeletal system model for studying the effects of 

a single underfoot perturbation (disturbance), age and disease, lower extremity muscle 

strength, and ankle proprioception on the response of an upright human in single leg 

stance. (--- output measurements)  

 

In this dissertation we shall focus on frontal plane stability.   This is because Bauby and 

Kuo (2000) demonstrated in healthy adults that adjustments in step width (SW) are 

important for maintaining frontal plane stability during locomotion, and this is important 

because bipedal gait is otherwise unstable in the frontal plane.  In addition, patients with 

PN describe problems with walking on uneven surfaces and they have shown evidence of 
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less stable gait in the frontal plane on such surfaces – greater SW, SWV and range of SW 

(Thies 2005). So, in the PN patients’s neuromusculo-skeletal system (Figure 1-4), one 

might anticipate that a difficulty in responding to an underfoot perturbation might be due 

to a longer time delay in the feedback loop caused by the lower extremity neural 

impairments engendered by PN.  

 

A Useful Conceptual Model  

Otten (1999) simulated the forward dynamics of a balancing movement on a fulcrum 

while standing on one leg. He calculated the theoretical effect of introducing either a +50 

Nm or -50 Nm moment at each of the six main body joints in the frontal plane.  Then he 

calculated the resultant changes in the horizontal component of the ground-reaction force 

due to applying this moment at the joint.  He found that stance limb hip joint moments 

are the most effective locations to apply the 50 Nm moment in order to change the 

direction of the horizontal component of the ground reaction force, thereby changing the 

direction of the restoring moment about the whole body center of mass. Otten found that 

the stance limb hip joint was the most effective joint to apply the corrective or recovery 

moment to in order to balance unipedally on a narrow fulcrum.  We surmise that the same 

might be true for an individual wishing to recover from a single underfoot perturbation.   
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Figure 1-3.  A forward dynamics frontal plane model simulation showing the effect of 

applying a solitary positive or negative 50 Nm moment at each of six major joints on the 

magnitude and direction of the resulting ground reaction force direction during unipedal 

balance on a fulcrum.  The six joints are the Left (L) and Right (R) Hip, Head, Thorax, 

Left (L) and Right (R) Shoulder.  The numbers in parentheses show the resultant 

magnitude and direction of the horizontal shear force (in N) under the stance foot.  This 

shear force helps redirect the ground reaction force (shown by the vertical arrow) to the 

one or the other side of the center of mass (shown by the cross symbol within a circle), 

thereby applying a restoring moment to recover balance, even though the center of 

gravity might be outside the base of support provided by the narrow fulcrum.  Figure and 

data are redrawn from Otten (1999).  

 

1.2 Knowledge gaps 

Previous research on the effect of perturbations on human gait and knowledge gaps  

The effect of perturbations on human locomotion have been studied by studying 

responses when stepping over obstacles (for example, Chen et al. 1994), as well as 

R.Shoulder:  pos (+24 N), neg(-20 N) 

L.Shoulder:  pos (+14 N), neg(-6 N) 

L.Hip: pos (+61 N), neg(-55 N) R.Hip: pos (+9 N), neg(-7 N) 

Thorax: pos (+11 N), neg(-8 N) 

Thorax: pos (+10 N), neg(-7 N) 

+FHorizontal -FHorizontal 

           + 
       positive torque (pos) 
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responses to a trip (for example, Pavol et al. 1999, Pijnappels et al. 2001), sagittal plane 

slips (for example, Cham et al.,  2001), frontal plane plane support surface movements 

(for example, Oddsson et al. 2004), galvanic stimulation (Cass et al.1996), lateral forces 

applied to the hip (Redfern  & Schumann 1994) and when attention is distracted (for 

example, Chen et al. 1996).  In 2004, Thies completed a doctoral dissertation at the 

University of Michigan on the effects of age and PN on the step kinematics (i.e., step 

width, time, length) while volunteers walked on even and uneven surfaces (Thies 2004). 

She studied locomotion on uneven surfaces because PN subjects often report balance 

difficulties while waking on irregular surfaces, particularly in the dark when visual 

feedback is limited (Richardson et al. 2007, Thies et al. 2007).  Then, in a single study, 

Thies and collaborators examined how a single underfoot perturbation affected the 

recovery step width, time and length (Thies et al. 2008).  This is the only study we are 

aware of its type.  Their results suggested that a medial perturbation caused a step 

narrowing.  But limitations of that experiment include the fact that only young females 

were studied, subjects had to carry a tray in front of them to avoid their viewing their gait 

path, and that one could not control where under the foot the perturbation acted (fore- or 

midfoot, medial or lateral foot).  Hence the magnitude of the moment developed by the 

surface protruberance about the ankle was not controlled.  Finally, subjects knew that 

they might step on a ground surface irregularity on that trial.  So a better way of 

delivering an unexpected, intermittent medial or lateral underfoot perturbation is needed 

that always applies the perturbation at the same location under the shoe so that its 

moment arm about the ankle is known (Chapter 5). 

Currently, a major knowledge gap in the field of locomotion on uneven surfaces is how 

age and disease affect the ability of humans to recover from a single unexpected 

underfoot perturbation during gait.  How might this single perturbation affect step width, 

step length or step time of the first or subsequent recovery steps?   Increased stride width 

deviation in response to an underfoot perturbation is important because an extremely 

narrow step width, or even a cross-over step,  can cause a subject’s swing leg toe to 

contact the stance phase heel just after toe-off, thereby causing a trip over their own foot 

(Thies et al. 2007).  So if PN causes time delays and decreased strength that affects step 
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width variability, this could be one mechanism by which PN could cause falls (and fall-

related injuries).  This is a working hypothesis underlying the current research.       

Chapter 2 is a study of how PN affects the capacities of the lower limb musculature that 

affect postural stability in frontal plane during unipedal balance. Then the capacities are 

compared with simple but powerful clinical measures of postural balance in frontal plane 

– Unipedal Stance Time. So the main object in Chapter 2 is to clarify the relationships 

between UST and lower limb neuromuscular capacities relevant to frontal plane postural 

control in the elderly with various rates of neuromuscular function. 

Use of an irregular surface is a simple yet effective means to analyze gait under more 

challenging conditions than a flat surface. Lower limb sensory and motor capacity 

measures in PN have not been compared with human gait in terms of lateral stability. So 

Chapter 3 explores how sensorimotor capacities affect gait speed and gait efficiency 

while walking on an irregular surface. 

In Chapter 4 we introduce a new simple, but practical, clinical method for determining 

simple and recognition reaction time as a potential evaluative tool.  We also examine how 

age affects these manual reaction times.  

Despite of many advantages of irregular surface on gait research shown in Chapter 3, it is 

methodologically limited to verify causal effect on kinematic responses due to possible 

carryover effects from multiple previous irregularities. So we designed and developed a 

custom perturbing shoe to simulate the condition in which the swing foot unexpectedly 

lands once on a single pebble with the midfoot during level gait. The method allows the 

pebble to appear under the medial or the lateral foot, under either the left or right foot, as 

needed.  Chapter 5 evaluates the test-retest reliability of the method in young adults on 

two separate visits.  

In Chapter 6, we use the experimental device and method developed in Chapter 5 to study 

the effect of age on gait.  We tested the hypothesis that recovery step kinematics are not 

adversely affected by age following an underfoot perturbation. The difference in 
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carryover effects from a single underfoot perturbation in the young and older adult group 

is investigated in this chapter.  

In Chapter 7 we extend the methods of Chapter 5 & 6 to study the gait of older adults 

with the presence or absence of peripheral neuropathy.  We explore the neuromuscular, 

kinematic and kinetic responses to a single perturbed stance limb. A body kinematic 

parameter (Lateral pelvic displacement) is used to describe frontal plane movement and 

this is also compared with the first recovery step kinematics and severity of PN.  

Chapter 8 investigates whether it is possible to use lower limb physiological capacities 

like proprioception and/or strength to distinguish between recovery steps in PN from 

healthy controls using a generalized linear model.  

In daily life it is not uncommon to divide one’s attention between two tasks.  The dogma 

in the field suggests that when attention is divided, one prioritizes  ‘posture first’, namely 

that when two tasks are to be carried out simultaneously, the task associated with 

maintaining gait or posture will be prioritized and the accuracy of completing the other, 

secondary, task will suffer (Cordo 1982). In Chapter 9, we study the effect of divided 

attention on the ability to recover from a single underfoot perturbation during gait.  As a 

new application of the perturbing shoe method, Chapter 9 investigates the reciprocal 

effect of the vocal choice reaction time task and perturbed gait responses.  

In Chapter 10, the General Discussion, we discuss what is new in the dissertation, how 

the dissertation extends what is known in the current literature, what insights may be 

gained by combining insights from two or more chapters, as well as the strengths and 

limitations of the approach used in this dissertation.   

 

1.3 Overall Structure of the Dissertation with Hypotheses (H) to be 

Tested in Each Chapter 

Chapter 2 Frontal Plane Hip and Ankle Sensorimotor Function, Not Age, Predicts 

Unipedal Stance Time  
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H2-1: Hip motor function would be an independent predictor of unipedal stance 

time.  

Chapter 3 Which Lower Limb Sensory and Motor Functions are Required for Functional 

Gait on Uneven Surfaces in Older Persons with Diabetic Neuropathy?  

H3-1: Greater hip and ankle motor function, and more precise ankle sensory 

function, would be associated with increased gait speed and efficiency on 

the irregular surface.  

Chapter 4 A Novel Clinical Test of Recognition Reaction Time in Healthy Adults  

H4-1: Recognition RTclin test results would be prolonged compared with simple 

RTclin results 

H4-2: The majority of the recognition RTclin result prolongation would be 

attributable to PMT 

H4-3: Recognition RTclin results would positively correlate with age.  

H4-4: Recognition RTclin response accuracy would negatively correlate with age 

Chapter 5 A Shoe Sole-based Apparatus and Method for Randomly Perturbing the 

Stance Phase of Gait: Test-Retest Reliability in Young Adults 

H5-1: A single medial or lateral underfoot perturbation would alter the step width 

of the first recovery step at both a comfortable gait speed and a faster gait 

speed.  

H5-2: This method is reliable and repeatable in the kinematic responses.  

Chapter 6 Effect of Age on the Response to an Unexpected Underfoot Perturbation 

during Level Gait  

H6-1: Medial and lateral perturbations have similar effects on recovery step 

kinematics  

H6-2: Age will not affect recovery step kinematics to these perturbations.  

Chapter 7 Effect of Peripheral Neuropathy on the Ability to Recovery from an 

Unexpected Underfoot Perturbation while walking:  About underlying relationships 

among kinematic, kinetic and neuromuscular responses of perturbed limb.  



10 
 

H7-1: There is peripheral neuropathy effect on the response in step width and 

lateral pelvic displacement.  

H7-2: Horizontal and vertical ground reaction forces during perturbed stance 

phase of limb are positively correlated with step kinematics and lateral 

pelvic displacements in the first recovery step.  

H7-3: raw EMG activation onset and rms EMG magnitude of ankle muscle 

distinguish medial and lateral underfoot perturbations.  

Chapter 8. The Relationship between Frontal Lower Limb Capacities and Step Width 

Responses to an Underfoot Perturbation in Older Subjects with and Without Peripheral 

Neuropathy. 

H8-1: response latencies in frontal lower limb  muscles may change, not the first, 

but the second recovery step width 

H8-2: Decreased hip and ankle rate of strength development in people with 

peripheral neuropathy adversely affects the recovery step width following a 

single underfoot perturbation.  

Chapter 9 Effect of a Vocal Choice Reaction Time Task on the Kinematics of the First 

Recovery Step after a Sudden Underfoot Perturbation during Gait 

H9-1: Greater attentional demand of controlling gait in a challenging dual-task 

situation would significantly affect recovery step kinematics following the 

underfoot perturbation, as well as the vocal choice reaction during that 

recovery, compared to the case when attention is not divided.  
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Chapter 2 

 

Frontal plane hip and ankle sensorimotor function, not age, 

predicts unipedal stance time 

 

[Published in Muscle & Nerve, April 2012] 

 

2.1 Introduction 

Quantitative and qualitative changes occur in muscles and nerves with aging (Narici et al., 

2005). These include a decrease in the number of alpha motoneurons, reduced 

motoneuron excitability, and loss of type II muscle fibers leading to decreased muscle 

mass and slower muscle response latencies (Barry and Carson, 2004). Such changes, 

which adversely affect motor control and balance in older persons, are even more marked 

among older persons with peripheral neuropathy (PN), a common complication of 

diabetes mellitus. In such patients, the neuropathy is usually length dependent and results 

in distal sensorimotor dysfunction of varying severity. As a result, diabetic patients have 

decreased balance (Kanade et al., 2008; Turcot et al., 2009; Son et al., 2009; Richardson 

et al., 1996), altered gait (Allet et al., 2008) and increased fall risk (Wallace et al., 2002; 

Maurer et al., 2005) when compared to healthy controls. 

Control of frontal plane stability is particularly important given that lateral falls are 

associated with hip fractures in older adults (Make et al., 1994; Cummings and Nevitt, 

1994). Biomechanical models and human studies suggest that control at the hip is of 

greater importance to equilibrium in the frontal plane than control at the ankle. For 

example, a whole-body inverted pendulum model of medial-lateral control during human 

walking, suggests that the hip exerts the primary influence, and that minor errors in hip 
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motion are compensated by adjustments at the subtalar joint (MacKinnon and Winter, 

1993). Similarly, a second model demonstrated that foot placement in the frontal plane, 

which is regulated by hip abduction/adduction, was the most efficient method for 

controlling frontal plane balance while walking (Bauby and Kuo, 2000). Other studies 

have provided experimental support for these models and demonstrated the importance of 

hip frontal plane strength for balance control in elderly subjects when they negotiate 

obstacles (Chou et al., 2000) and for fall prevention (Hilliard et al., 2008; Mille et al., 

2005).  

However, no study has evaluated the relationship between lower limb afferent and 

efferent neuromuscular capacities relevant to frontal plane control in older subjects with a 

demonstrably significant range of peripheral neurologic function. For example, none of 

the above biomechanical models or experimental studies have addressed the role of distal 

afferent function (i.e., ankle proprioception). Similarly, evaluations of lower limb 

neuromuscular capacities associated with balance deficits in subjects with PN studied 

either ankle proprioception 5 or ankle joint motor function (Gutierrez et al., 2001; 

Giacomozzi  et al., 2008), but not both, and no study evaluated hip motor function in this 

high risk population.  

Unipedal stance time (UST) is a convenient clinical measure of balance that evaluates 

frontal plane postural control. It is the most challenging activity within the widely used 

Berg Balance Scale (Wang 2006). Moreover, UST is associated with frailty (Hurvitz 

2000, Vellas 1997), PN (Hurvitz 2001), activity level (Bulbalian 2000), falls in older 

persons with (Richardson 2002) and without PN (Vellas 1997, Bohannon 2006) and 

decreases markedly with age (Bohannon 1984, Potvin 1980). Therefore, the objective of 

this study was to explore the relationships between UST and lower limb neuromuscular 

capacities relevant to frontal plane postural control in older subjects with a spectrum of 

neuromuscular function. The primary hypothesis was that hip motor function would be an 

independent predictor of UST. Support for this hypothesis has clinical relevance, given 

the fact that PN predominantly affects distal function, which leaves the potential for 

strengthening of hip musculature (Narici 2005). 
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2.2 Materials and Methods 

Forty-one subjects (16 healthy old and 25 subjects with PN due to diabetes) were 

recruited under a protocol approved by the Institutional Review Board. Written informed 

consent was obtained from all participants. Subjects were recruited from the University 

of Michigan Orthotics and Prosthetics Clinic, Endocrinology Clinic and the Older 

Americans Independence Center Human Subjects Core.  

Inclusion criteria for PN subjects were: 

 Age 50 - 85 years 

 Weight < 136 kg 

 Known history of diabetes. 

 Able to walk household distances without assistance/assistive device 

 Strength of ankle dorsiflexors, invertors, and evertors at least anti-gravity 

(grade>3 by manual muscle testing) 

 Symptoms and signs consistent with PN: symmetrically altered sensation in lower 

extremities, Michigan Diabetes Neuropathy Score (MDNS) >10; (Richardson 

2010) 

 Electrodiagnostic evidence of a diffuse PN as evidenced by bilaterally abnormal 

fibular motor nerve conduction studies (absent or amplitude < 2 mV and/or 

latency > 6.2 msec and/or conduction velocity < 41.0 m/s) stimulating 9 

centimeters from recording site over the extensor digitorum brevis distally, and 

distal to the fibular head proximally. 

Exclusion criteria for PN subjects were: 

 Accidental fall one month or less prior to testing 

 History or evidence of any significant central nervous system dysfunction (i.e. 

hemiparesis, myelopathy or cerebellar ataxia) 

 Neuromuscular disorder other than PN (e.g. myopathy or myasthenia gravis) 

 Evidence of vestibular dysfunction 

 Angina or angina-equivalent symptoms with exercise 

 Plantar skin sore or joint replacement within the previous year 
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 Symptomatic postural hypotension 

 Significant musculoskeletal deformity (i.e. amputation or Charcot changes) 

 Lower limb or spinal arthritis or pain that limits standing to less than 10 minutes, 

or walking to less than one block 

The healthy older adults were without neuropathic symptoms, had an MDNS<10 and had 

normal electrodiagnostic studies. They otherwise met the same inclusion criteria as the 

PN subjects. 

 

2.2.1 Entrance Evaluation: 

During the physical examination that focused on neurologic and musculoskeletal findings, 

inclusion and exclusion criteria were verified. Neuropathy severity was further 

determined using the 46 point scale MDNS (Richardson et al., 2002; Feldman et al., 

1994), (higher score reflecting more severe neuropathy) evaluating distal sensory  

impairment, distal muscle strength and muscle stretch reflexes. Finally, all subjects 

underwent nerve conduction studies of the fibular nerve, as described above. 

 

2.2.2 UST 

Subjects performed three trials of UST on each foot (Richardson, 2002, 2010). Subjects 

started with an intra-malleolar distance of approximately 15 cm, and then transferred 

weight to one foot. To standardize the test sequence and timing of weight transfer to the 

extent possible the examiner asked, “Ready?” and upon receiving assent from the subject, 

gave the cadence command, “one, two, up”. Subjects were required to raise their non-

stance limb at the “up” command. UST maximum was set at 30 s. 

 

2.2.3 Neuromuscular Capacity Testing 

Hip abduction and adduction muscle strength 

A custom, whole-body dynamometer (BioLogic Engineering, Inc.) was used to measure 

the maximum voluntary contraction (MVC) and maximum rate of torque development 

(RTD) in the frontal plane at the hip (Smeesters et al., 2001). This dynamometer was 

found to be sensitive to the effects of age, gender and hip angle when isometric hip 
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strength was measured in a group of 24 young and 24 older subjects. In addition, the 

apparatus demonstrated the ability to resolve torque with a precision of 0.5 

Newtonmeters. Retest reliability has not been evaluated; however, it is anticipated that 

reliability would be similar to that found with isometric testing in other populations (e.g., 

with a mean day-to-day difference of 10% and a coefficient of repeatability of 11 to 33%) 

(Ylinen et al., 2004). The dynamometer features a horizontal bench on which the subject 

lies fully supported, allowing all measurements to be made in a gravity-free plane. The 

pelvis and upper body were immobilized using adjustable harness straps at multiple 

points. During maximum voluntary abduction strength tests, subjects progressively 

increased their isometric effort from rest to their maximum over a count of three, held it 

for two seconds, and relaxed. Patients were encouraged verbally. To quantify rate of 

isometric strength development, subjects performed an abduction against the lever arm as 

fast and as hard as possible for three seconds (Thelen et al., 1996). Three trials were 

performed with one minute rest between trials. Subjects performed analogous maneuvers 

in the opposite direction for hip adduction strength and rate of isometric strength testing.  

Ankle muscle strength 

During ankle rate of strength development testing, subjects stood on the test foot on a 

force plate (Advanced Mechanical Technology, Inc. OR-6) and moved the center of 

ground support reaction from the lateral margin of the foot to the medial margin as 

quickly as possible, then again to the lateral margin, as previously described (Gutierrez et 

al., 2001) . Three trials, each trial with five medial-lateral movements, were performed. 

Subjects were allowed to touch a horizontal railing to keep their balance. 

During maximum voluntary strength testing, subjects stood on the force platform 

touching the hand rails on both sides as needed. Subjects were then asked to lift one leg, 

shift their center of gravity as far lateral under their foot as they could and lift their hands 

from the rails for three seconds. The test was repeated three times for the lateral, and then 

likewise repeated for the medial margin of the foot. 
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Ankle proprioception threshold 

Subjects stood with the test foot in a 40 x 25 cm cradle that was rotated by an Aerotech 

1000 servomotor equipped with an 8,000 line rotary encoder as described by Son et al. 

(2009). After an audible cue, a single ankle inversion or eversion rotation of 0.1 to 3o 

magnitude was randomly presented at 5°/s. The subject then pressed a joystick handle in 

the direction of the perceived foot rotation. Four blocks of 25 trials (randomly, 10 

eversion, 10 inversion, and 5 dummy trials) were presented interspersed with 2 to 5 

minute rest intervals. The outcome measure was the ankle proprioception threshold 

(TH100), defined as the smallest rotational displacement of the ankle that a subject could 

reliably detect with 100% accuracy (Son et al., 2010). 

 

2.2.4 Data Processing 

Signals were amplified to volt levels before being acquired using a 12 bit analog-todigital  

converter sampling at 100 Hz. The MVC efforts at the hip and ankle, as well as the 

maximal RTD, were normalized by individual body size defined as the parameter body 

height multiplied by weight in units of Nm. Strength data were processed using a 

Labview second-order least squares polynomial fit to determine the peak value. The 

mean peak value obtained from the three trials for each test type was used for the 

statistical analyses. To determine each proprioceptive threshold, the mean TH100 from 

the four blocks of 25 trials in each test direction was calculated. A summary measure of 

ankle proprioception was found from the sum of the inversion and eversion 

proprioception threshold. 

 

2.2.5 Statistics 

Statistics were conducted using SPSS (SPSS for Windows, Rel.11.0.1.2001. Chicago). 

Descriptive statistics were calculated for all measures, including a composite score of 

frontal plane ‘hip strength’, calculated as the mean of the mean peak abduction and 

adduction MVCs. Data were examined for normality and screened for outliers. Pearson 

product-moment correlation coefficients were calculated to assess relationships between 

neuromuscular capacities and UST.  
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A regression model determined independent predictors of UST. Variables were entered 

stepwise in the order of their strength of correlation. To reduce the number of 

independent variables, only the best predictor variable for ankle motor function and the 

best predictor variable for hip motor function were retained in the final regression model, 

along with the identified co-variables (age and body mass index). 

To determine whether hip strength might compensate for distal afferent deficiencies (less 

precise ankle proprioceptive thresholds), the residuals of the regression model using UST 

as the outcome variable and proprioceptive threshold and age as predictor variables were 

saved and ranked by magnitude. The hip strength of the 12 subjects with the highest 

residuals was then compared with the hip strength of the 12 subjects with the lowest 

residuals using a two-sided, student t-test. A similar analysis was performed to determine 

whether more precise ankle proprioceptive thresholds might compensate for decreased 

hip strength. The significance level for all tests was set at 0.05. 

 

3. Results 

Of 91 potential subjects, 21 did not pass the telephone screening, and 18 elected to not 

participate. Of the 52 remaining subjects, three had scheduling conflicts, and five failed 

the screen. Of the remaining 44, one was lost to follow-up, and 2 dropped out due to 

medical concerns. Therefore, 41 subjects were enrolled. The means and standard 

deviations of age, body mass index (BMI) and MDNS, together with the participants’ 

neuromuscular capacities and UST, are shown in Table 1. 
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Table 2-1. Mean (SD) demographic and neuromuscular capacity results 

 Non diabetic subjects (N=16) Diabetic petients (N=25) 

All Men Women All Men Women 

Subjects 

Age (yrs) 67.8 (8.97) 67.8 (11.02) 67.8 (8.16) 70.0 (8.16) 71.5 (7.17) 67.8 (9.39) 

BMI (kg/m2) 28.4 (7.18) 26.2 (3.25) 29.6 (8.68) 32.4 (6.44) 30.3 (5.36) 35.7 (6.81) 

UST (s) 22.3 (11.1) 21.9 (12.0) 22.6 (11.19) 6.9 (6.91) 15.1 (11.03) 9.52 (9.36) 

MDNS† 1.69 (3.77) 2.5 (6.12) 1.2 (1.48) 13.6 (6.04) 14.1 (6.5) 12.7 (5.48) 

Hip 

Abduction 
MVC 0.041 (0.024) 0.051 (0.028) 0.035 (0.02) 0.031 (0.01) 0.032 (0.011) 0.03 (0.009) 

MRTD 0.26 (0.19) 0.31 (0.22) 0.22 (0.17) 0.154 (0.10) 0.155 (0.10) 0.15 (0.09) 

Adduction 
MVC 0.047 (0.018) 0.051 (0.018) 0.045 (0.02) 0.033 (0.01) 0.035 (0.013) 0.030 (0.01) 

MRTD 0.29 (0.226) 0.40 (0.224) 0.22 (0.211) 0.20 (0.15) 0.19 (0.18) 0.21 (0.11) 

Ankle 

Inversion 
MVC* 1.28 (0.50) 1.50 (0.67) 1.14 (0.35) 1.02 (0.44) 1.01 (0.54) 1.03 (0.26) 

MRTD* 0.19 (0.10) 0.23 (0.09) 0.16 (0.10) 0.10 (0.06) 0.11 (0.07) 0.09 (0.06) 

Eversion 
MVC* 2.19 (0.50) 2.54 (0.38) 1.93 (0.43) 1.60 (0.66) 1.59 (0.73) 1.61 (0.56) 

MRTD* 0.24 (0.11) 0.33 (0.14) 0.19 (0.06) 0.14 (0.07) 0.15 (0.08) 0.13 (0.05) 

Proprioception 0.99 (0.76) 1.15 (1.09) 0.89 (0.51) 2.39 (1.31) 2.21 (0.83) 2.67 (1.84) 

MVC, maximum voluntary contraction (N.m/N.m); RTD, rate of torque development 

(N.m/N.m.s). *N = 13 valid cases for non-diabetic subjects; N = 24 valid cases for 

diabetic patients, and N = 12 for non-diabetic subjects; † score from 0 to 46, 0 best value 

 

3.1 Correlations 

Correlations between UST and frontal plane lower limb neuromuscular function were 

strong, and many of the functions explained more than a third of the variability in UST 

(Table 2-2). This includes all of the functions measured except for ankle inversion and 

eversion MVC, and hip abduction and ankle eversion RTD. Age and BMI were 

substantially less strongly associated with UST than were the majority of neuromuscular 

RTD variables. 
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Table 2-2. Bivariate correlations between UST and neuromuscular capacities, age and 

BMI. 

 
Correlation 
coefficient 
with UST 

p 

Subject 
Age  -.492 .001 
BMI -.392 .009 

Hip 

Strength .672 .000 

Adduction 
MVC .664 .000 
MRTD .645 .000 

Abduction 
MVC .619 .000 
MRTD .481 .001 

Ankle 

Inversion 
MVC .350 .018 
MRTD .644 .000 

Eversion 
MVC .351 .018 
RTD .490 .001 

Proprioceptive threshold -.643 .000 

All values calculated based on the 36 subjects who had valid results for all 

variables.  

 

3.2 Multivariate Analyses 

The final regression model included UST as the outcome variable and hip strength (as 

defined in Methods), ankle inversion RTD, ankle proprioception and the covariates age 

and BMI as independent variables (Table 3). Maximum hip strength was the most 

important predictor of UST, explaining almost half of its variability. 

 

Table 2-3 Regression model  

Model R     R2 
Dependent     
  variable 

US* 
95% CI bound 

t p 
Lower  Upper 

1 0.676 0.456 Hip MVC 460.9 290.9 631.0 5.50 0.000 

2 0.834 0.696 
Hip MVC  386. 5 254.2 518.7 5.93 0.000 

Ank. Proprio. Th.  -4.18 -5.79 -2.56 -5.25 0.000 

3 0.856 0.733 

Hip MVC  339.5 205.9 473.1 5.17 0.000 

Ank. Proprio. Th.  -3.87 -5.43 -2.30 -5.02 0.000 

Age -0.26 -0.52 -0.02 -2.16 0.038 

MVC=maximum voluntary contraction; US* = unstandardized coefficients. 



23 
 

 

Ankle proprioceptive thresholds and age also contributed to the model in a significant 

manner. The former explained an additional 25% of the variance in UST, and age 

explained just 3%. Overall, the model explains nearly three quarters of the variability in 

UST. 

 

UST and the Ratio of a Composite Variable of Hip Strength to Ankle Proprioception 

After observing the relationship between hip strength and UST and the inverse 

relationship between proprioceptive threshold and UST, we formed a new variable, the 

ratio of hip strength to proprioceptive threshold. This variable was found to explain more 

than 70% of the variability of UST (Figure 2-1). 

 

Figure 2-1 Scatterplots illustrating the relationship between hip strength and ankle 

proprioception. The equation for the curvilinear regression is y = 0.0098e0.067x 

 

Hip Strength Can Compensate for Imprecise Ankle Proprioception 

After performing regression of ankle proprioceptive threshold and age on UST the 

residuals for all subjects were ranked, and the hip strength of the upper one-third 

(representing subjects who had longer USTs than would be expected for prioprioceptive 

threshold and age) was compared to that of the lower one-third. The former had 
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significantly greater hip strength than the latter (Figure 2-2a), suggesting that hip strength 

was able to compensate for less precise ankle proprioception. When the analogous 

analysis was performed for ankle proprioceptive thresholds, subjects with greater UST 

had significantly more precise (smaller) proprioceptive thresholds (Figure 2-2b). 

 

Figure 2-2. A comparison of (a) hip strength and (b) ankle proprioceptive thresholds in 

subjects who demonstrated shorter (left) and longer (right) USTs. Hip strength was 

calculated as the mean of the mean peak abduction and adduction maximal voluntary 

contractions (Nm/Nm). UST, unipedal stance time. Proprioceptive threshold = smallest 

rotational displacement of the ankle that a subject could reliably detect with 100% 

accuracy.  

 

4. Discussion  

We have quantified sensory and motor lower limb neuromuscular capacities in a group of 

older subjects with a spectrum of peripheral neurologic health. There are three novel, 

clinically significant findings: 1) Maximum voluntary hip strength in the frontal plane 

was the single best predictor of UST, a result consistent with the primary hypothesis; 2) 

Maximum voluntary hip strength and ankle proprioceptive thresholds explained the 
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majority of the variance in UST, with age playing a trivial role; 3) Increased hip strength 

appears to compensate for less precise ankle proprioception.  

Although frontal plane hip strength is not routinely evaluated in studies of postural 

control, there is evidence supporting its importance. For example during bipedal stance, 

anterior-posterior balance is under ankle control (plantar and dorsiflexors), whereas 

medio-lateral balance is controlled via frontal plane motion at the hip (Winter et al., 

1998). Other studies have found significant correlations between hip abduction RTD and 

performance of reactive and voluntary frontal plane balance in older adults (Chang et al., 

2005). A study of slips noted that older persons used frontal plane mechanisms for 

recovery, whereas young subjects did not (Liu and Lockhart, 2009). One way to interpret 

the importance of abductor and adductor muscles with regard to unipedal stance is to 

suggest that a cocontraction of these muscles allows a transient, voluntary increase in hip 

rotational stiffness. Given that an inverted pendulum is a commonly used model for 

human standing balance, this stiffness creates a longer pendulum, which requires more 

time to fall than a shorter pendulum. As a result, there is more time available for postural 

adjustments, which renders the task of one legged balance less challenging (Reeves et al., 

2011). However, once balance is disturbed, it is likely that the availability of a rapid rate 

of strength development would be more important, given that balance restoration occurs 

within fractions of a second (Thelen et al., 1996). 

The independent contribution of ankle proprioception for balancing on one leg is 

consistent with previous work (Son et al., 2009)  in which ankle inversion/eversion 

proprioceptive thresholds explained approximately half the variance in UST (R2 = 0.514) 

in older subjects with a range of peripheral neurologic function. More precise ankle 

proprioceptive thresholds may reduce the lateral distance the center of mass (COM) can 

travel prior to detection. Early detection of a displaced COM would then require only 

moderate strength that a majority of older persons likely possess. In contrast, less precise 

ankle proprioception would require greater intensity of motor function for appropriate 

repositioning of the COM. Supporting this explanation, healthy subjects demonstrate 

increased center of pressure velocities when the plantar aspect of the foot is anesthetized, 

which is consistent with the greater motor function requirement (Meyer et al., 2004). 
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Ankle motor function did not show a significant independent influence on UST, despite 

the fact that ankle inversion and eversion rates of torque generation explained 

approximately 40% and 25%, respectively, of its variance. These findings are consistent 

with those of Gutierrez et al. (2001) who found that ankle inversion RTD explained over 

half of the variance in UST (R2 = 0.575). In contrast, ankle maximum isometric inversion 

and eversion strengths each explained only 12% of UST. When observing subjects 

successfully balance on one foot there are rapid postural adjustments in ankle inversion 

and eversion as the center of pressure is quickly manipulated to control the movements of 

the whole body COM. The rapid speed with which these changes occur in the subject 

who can reliably stand on one foot is consistent with ankle maximum RTD being an 

important motor function for the maintenance of unipedal stance. These findings are in 

line with other studies that have found that the ability of the lower limbs to create force 

quickly is of greater importance than the total force a muscle group can generate (Bean et 

al., 2002; Bento et al., 2010). Although highly correlated with UST, ankle RTD had no 

independent influence on UST in the presence of ankle proprioception and hip strength. 

This is of clinical interest, given the challenge of strengthening distal musculature in PN 

subjects. 

Given the established relationships between a diminished UST and frailty, activity level 

and falls, strategies to increase UST have clinical relevance. There is no clear evidence 

that ankle proprioceptive thresholds can be improved by therapeutic exercise (Ashton-

Miller et al., 2001) and recent work showed that an ankle orthosis, which had decreased 

the temporal and spatial variability of neuropathic gait on an irregular surface, did not 

improve ankle proprioceptive thresholds (Son et al., 2010). Given these findings, frontal 

plane hip strengthening appears the best strategy for improving UST. This strengthening 

should be pursued most aggressively in persons with decreased distal afferent neurologic 

function, as it appears that increased frontal plane hip strength can compensate for distal 

sensory impairment at the ankle. Given the fact that the majority of polyneuropathies are 

distal, this strategy can be used in a large proportion of patients with lower limb 

neuromuscular disease. Conversely, persons with PN and proximal weakness that cannot 

be improved may be best served by an assistive device, appropriate upper limb 

strengthening, environmental modification and instruction (Ashton-Miller et al., 1996; 
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Richardson et al., 2004). Finally, it should be noted that diminished UST need not be 

viewed as a natural consequence of aging, despite research which notes the inverse 

association between the two and even work which suggests offering age-adjusted norms 

for UST (Bohannon et al., 1984; Springer et al., 2007). Instead, a decreased UST should, 

in the absence of obvious musculoskeletal and/or central neurologic disorder, be 

considered a function of diminished lower limb neuromuscular competence. 

A recent study (Suri et al., 2011) found that improvements in trunk extension endurance, 

but not lower limb strength or power, were independently associated with clinically 

meaningful change in balance in older adults. However, the protocol measured lower 

limb strength while subjects performed a double leg press maneuver while seated, and so 

sagittal plane strength of multiple muscle groups within the lower limbs was 

simultaneously measured. This technique contrasts with our study which measured 

frontal plane sensorimotor functions discretely at the hip and ankle. Therefore, although 

trunk extension endurance may be more important to balance than sagittal plane lower 

limb strength, the relative importance of trunk endurance and lower limb frontal plane 

sensorimotor function with reference to balance has yet to be explored.  

The strengths of this study include the fact that sensory and motor control mechanisms 

were quantified simultaneously in subjects with a spectrum of neuromuscular dysfunction. 

The correlations and multiple regression analyses were unusually strong. Given the 

complexity of any human behavior it is remarkable that just two lower limb 

neuromuscular characteristics explain nearly 75% of UST. Limitations include the fact 

that UST is unlikely to perfectly reflect a variety of relevant mobility characteristics such 

as gait speed and the ability to recover from a perturbation while walking. The lower limb 

sensorimotor function(s) responsible for these deserves further attention. Additionally, 

only frontal plane neuromuscular functions were evaluated. It is possible that sagittal 

plane muscle strength also influences UST. It should also be mentioned that the ankle 

motor function measures assumed the ankle center of rotation to be mid-way between the 

malleoli. This is an estimation and therefore a study limitation, and an important one to 

note given that ankle motor function was not identified as an independent predictor of 

UST. It is possible that evaluation of ankle motor function by another means, for example 
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an open chain technique, would have led to an alternative conclusion. However, we have 

used the closed chain technique in the past, and its validity is supported by the 

relationship between ankle strength determined in this fashion to the presence of 

neuropathy and unipedal stance time (Gutierrez et al., 2001). Due to technical difficulties 

in the early stages of the study, a portion of the ankle motor data could not be analyzed 

for 5 subjects, and so the final regression model was performed on 36 subjects. Finally, 

UST was cut off at 30 seconds, likely creating a ceiling effect for the most able subjects. 

In conclusion, increased frontal plane hip strength and/or decreased (more precise) ankle 

proprioceptive thresholds strongly influenced UST. Age, in contrast, had a trivial 

influence when these neuromuscular functions were taken into account. Frontal plane hip 

strength was the single best predictor of UST and appeared to compensate for less precise 

ankle proprioceptive thresholds. This finding is clinically relevant, given the possibility 

of strengthening the hip even in the setting of significant PN. 
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Chapter 3 

 

Which lower limb sensory and motor functions are required  

for functional gait on uneven surfaces in older persons  

with diabetic neuropathy?   

 

[Accepted in Journal of Physical Medicine and Rehabilitation, April 2012] 

 

3.1. Introduction 

The prevalence of type 2 diabetes mellitus is increasing worldwide (Wild et al., 2004).  It 

is therefore anticipated that the prevalence of one of its common complications, a distal 

symmetric peripheral neuropathy (DSPN), will increase as well.  It is broadly recognized 

that a DSPN leads to a decrement in distal lower limb sensory function; however, there is 

also a neuropathy-related decrease in distal motor function, even among those with 

relatively mild disease (Gutierrez et al., 2001).  The degradation in lower limb 

sensorimotor function often results in balance and gait impairment among older persons 

with diabetic DSPN (Allet et al., 2009; Allet et al., 2008; DeMott et al., 2007; Richardson 

et al., 1996, 2004).  These gait abnormalities are accentuated when subjects with DSPN 

walk on uneven surfaces (Allet et al., 2009; DeMott et al., 2007).  Accordingly, the 

majority of falls in older subjects with neuropathy occur when they are walking on an 
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irregular surface (DeMott et al., 2007).  Despite this link between walking surface 

irregularity and falls, the great majority of gait research is performed on smooth surfaces 

(Allet et al., 2008), and so the lower limb sensorimotor features that allow safe and 

effective gait on irregular surfaces have not been determined.  The question is of clinical 

relevance given that exercise, often in the form of walking, is fundamental to the 

management of type 2 diabetes mellitus (Matheson et al., 2011).  

There is increasing recognition of the importance of lateral (or frontal plane) control 

during ambulation.  In addition to the markedly increased injury potential associated with 

lateral falls (Greenspoan et al., 1998), there is a growing appreciation of the importance 

of frontal plane sensory and motor function with respect to fall risk and fall prevention 

(Brauer et al., 2000; Hilliard et al., 2008; Liu and Lockhart, 2009; Rogers and Mille, 

2003).  However the relative importance of lower limb sensory and motor functions 

involved in lateral control with respect to functional gait, as defined by speed and 

efficiency, on an uneven surface has not been explored.  Speed and efficiency of gait are 

relevant measures given that a slower gait speed is associated with increased fall risk 

(Espy et al., 2010), increased morbidity and mortality (Afilalo at al., 2010), reduced 

overall health status and increased duration of hospital stay (Purser et al., 2005), and that 

an efficient gait allows greater ease in daily activities that involve accessing the 

community.  Optimal efficiency occurs when the step-width-to-step-length ratio is 0.14 

(Kuo 2001 2002, Donelan et al., 2001), with greater ratios leading to greater energy costs.   

Therefore the objective of this research was to identify the lower limb sensory and/or 

motor functions involved in frontal plane control that most powerfully influence gait 

speed and efficiency on an uneven surface in older persons with diabetic DSPN.  To 

achieve this objective ankle and hip motor functions, and ankle sensory function, relevant 

to frontal plane control were measured in a group of older persons with a spectrum of 

peripheral neurologic disease ranging from normal to moderate/severe diabetic DSPN.  

Subsequent determination of gait speed and efficiency on an uneven surface allowed the 

exploration of relationships between lower limb sensorimotor functions and these gait 

characteristics.  It was hypothesized that greater hip and ankle motor function, and more 
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precise ankle sensory function, would be associated with increased gait speed and 

efficiency on the irregular surface.   

 

3.2. Materials and Methods 

Subjects 

Subjects were recruited from the University of Michigan Orthotics and Prosthetics Clinic, 

Endocrinology Clinic and the Older Americans Independence Center Human Subjects 

Core.  The research protocol was approved by the University of Michigan Institutional 

Review Board and all subjects provided written informed consent.  Inclusion criteria 

included: age between 50 and 85; weight not greater than 136 kilograms; a history of type 

2 diabetes mellitus for subjects with DSPN; the ability to walk household distances 

without assistance or assistive devices; ankle strength at least against gravity (grade ≥ 3 

by manual muscle testing).  The history of type 2 diabetes mellitus was confirmed by 

medical record review of elevated fasting glucose and the ongoing use of oral 

hypoglycemic agents or insulin.  The presence of DSPN was confirmed by: a) symptoms 

consistent with neuropathy (subject reported altered sensation in the distal lower limbs; b) 

signs consistent with neuropathy (Michigan Diabetes Neuropathy Score; MDNS) > 10 

(Feldman et al.,  1994); c) electrodiagnostic evidence of neuropathy (bilaterally abnormal 

peroneal motor responses recording over the extensor digitorum brevis, defined as 

amplitude < 2 mV and/or latency > 6.2 milliseconds and/or conduction velocity < 41.0 

m/s).  Subjects without DSPN had no history of diabetes mellitus, no symptoms or signs 

of DSPN (MDNS < 10), and normal peroneal nerve conduction studies.  Subjects were 

excluded if they reported a fall within one month of testing or had history or clinically 

evident central nervous system dysfunction (for example, hemiparesis, myelopathy or 

cerebellar ataxia).  Additional exclusion criteria included:  neuromuscular disorders other 

than DSPN (for example, myopathy or neuromuscular junction disorders), evidence of 

vestibular dysfunction, history of angina or angina-equivalent symptoms with exercise, 

plantar skin sore or joint replacement within the previous year, symptomatic postural 

hypotension, significant musculoskeletal deformity (for example, amputation or Charcot 
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changes), lower limb or spinal pain that limited standing to less than 10 minutes, or 

walking to less than one block.  Subjects meeting criteria provided answers to a validated 

balance confidence scale (ABC Scale) (Powell et al., 1995).   

 

Evaluation of Lower Limb Sensorimotor Function 

Ankle Sensory Function:  Ankle proprioception thresholds were determined as previously 

described (Son et al., 2010).  In brief, subjects stood with the foot/ankle being tested in a 

40 x 25 cm cradle that rotated in the frontal plane (inversion and eversion; Figure 3-1).  

The cradle was rotated by a servomotor equipped with an 8,000 line rotary encoder 

(Aerotech 1000 servomotor, Aerotech, Inc., Pittsburgh, PA, United States).  The subject 

responded to the direction of the rotation with a hand held joystick.  Four blocks of 25 

trials (randomly 10 eversion, 10 inversion, and 5 dummy trials) were presented. Each 

block was interspersed with 2 to 5 minutes rest intervals. The ankle proprioception 

threshold was defined as the smallest rotational displacement of the ankle that a subject 

could detect with 100% accuracy. 

 

Figure 3-1.  Apparatus for determining frontal plane ankle proprioceptive thresholds. 

Figure from Son et al. (2010). 
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Ankle Motor Function:  During maximum voluntary strength testing, subjects stood on a 

force plate (Model #OR6-7 Force Plate, AMTI, Inc., Watertown, Massachusetts, United 

States) touching hand rails on both sides as needed.  Subjects then lifted one leg, shifted 

their center of gravity as far laterally under their foot as possible and lifted their hands 

from the rails for three seconds.  The test was repeated three times for the lateral margin 

of the foot (maximum voluntary inversion), and repeated for the medial margin of the 

foot (maximum voluntary eversion).  To measure ankle rate of torque development 

(RTD), subjects stood on the test foot on the force plate and moved the center of ground 

support reaction from the lateral margin of the foot to the medial margin as quickly as 

possible, and then back again to the lateral margin, as previously described (Gutierres et 

al., 2001).  Three trials, each trial with five medial-lateral movements, were performed.  

Subjects were allowed to touch horizontal hand rails as needed. 

Hip Motor Function:  A custom, whole-body dynamometer (BioLogic Engineering, Inc. 

Dexter, MI.) was used to measure maximum voluntary strength and RTD of frontal plane 

hip musculature (Allet et al., 2011).  The subject lay on a horizontal bench with the pelvis 

and upper body immobilized with adjustable harness straps, and the limb being tested 

secured with straps against a lever, allowing all measurements to be made in a gravity-

free plane.  During maximum voluntary strength tests subjects progressively increased 

their isometric effort to their maximum over a count of three seconds, held it for two 

seconds, and relaxed.  To quantify rate of isometric strength development, subjects 

increased their effort as rapidly as possible for 3 s.  Three trials were performed with 1 

minute rest between trials.  Subjects had a real time visual display of the force generated 

to allow them to evaluate their efforts. Ankle and hip motor functions were normalized 

for body size, defined as body height multiplied by weight in units of Newton-m.   

 

Gait Analysis 

All subjects wore flat-soled athletic shoes (New Balance Athletic Shoe Inc., Boston, 

Massachusetts) as well as a full-body safety harness which was adjusted so that their 

knees or other body parts could not touch the floor in the event of a fall.  Subjects walked 

on a 1.5 m*10 m irregular surface which was created by randomly placing triangular 
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wooden prisms under a strip of industrial carpeting (Figure 2).  An optoelectronic camera 

system measured kinematic data at 100 Hz (Optotrak 3020, Northern Digital Corp., 

Waterloo, Ontario.) (Richardson et al., 2004). These data were then processed using a 

custom MATLAB algorithm to quantify walking speed, step width, and step length as 

previously described (Richardson et al., 2004). 

 

 

Figure 3-2.  Experimental set-up for determining gait speed and step width to step length 

ratio on an irregular surface. A Figure from Richardson et al. (2005) 

 

Statistics 

Statistical analyses used SPSS (SPSS for Windows, Rel.11.0.1.2001 Chicago).  

Descriptive statistics were determined for all measures.  Data were examined for 

normality and screened for outliers.  Pearson product-correlation coefficients were 

calculated to assess relationships between lower limb sensorimotor functions, gait speed, 

and step width to step length ratio.  Multiple regression models were used to determine 
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the independence and relative influence of sensorimotor functions (independent variables) 

and gait speed and step-width-to-step-length ratio (dependent variables).  Sensorimotor 

functions with significant relationships to gait speed or efficiency were introduced in the 

regression model as potential predictors, using age, BMI and ABC scale results as co-

variables.  The significance level for all tests was set at 0.05. 

 

3.4 Results 

Subjects:  Thirty three subjects were enrolled (14; 42.4% female and 21; 63.6% with 

diabetic DSPN).  Means and standard deviations of age, BMI, MDNS, and ABC scale 

results are presented in Table 1.  

Table 3-1 Subject information 

Parameter (N=33)  Minimum Maximum Mean (SD) 

Age (years)  52.0 85.0  69.67 (  8.89) 

Height (cm)  150.0 188.0  171.72 (10.09) 

Weight (kg)  49.5 125.0  88.74 (19.04) 

BMI (m2/kg)  19.2 46.5  30.11 (  6.30) 

MDNS (0-46)  0.0 31.0  9.49 (  8.39) 

ABC-Scale (0-100)  30.0 100.0  88.40 (15.40) 

     

Univariate Analyses:  Correlation coefficients between lower limb sensorimotor 

functions and gait speed, as well as gait efficiency are listed in Table 2.  The data indicate 

that all of the sensorimotor functions were significantly associated with gait speed with 

correlations (r) ranging from .412 to .665.  Additionally, all sensorimotor functions 

except ankle eversion RTD were significantly associated with gait efficiency with 

significant correlations ranging from .385 to .648.  The ABC scale results were directly 

related to gait speed (r = .523; p = .002) but not gait efficiency (r = - .236, p = .187).  Age 

was indirectly related to speed and efficiency (r = -.447; p = .009; respectively r = .425; p 

= .014) whereas BMI correlated with neither gait speed nor efficiency. 
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Table 3-2a  Correlation coefficients between sensorimotor functions and gait speed 

Variable  
N 

Correlation 
coefficient  p-value 

Ankle inversion Rate of Torque development       31 0.665 0.000 

Hip Add  Rate of Torque development  33 0.626 0.000 

Hip Abd  Rate of Torque development  33 0.504 0.003 

Hip Add Maximum Voluntary Strength  33 0.475 0.005 

Ankle Inversion Maximum Voluntary Strength 31 0.491 0.007 

Ankle Eversion Maximum Voluntary Strength 31 0.447 0.012 

Ankle Eversion Rate of Torque development        31 0.441 0.013 

Hip Abd Maximum Voluntary Strength  33 0.422 0.015 

Ankle proprioceptive threshold           33             -0.412   0.017 
 

Table 3-2b Correlation coefficients between sensorimotor functions and step width to 

step length ratio 

  
   N 

Correlation 
coefficient  p-value 

Hip Add Maximum Voluntary Strength  33 -0.648 0.000 

Ankle inversion Rate of Torque development      31 -0.636 0.000 

Ankle proprioceptive threshold           33  0.503 0.003 

Ankle eversion Rate of Torque development       31 -0.514 0.003 

Hip Abd  Rate of Torque development  33 -0.486 0.004 

Hip Abd Maximum Voluntary Strength  33 -0.475 0.005 

Hip Add  Rate of Torque development  33 -0.471 0.006 

Ankle Inversion Maximum Voluntary Strength 29 -0.385 0.039 

Ankle Eversion Maximum Voluntary Strength 31 -0.326 0.074 

Multivariate Analyses:  Regression analyses identified four significant predictors of gait 

speed on the irregular surface (Table 3.a.).  These predicted nearly 70% of the variance in 

gait speed, with hip adductor RTD accounting for greater than 40%.  The only significant 

predictor of gait efficiency (step-width-to-step-length ratio) was ankle inversion RTD 

which accounted for 46% of the variance (Table 3.b.).   
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Table 3-3a Sensorimotor functions predicting gait speed on the irregular surface  

RTD Hip Add = Rate of torque development of Hip Adductors; RTD Ankle Inv = Rate of 

torque development of Ankle inversion; Confidence (ABC scale); MVC Hip Abd = 

Maximum voluntary contraction of Hip Abduction 

(N=33) 
Parameters 

R R2 Adj. R2 
SE 

Estimate 
R2 

Change 
F 

Change 
Sig. F 

Change 

RTD Hip Add .610 .436 .416 .129 .436 20.907 .000 

RTD Ankle Inv .735 .540 .504 .119 .103 5.826 .023 

Confidence .792 .628 .583 .109 .088 5.915 .023 

MVC Hip Abd .833 .694 .643 .101 .067 5.220 .031 

 

Table 3-3b. Sensorimotor functions predicting step width to step length ratio  

RTD Hip Add = Rate of torque development of Hip Adductors 

(N=33) 
Parameter 

R R2 Adj. R2 SE 
Estimate 

R2 

Change 
F 

Change 
Sig. F 

Change 

RTD Hip Add .678 .460 .440 .061 .460 22.960 .000 

 

3.4 Discussion  

The most important finding was that frontal plane motor function at the hip and ankle 

(adduction and inversion, respectively) explained nearly three quarters of the variance in 

gait speed and nearly half of the variance in gait efficiency among older subjects with 

varying degrees of DSPN walking on an irregular surface.  Moreover it was RTD of these 

muscles, rather than their maximal strength, that was critical to gait speed and efficiency 

under the experimental conditions.  In contrast, ankle proprioceptive function did not 

appear to influence gait when frontal plane motor function and confidence were taken 

into account.  Finally, age independently influenced neither gait speed nor efficiency on 

the irregular surface.   

Although the importance of frontal plane motor function relative to that more routinely 

studied in the sagittal plane (i.e., knee extensors and plantar flexors) was not determined, 
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comparisons with other work are useful.  For example in prior work we found that frontal 

plane hip strength explained about 45% of unipedal balance time (Allet et al., 2011), 

whereas a separate study found that knee extensor and flexor strength explained only 10% 

(Citaker et al., 2011).  Similarly, in a study of older adults with diabetic DSPN, sagittal 

plane muscle strength predicted about one fifth of gait speed change when subjects 

transitioned from smooth to uneven terrain (Allet et al., 2009), substantially less than our 

study in which frontal plane motor function predicted almost three quarters of the 

variance in gait speed.  These comparisons suggest that motor function in the frontal 

plane, rather than that in the more frequently studied sagittal plane, exerts the dominant 

influence when balance is challenged.   

Rates of torque generation at the hip and ankle were more important than the maximum 

strengths of these same muscle groups, a point supported by other research which 

emphasizes motor response speed for successful recovery from a perturbation.  Jumping 

distance (Hernandez and Rose, 2008) and gluteus medius onset latency (Brauer et al., 

2000) in response to a perturbation were the best predictors of prospectively identified 

falls among community-dwelling older persons.  Similarly, jump height was the best 

clinical measure of ability to recover from an induced trip (Pijnappels et al., 2008), and 

subjects routinely recovered from trip durations less than 700 milliseconds, but could not 

recover from longer trip durations (Smeester et al., 2001).  Our results add to current 

research suggesting that successful response to a balance challenge, including gait on an 

irregular surface, is time dependent and so requires short response latencies and rapid 

generation of force.  The greater importance of hip adduction and ankle inversion RTD, 

rather than abduction and eversion, is likely related to the ability of the former 

movements to generate a laterally directed ground reaction force which allows control of 

a laterally displaced center of mass (Otten, 1999).   

The absence of a significant, independent age effect implies that aging does not 

intrinsically contribute to difficulty navigating an irregular surface.  It is likely that age is 

a marker for decrements in RTD in frontal plane muscles, along with reductions in 

plantar flexor power (Graf et al., 2005) which are the true sources of apparent age-related 

gait change.  Although a greater number of subjects might reveal an independent age 
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effect, our data suggest that such an effect would be minor in comparison to lower limb 

motor function.   

The apparent lack of influence of frontal plane proprioceptive sensory function at the 

ankle was not anticipated given their importance to unipedal stance time (Son et al., 2010; 

Allet et al., 2011).  However, this finding is consistent with other analyses of these same 

subjects which found that hip motor function compensates for imprecise ankle 

proprioception during one-legged balance (Allet et al., 2011).  The apparent lack of ankle 

sensory contribution may also be related to subjects seeing the walking surface 

irregularities which could have allowed visual compensation for somatosensory deficits.  

In support, lower field visual information is important to adapting to varying walking 

surfaces (Marigold and Patla, 2008) and so proprioceptive thresholds might have played a 

measurable role if lower field vision was occluded.   

The study has strengths in comparison with prior work.  Among these is the simultaneous 

quantification of sensory and motor function relevant to frontal plane control within each 

subject, a novel feature of the study.  In addition the subjects were selected to represent a 

spectrum of peripheral sensorimotor function, and the presence and severity of PN were 

determined by history, physical examination and nerve conduction studies as has been 

recommended (England et al., 2005).  In contrast, studies often use a single modality such 

as vibratory perception threshold or monofilament testing to determine the presence and 

severity of PN.  The measurement of RTD is infrequently determined, but is an advantage 

given other work finding that diabetic neuropathy is associated with selective dropout of 

Type II motor neurons and reduced rate of force generation (Andersen and Mogensen, 

1997; Narici 2005).  The use of an uneven walking surface is more functionally relevant 

than gait analysis on a smooth surface, as is typically used, particularly given the fall risk 

associated with irregular surfaces (DeMott et al., 2007).   

One of the study’s limitations is the combining of subjects with diabetic DSPN with 

subjects who have neither diabetes nor neuropathy.  This concern is mitigated by 

evidence that a DSPN, rather than the presence of diabetes melllitus, is primarily 

responsible for impairments in ankle motor function and balance (for example (Gutierrez 
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et al., 2001; Turcot et al., 2009)).  Another limitation involves the method for 

determining ankle motor function which assumed the ankle center of rotation to be mid-

way between the malleoli.  However this technique has been used previously and its 

validity is supported by the relationship between ankle strength determined in this 

manner, and the presence of neuropathy and unipedal stance time (Gutierrez et al., 2001).  

The method for determining hip strength applied a varus/valgus stress on the knee.  

Although no subjects reported pain they may have not given maximal effort for fear of 

causing discomfort.  In addition, it has recently been demonstrated that the knee has 

frontal plane proprioceptive function (Cammarata et al., 2011), something we did not 

account for. The number of subjects was reasonable given the quantitative nature of the 

study, but the 33 subjects allow the reliable consideration of just 3 to 4 potential 

predictors within a multiple regression analysis.  

The results of this research have potential clinical application.  Specifically, it appears 

that strengthening regimens in older persons with diabetic DSPN should focus on the 

capacity to develop strength quickly, rather than on maximal strength generated gradually.  

In addition, training should involve muscles of frontal plane control, rather than focusing 

exclusively on muscles involved in sagittal plane control; however, this is not routinely 

recommended (Woo et al., 2007; Korpelainen et al., 2006).  The dominant effect of the 

proximally located hip muscles on gait speed on an uneven surface suggests that even 

patients with more severe PN can benefit from training, given the distal nature of 

neuropathic disease.  It is less clear that patients with PN, particularly those with more 

severe impairments, can increase ankle inversion rate of torque generation.  However 

some strengthening is likely possible in most cases given that both the anterior and 

posterior tibialis muscles perform this function, with the latter muscle innervated by the 

tibial nerve which takes a shorter route to its target, rendering it relatively less affected in 

a length dependent neuropathic process. 

Our results suggest that a future trial examining the effect of a training program designed 

to increase rate of torque generation in frontal plane muscles in older persons with 

diabetic PN is reasonable, using gait speed and the ability to tolerate perturbations while 

walking as outcomes.  It is tempting to suggest that increasing frontal plane rate of torque 
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generation will reduce fall risk in older patients with diabetic PN when walking on an 

uneven surface.  Although this is likely true, that specific hypothesis was not explored 

and is a question that merits further study.  The absence of influence of ankle 

proprioceptive function is surprising but may, as suggested above, show influence if the 

lower visual field is obscured.  Such a study has special relevance to the diabetic 

population given the likelihood that some patients will have visual impairment from 

retinopathy.   
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Chapter 4 

 

A Novel Clinical Test of Simple and Recognition  

Reaction Time in Healthy Adults 

 

[Published in Psychological Assessment, 2011] 

 

4.1 Introduction 

Simple reaction time (RT), a measure of how quickly a person performs a uniform 

response to a specific stimulus, is of clinical relevance with regard to function and health. 

It is evident that a prolonged RT would influence function, for example by increasing risk 

for accidental falls (e.g., Lord et al., 1991) and motor vehicle accidents (e.g., McKnight 

and McKnight, 1999). Less obvious, however, is the strong relationship between simple 

RT and measures of cognitive and physical health. Simple RT has been linked to 

intelligence (Jensen and Munro, 1979) and biomarkers such as forced expiratory volume 

at 1 s (FEV1), grip strength, visual acuity, and systolic blood pressure (Anstey et al., 

2005). Furthermore, a prolonged simple RT and greater declines in simple RT over a 7-

year span have been independently associated with mortality (Shipley et al., 2006; 2007). 

Despite the clear potential of RT as an evaluative tool, it is not commonly used by most 

clinicians because its measurement typically requires a computer and dedicated software, 

for example, CANTAB (Cambridge Cognition Ltd., Cambridge, United Kingdom) or 

CogState (CogState Ltd., Melbourne, Australia). In an effort to make the determination of 

simple RT available to all health care practitioners, we developed a clinical method of 

determining RT (RTclin). We defined simple RTclin as the time required to catch a 

suspended vertical shaft by pinch grip. The device is released at random intervals through 
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the subject’s open hand. As soon as the subject perceives the apparatus to be falling, he or 

she grasps it as quickly as possible (Figure 4-1). The fall distance is measured, and the 

RT is calculated with the knowledge that the acceleration is due to gravity. 

Previous work has found simple RTclin test scores to be reliable over a wide range of time 

and their interpretation valid in two distinct populations. In a healthy adult population, 

short term test–retest and interrater reliabilities were intraclass correlation coefficient 

(ICC) = 0.860 and ICC = 0.915, respectively (Eckner et al., 2009). Furthermore, 

significant correlations were present between RTclin scores and those of a computerized 

RT measure written in E-Prime (R = 0.570), as well as with participant age (R = 0.430). 

A follow-up study involving collegiate athletes found test–retest reliabilities for simple 

RTclin test scores of ICC = 0.645 over a 1-year retest interval (Eckner et al., 2011). The 

validity of RTclin test score interpretation was further supported by a second collegiate 

athlete study, which demonstrated a significant correlation between RTclin test scores and 

simple RT scores obtained during valid CogState– Sport test sessions (R = 0.445; Eckner 

et al., 2010). In addition, simple RTclin test scores correlate strongly with the time 

required to perform a functional head-protective task (R = 0.725; Eckner et al., 2011). 

Simple RTclin scores also appear to be sensitive to the effects of mild traumatic brain 

injury. Simple RTclin scores were 13.5% slower in nine concussed collegiate athletes 

tested within 72 hr of injury, compared with each athlete’s own baseline during the 

preseason (Eckner et al., 2011). 

A complex RT occurs when the stimuli and responses vary. There is evidence that 

complex forms of RT may be of greater clinical utility than simple RT. For example, 

compared with simple RT tasks, complex RT tasks have been found to relate more 

strongly with cognition and mortality across the adult age range (Shipley et al., 2006), a 

measure of fluid intelligence (Thoma et al., 2006), cognitive ability (Deary et al., 2010), 

death from all causes (Shipley et al., 2007), and death from cardiovascular diseases, 

stroke, and respiratory diseases (Shipley et al., 2008). In addition simple RT is relatively 

unchanging until individuals reach the age of 50 years, after which it increases, whereas 

complex RT tasks increase steadily throughout the lifespan (Der and Deary, 2006), 

suggesting the latter is a more sensitive marker of change. Last, complex RT tasks mirror 
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the complexities of daily life more effectively than does simple RT. For example, a driver 

may have to choose between braking and rapidly turning the wheel in response to an 

object in the vehicle’s path. In fact, a complex RT has been shown to be a better predictor 

of on-road driving than simple RT (Mathias and Lucas, 2009). 

Given these apparent advantages of a complex RT, we modified the simple RTclin 

apparatus to allow the clinical measurement of a complex RT task, referred to as 

recognition RTclin. In this condition, the subject responds, or withholds response, on the 

basis of the stimuli presented. The modifications to the apparatus include the addition of 

a light-emitting diode (LED), accelerometer, digital timing circuit, and microcontroller 

(Figure 4-1a). The LED is programmed to illuminate upon the onset of acceleration after 

the device is dropped in 50% of trials, with the presentation of those trials being 

randomized. The subject is instructed to catch the device only when the LED illuminates, 

but to let the apparatus drop to the floor if the LED remains off. 
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Figure 4-1. The clinical reaction time apparatus and testing procedure: (a) the apparatus, 

(b) predrop examiner and test subject positions, and (c) postdrop examiner and test 

subject positions. For the purpose of this illustration, neither the subject nor testing 

apparatus is instrumented with optoelectronic markers. The lightemitting diode can be 

seen at far right in (a) as the small light-colored hemisphere mounted on the circular 

shaped transparent plastic top cover to the finger spacer, here seen in side view. (Figure 

appears in Psychological Assessment, 2011) 

 

The essential difference between recognition RTclin and simple RTclin is that the former 

requires the subject to recognize and interpret additional information not included in the 

latter and to use this additional information to decide whether to catch the falling device. 

We anticipated that the additional central nervous system processing required during the 
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recognition RTclin task would increase the utility of the task for evaluating neurocognitive 

dysfunction. 

Researchers commonly divide RT into two intervals: the time required by the nervous 

system to interpret and process the input stimulus and plan a motor response, referred to 

in this article as premovement time (PMT), and the time required to perform the response, 

referred to here as movement time (MT; e.g., McMorris et al., 2005). The reader should 

note that an alternative definition of reaction time is synonymous with PMT, as used in 

this article. Using this definition, response time is synonymous with reaction time, as 

used in this article. To distinguish PMT, which includes central processing and decision 

making (Sternberg, 1969; Spirduso, 1975), from MT, an optoelectronic camera system 

quantified the motions of the apparatus and the subject’s fingers. 

This camera and the measurement of PMT and MT do not ordinarily form part of the 

recognition RTclin measurement but are used here only for the purposes of testing a 

specific hypothesis. 

The purpose of the study was to determine the feasibility of using the modified RTclin 

apparatus to measure simple and recognition RTclin across an age spectrum. More 

specifically, we tested the hypotheses: 

 

Hypothesis 1: Recognition RTclin test results would be prolonged compared with simple 

RTclin results. 

Hypothesis 2: The majority of the recognition RTclin result prolongation would be 

attributable to PMT. 

Hypothesis 3: Recognition RTclin results would positively correlate with age. 

Hypothesis 4: Recognition RTclin response accuracy would negatively correlate with age. 

 

4.2 Method 

We recruited a gender-balanced sample of 93 volunteers (mean age 40.1± 21 years, range 

18–83 years). The sample was skewed toward a younger population, with 44 participants 

ages 18–27 years, nine ages 28–37 years, four ages 38–47 years, nine ages 48–57 years, 

seven ages 58–67, twelve ages 68–77, and eleven whose ages were 78 years and older. 
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Healthy active adults 18–85 years old were eligible to participate. Potential subjects were 

excluded if they were pregnant, had corrected vision 20/40, or had any significant disease 

or injury limiting the function of their upper extremities. An additional exclusion 

criterion was current use of any medications known to affect RT. All participants 

provided informed written consent that was approved by the institutional review board at 

the authors’ institution prior to participation. 

Simple and recognition RTclin scores were measured with an RTclin apparatus (Figure 4-1a; 

Eckner, Lipps, et al., 2011) that was modified from an earlier simple RTclin assessment 

device (Eckner et al., 2009). The device is a rigid, lightweight 117-cm elongated 

biconcave shaft; affixed to the bottom is a rectangular thumb– finger “spacer” that houses 

an accelerometer, timing circuit, microprocessor, and LED. A half tennis ball on the 

bottom of the housing dissipated energy upon ground contact. The device was 

programmed so that the LED randomly illuminated in green during 50% of the 

recognition RTclin trials. The linear accelerometer sensed the onset of device movement 

and instantaneously triggered the illumination of the LED. 

Simple RTclin was assessed first. Participants stood with their dominant forearm resting 

on an adjustable table such that their hand was positioned at the edge of the surface. The 

examiner suspended the device vertically from its upper end such that the top of the 

device spacer was collinear in the horizontal plane with the superior-most aspect of the 

participant’s open first and second digits (Figure 4-1b). The purpose of the spacer was to 

standardize the initial distance between the participant’s thumb and fingers to be at least 

25 mm. Participants were instructed to hold their thumb and fingers so they just did not 

touch the spacer. The examiner released the apparatus after randomly assigned delay 

times between 2 and 5 s so that participants were unable to anticipate the instant of 

release. As soon as the device began to fall, the participant used a pinch grip to catch the 

narrowest portion (measuring 10 mm) of its biconcave-sectioned handle as quickly as 

possible (Figure 4-1c). The elapsed time between the instant when, after examiner release, 

device downward acceleration reached 0.5g until the instant when the subject’s pinch 

grip slowed device acceleration to 0.5 g again was defined as the total RTclin score. Each 

participant completed four practice trials followed by eight data acquisition trials.  
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Next, recognition RTclin scores were measured using a “go/no go” testing paradigm in a 

manner identical to simple RTclin, except that participants were instructed to catch the 

device only during trials when the green LED illuminated. For trials when the LED did 

not illuminate, participants were instructed to allow the device to fall to the ground. 

Participants were given two go trials during which the LED illuminated and two no-go 

trials during which the LED remained unlit to practice the recognition RTclin task. During 

data acquisition trials, the recognition RTclin task was repeated with the LED randomly 

illuminating for 50% of trials over a minimum of 16 trials. Trials were then added until 

the participant successfully completed eight go trials. 

The movements of the apparatus and the participant’s first and second digits were 

recorded in three dimensions with optoelectronic markers and an optoelectronic camera 

system (Certus; Northern Digital Inc., Waterloo, ON, Canada). It should be noted that 

these measurements allowed RTclin scores to be divided into PMT and MT components 

for this study, but are not necessary for RTclin measurement. PMT was defined as the 

elapsed time between onset of downward device acceleration and the instant when the 

speed of participant digit movement reached 10 cm/s. MT was defined as the elapsed 

time from the onset of the participant’s digit movement response until the instant when 

device acceleration had decreased to 0.5g due to the pinch grip of the participant. 

Threedimensional kinematic data were measured at 1 kHz at a resolution of 0.1 mm. 

Signal processing was performed using MATLAB (Version 2009b; The MathWorks, 

Natick, MA). 

Trials with ambiguous kinematic data that could not be interpreted were excluded from 

analysis. This occurred in 4.1% (34 of 832) of trials. Mean (SD) simple and recognition 

RTclin values were calculated for each participant, as were the mean (SD) of the PMT 

and MT subintervals and overall go and no-go recognition RTclin accuracies. Overall 

accuracy was defined as the number of correct responses divided by the total number of 

trials. The go and no-go accuracies were defined as the number of times the device was 

appropriately caught during go trials and the number of times the device was 

appropriately allowed to fall during no-go trials divided by the total number of go trials 

and no-go trials, respectively.  
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Visual inspection of the raw data histograms demonstrated right-skewing, so a log 

transformation was applied to the raw data prior to all parametric analyses. We compared 

continuous variables using paired t tests. Proportions were used to describe the amount of 

change between total simple and recognition RTclin attributable to PMT. Pearson 

correlation coefficients were calculated to assess the relationships between continuous 

variables. A Bonferroni correction was applied to account for multiple comparisons. 

Statistical analysis was conducted using SAS (Version 9.1; SAS Institute, Inc., Cary, NC) 

and SPSS (Version 16.0; SPSS Inc., Chicago, IL). 

 

4.3 Results and Discussion 

Recognition RTclin test scores were significantly longer than simple RTclin scores (243 ± 

20 ms vs. 168 ± 28 ms, p <0.001; Hypothesis 1), as were the PMT and MT subintervals 

(194 ± 26 ms vs. 141 ± 19 ms, p < 0.001 and 64±14 ms vs. 43 ± 9 ms, p < 0.001, 

respectively) (Figure 4-2a and 4-2b). The forced-choice paradigm prolonged total RTclin 

by proportionately lengthening both PMT and MT, with PMT accounting for 76.3% and 

75.0% of total simple and recognition RTclin, respectively (p<0.090). This equates to 71% 

of the overall prolongation in recognition RTclin scores being attributable to PMT 

(Hypothesis 2), which includes the time required for central signal processing and 

decision making. Age was positively associated with simple RTclin test scores (R = 0.500, 

p < 0.001) and their PMT subinterval (R = 0.591, p < 0.001), but not with the 

corresponding recognition RTclin indices (Hypothesis 3) or simple MT. A weaker 

association was present between age and the PMT subinterval of recognition RTclin ( R = 

0.315, p < 0.023) that did not reach statistical significance after Bonferroni correction.  
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Figure 4-2a Boxplots with scatter plots of mean and variabilities in simple RTclin (SRT) 

and variability (SRT var.), recognition RTclin (RRT) and its variability (RRT var.), 

Overall and OFF accuracy. * denotes significant age effect on the corresponding category 

( α<0.001 ) HY denotes healthy young adults and HO denotes healthy old adults.  

 

Figure 4-2b Boxplots with scatter plots of mean and variabilities in RTclin and accuracy 

for gender effect. M denotes male and F denotes female.  
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Overall recognition RTclin accuracy was 80.4%. Participants were more successful in 

catching the falling device during go trials than they were in allowing the device to fall 

during no-go trials (91.8% vs. 68.4%, p < 0.001). This indicates that response inhibition 

during no-go trials was the more difficult task during the forced-choice paradigm. All 

three recognition RTclin accuracy measures decreased with age (R = -0.603, p < 0.001, for 

overall accuracy; R = -0.481, p < 0.001 for go accuracy; R = -0.596, p < 0.001 for no-go 

accuracy; Hypothesis 4), with the greatest decrement in accuracy observed in participants 

older than 40 years old. 

This study explored the feasibility of testing a measure of complex RT using a simple and 

relatively rapid portable method. None of the subjects dropped out, and all were able to 

complete all the trials, suggesting that this form of testing is feasible, at least in a healthy 

adult population. As hypothesized (Hypothesis 1), the data confirmed prolonged 

recognition RTclin scores compared with simple RTclin scores. This finding is consistent 

with prior studies (see Introduction) and thus supports the construct validity of test score 

interpretation for this novel method of measuring recognition RT. Also as hypothesized 

(Hypothesis 2), the majority of the recognition RTclin test score prolongation was 

attributable to PMT, suggesting that recognition RTclin predominantly reflects cognitive 

processes rather than digital movement. 

As expected, and as has been the case in previous work using computerized RT 

assessment methods (Der and Deary, 2006), simple RTclin test scores were significantly 

and positively associated with age. In contrast, recognition RTclin latency was not 

associated with age (Hypothesis 3). However, recognition RTclin accuracy was highly and 

significantly associated with age (Hypothesis 4), demonstrating that as subjects’ ages 

increased, their decision making became less accurate. This effect was relatively strong, 

with age explaining over a third of the variance in error rate. 

One possible explanation for these findings involves that fact that the maximal possible 

response latency for RTclin is the time it takes the apparatus to strike the floor after its 

release (about 400 ms). In contrast, computerized complex RT tests allow for a prolonged 

or even indefinite latency. Therefore, during recognition RTclin testing, older subjects may 
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have felt that they did not have sufficient time to make an accurate decision. In support of 

this, other work demonstrates that older subjects require approximately 190 ms to inhibit 

perceptual and motor impulses, whereas young subjects take 35 ms (Mendelson et al., 

2009). Given the natural tendency to catch a falling object, there is a clear need for the 

subjects being tested with recognition RTclin to inhibit the impulse to catch the apparatus 

during the no-go trials. When the 190 ms of inhibition time for older persons is added to 

the mean simple RTclin score of 185 ms, the sum is nearly equal to 400 ms, at which 

point the apparatus will strike the floor. However, the sum of simple RTclin scores and 

response inhibition for younger persons is about 220 ms, which would leave sufficient 

time for them to make an accurate decision and execute a response before the apparatus 

strikes the floor. This idea is supported by a significant negative correlation between the 

PMT component of simple RTclin and recognition RTclin response accuracy (R = -0.424, p 

= 0.002), suggesting that subjects who needed little time to initiate motion for simple 

RTclin had greater time during recognition RTclin testing to make an accurate decision. 

If this reasoning is correct, then recognition RTclin accuracy may be evaluating inhibitory 

function. One domain of inhibitory function is “inhibition of a prepotent response (the 

ability to withhold the most obvious reaction to a stimulus)” (Boonstra et al., 2010). This 

appears to apply to recognition RTclin given the natural tendency to catch the device, a 

point underscored by the fact that no-go accuracy was significantly lower than go 

accuracy. Inhibitory function is of clinical relevance given that it is recognized as being 

fundamental to effective executive function, and in the view of some affects all other 

executive domains (Barkley, 1997). Accordingly, impairment of inhibition is thought to 

underlie cognitive deficiencies in older persons (Andre´s and Van der Linden, 2000), be 

responsible for some kinds of psychopathology (Patterson and Newman, 1993), and be 

one of the earliest and most prominent findings in Alzheimer’s type dementia (Collette et 

al., 2009). Abnormal inhibitory responses have also been noted in stimulant users and 

alcohol-dependent subjects (Lawrence et al., 2009; Monterosso et al., 2005), as well as in 

patients with traumatic brain injury (Leblanc et al., 2005; Stewart and Tannock, 1999). 

Moreover, recent findings suggest that inhibitory proficiency is critical to the ability of 

older persons to maintain balance while receiving multiple sensory inputs (Mendelson et 
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al., 2009). Therefore, a clinical tool that can quantify inhibitory function quickly may 

have clinical utility. 

However, further work is needed before recognition RTclin can be applied in the clinical 

setting. The present study included a relatively small number of healthy subjects, and so 

further testing is indicated. Moreover, the investigators were not blinded and were aware 

of the hypotheses. This is likely rendered less relevant given that the outcomes were in 

the millisecond range and were determined with objective kinematic measurement 

techniques. Furthermore validation with a proven method for determining recognition RT 

and testing in specific populations with pathologies of clinical concern are necessary 

before application can be considered. In addition, recognition RTclin scores should be 

compared with simple RTclin scores to determine whether the former provides 

incremental diagnostic precision or greater clinical inference and, if so, with regard to 

which clinical populations. Last, the optimal number of trials necessary to make clinically 

relevant distinctions should be explored.  

In conclusion, this pilot study demonstrated that a novel, clinically available technique 

for evaluating recognition RT is feasible in a healthy population across a broad RTclin age 

range. The study also suggests that when using this technique recognition, RTclin accuracy, 

rather than latency, is of greater importance with regard to the cognitive consequences of 

aging. When the results are taken in the context of previous work, they suggest that 

recognition RTclin may be a measure of inhibitory capacity, an internal act of control that 

broadly affects executive function. An inexpensive bedside or office tool that can 

measure with relative precision short-latency cognitive processes might have a wide 

range of clinical applicability. 
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Chapter 5 

 

A Shoe Sole-based Apparatus and Method  

for Randomly Perturbing the Stance Phase of Gait:  

Test-Retest Reliability in Young Adults 

 

[Accepted in Journal of Biomechanics, 2012] 

 

5.1 Introduction  

Walking on an irregular surface is associated with an elevated risk for a trip or loss of 

balance, especially for the elderly (Berg et al., 1997). For example, elderly persons with 

peripheral neuropathy (PN) have significantly worse ankle proprioception than the 

healthy old (Van den Bosch et al., 1995) and are at a significantly higher risk for fall-

related injuries (Richardson et al., 1992), particularly on uneven ground at dusk or in the 

dark. However, analyzing the foot perturbation stimulus–response relationships when a 

subject walks across serial underfoot perturbations (Menant et al., 2008) is complicated 

by carryover effects confounding how each irregularity perturbs the kinematics of 

subsequent steps. In a previous study we analyzed how young adult gait changed after 

stepping on a single ground protuberance with the stance foot, akin to stepping on a 

single pebble (Thies et al., 2007).  We found that it did cause an alteration in the 

subsequent location and timing of the next step, and even a cross-over step.  However, a 

limitation was that subjects could see and therefore prepare for the protuberance, 

something they would not be able to do in the dark.  
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We designed and tested a custom shoe to simulate the condition in which the swing foot 

unexpectedly lands once with the mid-forefoot on a small medially-located or a laterally-

located protuberance while walking across a flat surface.  Following Thies et al. (2007), 

we tested the hypothesis that a single medial or lateral underfoot perturbation would alter 

the step width of the first recovery step at both a comfortable gait speed and a faster gait 

speed. We also measured the between-visit test-retest reliability of the kinematic 

responses on two separate occasions, one week apart.  

 

5.2. Method 

Subjects 

Six healthy young subjects (3 females, mean (SD) age: 23.0 (3.9) yr, height: 173.1 (8.4) 

cm, mass: 78.5 (23.3) kg) were recruited via the University of Michigan volunteer 

network (UMClinicalStudies.org). Participants passed a telephone screen excluding 

known neurological and musculoskeletal pathologies. The study was approved by the 

institutional review board.  

 

Perturbing shoes 

Five pairs of commercially available sandals (ACG Rayong, Nike, Inc., Beaverton, OR;  

men’s size 10, 12 and 13; women’s size 8, and 9) were equipped with electronically 

controlled linear actuators (Model PQ-12, Firgelli Technologies, Inc., Victoria, BC, 

Canada) each of which deployed a small rectangular (25.4×30.5×9.5 mm) aluminum flap 

hinged in the parasagittal plane and concealed in a recess under the medial and lateral 

aspects of the custom shoe sole, just behind the metatarsal bases.  When neither flap was 

deployed, the shoe felt normal to walk in.  When one of the concealed flaps was deployed, 

it rotated down about a parasagittal plane axis such that the resultant medial or lateral 

men’s size 11 shoe sole inclination was nominally plus or minus 16° to the horizontal in 

the frontal plane, corresponding to a 18.4 mm-high perturbation under the medial or 

lateral foot with no weight bearing on the shoe (Figure 5-1). To guarantee subject’s safety, 

the inclination of non-weight bearing perturbing shoe in frontal plane was designed to16°, 

at which ankle inversion resistance was significantly increased by 20.4% (Ottaviani et al., 
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1995) and where ankle everter muscle group increased the passive resistance regardless 

of shoe types (Ashton-Miller et al., 1996).  

 

After three or more steps of normal gait, a flap could be covertly deployed within 400 ms 

starting in the midswing phase of gait, using a linear actuator embedded in the sole. The 

actuator was attached to a drive shaft and mechanism that transformed the linear motion 

of the actuator into a 100o rotation of the flap in the manner of the mechanism of a push 

screw driver (Furbish, 1905).  Because the flap rotated over the top dead center to a 

mechanical stop, no extra power was required to maintain its deployed position under the 

ground reaction forces acting during stance phase.  After heel strike, as the subject’s 

stance foot rolls toward a foot flat posture, the edge of the flap contacts the ground, 

causing an immediate medial or lateral shift of the usual center of pressure (COP) 

trajectory, as well as a medial (or lateral) inclination of the stance fore-midfoot. This is 

COP shift and unexpected stance foot orientation is the stimulus to which the subject 

must react during that stance phase, if possible, and during subsequent steps, if necessary. 

The instant that the flap contacts the ground is detected by an infrared contact sensor, 

installed in the inferior edge of the flap. After toe off, the flap was covertly retracted 

during the subsequent swing phase, so that no perturbation is present during any of the 

subsequent stance phases (although this could have been the case, if so programmed). A 

rear foot and forefoot force sensing resistor switch sensor (FlexiForce, Tekscan Inc., 

South Boston, MA) were used to update the computer algorithm on heel strike, toe off, 

and current step number. The onset and trigger mechanism of each perturbation types was 

automated so as to be controlled by a custom-developed C++ program (Visual Studio 

2008, Microsoft Cooperation, Redmond, WA), which cooperates with an optoelectric 

motion tracking system and foot switches via Optotrak Application Programming 

Interface (Northern Digital Inc., Waterloo, ON, Canada).   
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Figure 5-1. Sample anterior view of the modified 11 ½ mens sandal showing the shoe 

orientation with undeployed flap (middle), a 18.4 mm high medial flap deployed in the 

parasagittal plane so as to invert the foot during midstance (right), and 18.4 mm high 

lateral flap deployed in the parasagittal plane to evert the foot during midstance (left). 

Two actuators and flaps are concealed within each shoe sole. (Figure appears in Journal 

of Biomechanics 2012)  

 

Experimental design 

Subjects performed a total of 60 walking trials at two walking speeds along a 6 m level 

walkway.  The first block of 30 trials was performed at a comfortable walking speed 

(WS), “as though they were walking to mail a letter”.  The second block of 30 trials was 

performed at a faster walking speed, “as though they were crossing a busy street”.  Six 

trials each were conducted with either a medial or a lateral perturbation (MP or LP, 

respectively) presented randomly under the left or right foot, and randomized among 18 

additional unperturbed (UnP) dummy trials at each speed. Subjects were told that, when 

it occurred, the stance phase perturbation would happen only once per gait trial; but they 

could not know if, when or where a left or right shoe MP or LP was to be deployed in 

that trial. Before the trials began, subjects practiced several times without the perturbation 

to familiarize themselves with the apparatus and experimental environment. 

The 3-D kinematics of foot, leg, pelvis and trunk (including ankle inversion angle, step 

width (SW), step time (ST), and step length (SL)) were collected at 100 Hz using an 

16° 16° 
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Optotrak optoelectric motion analysis system (Northern Digital Inc., Waterloo, ON, 

Canada) in the manner we used in Thies et al. (2007).  Each subject repeated the same 

test protocol seven days later.  

 

Statistical analysis 

A one-way repeated measures analysis of variance (rm-ANOVA) was used to test the 

hypotheses that (a) any perturbation (presence vs absence of perturbation), and (b) 

perturbation location (medial vs lateral) significantly affect the first recovery SW at each 

of the two walking speeds. Under the assumption of normality, a p-value less than 0.05 

was considered significant. The recovery step time, width and length were measured on 

two separate occasions one week apart to evaluate test-retest reliability using 

MATLABTM (Statistics Toolbox v. 2009b, The Math Works, Inc., Natick, MA, U.S.A.). 

The intra-rater correlation between two visits was assessed using one-way random model 

of the intraclass correlation coefficient (ICC; type 1,1; Shrout and Fleiss, 1979).  

Coefficients of variation (CVs) of the method error were also calculated (Portney and 

Watkins, 1993). The inter-rater correlation was assessed from the 95% limits of 

agreement statistics (Bland and Altman, 1986).  

 

5.3 Results 

The mean (SD) ankle-foot subtalar angle of the perturbed stance foot was inverted by a 

medial perturbation through 10.2 (2.3)º and everted by a lateral perturbation through 9.2 

(2.0)º.  The first each type of perturbation significantly affected the first recovery SW at 

the faster WS (Table 5-1).  
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Table 5-1 Mean (SD) values of each of the gait parameters by walking speed and visit.  

The medial and lateral perturbation each significantly affected the first recovery step 

width at each speed.   

Gait 
parameter 

Condition 
Comfortable Walking Speed 

 
Faster Walking Speed 

   Visit 1    Visit 2    Visit 1    Visit 2 

WS (m/s) 

UnP 1.28 (0.06) 1.29 (0.07)  1.61 (0.07) 1.55 (0.08) 

MP 1.30 (0.08) 1.29 (0.08)  1.58 (0.09) 1.56 (0.09) 

LP 1.31 (0.06) 1.31 (0.08)  1.61 (0.06) 1.54 (0.10) 

SW (cm) 

UnP 15.8 (3.2)   13.7(2.3)  16.4 (3.5) 14.6 (3.9)   

MP 15.4 (5.7)    11.7 (5.3)   21.1 (4.0)*   16.5 (3.7)*α 

LP 16.1 (5.1)    11.9 (4.5)  21.3 (3.9)*     12.8 (4.3)* 

SL (cm) 

UnP 69.9 (4.9) 70.6 (4.9)  78.7 (5.1) 77.6 (3.7) 

MP 70.7 (6.3)    70.0 (4.7)  76.8 (7.4)    75.0 (6.9) 

LP 71.0 (7.6)    67.2 (6.6)   76.6 (5.7)    75.2 (4.1)* 

ST (ms) 

UnP 579.6 (30.5) 588.8 (33.7)  519.8 (29.1) 536.4 (39.8) 

MP 573.3 (30.8)    610.0 (39.5)  520.0 (16.7)     521.7 (36.6) 

LP 593.3 (30.1)    600.0 (44.3)  523.3 (18.6) 530.0 (30.0)* 

In this and the following table SW, SL and ST denote step width, length and time, 

respectively; UnP: Unperturbed step, MP: first recovery step in response to a medial 

perturbation, LP: first recovery step in response to a lateral perturbation. 

* Denotes a significant change between UnP SW and the first recovery SW from either a 

MP or LP trial using one-way repeated measure ANOVA (p<0.05).  

α Denotes a significant difference in MP and LP first recovery SW via one-way rm-

ANOVA (p<0.05).  

 

The ICCs, CVs, and 95% limits of agreement for the step kinematics between Visit 1 and 

Visit 2 are shown in Table 5-2. Both unperturbed and the first recovery step kinematics 

showed acceptable reliability in both comfortable and faster WS, MP and LP.  
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Table 5-2 Intraclass correlation coefficients (ICCs), coefficients of variation (CVs) and 

Bland-Altman limits of agreement (LoA) assessing the the test-retest reliability between 

visits for unperturbed (UnP) gait and first recovery step width (SW), step length (SL), 

and step time (ST) at each gait speed. CI denotes confidence interval, while Δ denotes the 

mean difference between visits.  

Gait 
parameter 

Cond 
Comfortable Walking Speed Faster Walking Speed 

ICC (95%CI) CV(%) DMean (95%LoA)    ICC (95%CI) CV(%) DMean (95%LoA) 

SW (cm) 

UnP 0.78 ( 0.05 ~ 0.97 )  8.5 1.57 (-1.09 ~ 4.25) 0.96 (0.74 ~ 1.00)   11.6 0.84 (-0.67 ~ 2.37) 

MP 0.52 (-0.40 ~ 0.93 )  8.1 3.38 (-0.26 ~ 7.02) 0.75 (0.10 ~ 0.96)   13.5 1.50 (-4.50 ~ 7.50) 

LP 0.64 (-0.23 ~ 0.95 )  11.7 2.35 (-1.95 ~ 6.66) 0.90 (0.44 ~ 0.99) 15.3 0.76 (-2.79 ~ 4.33) 

SL (cm) 

UnP 0.94 ( 0.68 ~ 0.99 )  1.7 -0.68 (-4.06 ~ 2.70) 0.90 (0.55 ~ 0.99)  1.5 1.11 (-2.23 ~ 4.47) 

MP 0.91 ( 0.47 ~ 0.99 )  5.1 -1.13 (-5.44 ~ 3.16) 0.85 (0.37 ~ 0.98)  2.5 0.78 (-4.68 ~ 6.24) 

LP 0.80 ( 0.22 ~ 0.97 )  3.0 1.24 (-4.60 ~ 7.09) 0.79 (0.18 ~ 0.97)  2.6 1.71 (-4.01 ~ 7.43) 

ST (ms) 

UnP 0.90 (0.53 ~ 0.99)  1.5 -9.2 (-32.9 ~ 1.45) 0.78 (0.14 ~ 0.96)   2.5 -16.6 (-53.5 ~ 20.3) 

MP 0.49 (-0.35 ~ 0.91)  3.6 -28.1 (-85.5 ~ 29.4) 0.78 (0.14 ~ 0.96)   2.5 -15.1 (-51.9 ~ 21.7) 

LP 0.89 (0.47 ~ 0.98)  2.0 -6.1 (-38.4 ~ 26.3) 0.80 (0.20 ~ 0.97)   2.0 -15.8 (-45.0 ~ 13.3) 

DMean and LoA denote mean difference between two visits and Bland-Altman Limits of Agreement, respectively. CI 
denotes the confidence interval.  

 

5.4 Discussion 

This is the first description of a method for randomly perturbing the stance phase of gait 

in a repeatable manner while walking on an otherwise flat surface. The actual inclinations 

of the perturbed stance foot in the frontal plane (see Results) were less than when the 

sandal is unloaded (Fig.1, left or right) because the sole deformed under body weight. It 

is also novel that the location of the perturbation can be varied spatially under a foot, and 

also between feet. The results corroborate and extend the results of Thies et al. (2007) 

because in that study there was no control over where the perturbation acted under the 

foot.   

The method holds promise for measuring the effect of age or disease on the sensory and 

motor latencies of the response to a single underfoot perturbation.  It also has potential 

for training patients to practice dealing with perturbations while protected by a full body 

safety harness, as well as evaluating the efficacy of a clinical intervention such as the use 

of an assistive device such as a cane or orthoses on uneven surfaces (Richardson et al., 

2005).  The apparatus also allows one to perturb more than one step in a gait trial: for 
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example, in a more challenging test sequential steps might be perturbed. Indeed, by 

triggering the perturbation on sequential steps, one can simulate stepping on serial 

underfoot perturbations, thereby establishing a link with the uneven surface studies of 

Thies et al. (2005a, 2005b), Richardson et al. (2004, 2005) and Menz et al. (2003).   

The ICCs were in good to excellent range. There is a possibility that the ICCs were 

strong because either (1) there is no washout effect with Day 1 strongly influencing Day 

2, or (2) that there is a strong washout effect and response itself is a stereotyped, 

overlearned and present when a subject is challenged by such a perturbation. 

By designing the flap height to invert or evert the foot through less than half the available 

range of motion (Ashton-Miller et al., 1996), the risk of an ankle sprain was minimized. 

This approach should also be acceptable for testing older subjects or those with disease. 

If there is any doubt, then smaller height flaps can be installed, as would be the case for 

testing children.  

Possible vibrational or audible cues signaling an impending underfoot perturbation were 

minimized.  Noise from the rollers in the ceiling-mounted rail supporting the whole-body 

safety harness and protecting the subject from a fall during gait completely masked any 

sound emanating from the linear actuators mounted in the shoe insole.  Furthermore, 

linear actuator was mounted to the frame supporting the flipper, so there was no direct 

contact of the actuator with the shoe sole.  This helped minimize the transmission of 

possible vibrational cues to the subject.  

The greater variability in recovery SW at the “faster” walking speed likely reflects the 

task being physically more challenging at that speed than at the comfortable gait speed. 

So, with healthy aging one would expect to first notice a change in SW at the faster gait 

speed. But given the diminished sensorimotor capacities associated with aging and 

especially neuromuscular disease, SW changes may become apparent at a comfortable 

WS as well.  

We chose not to control comfortable gait speed to an absolute value, say 1.5 m/s during 

this experiment. Instead we instructed subjects to walk at their self-selected walking 
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speed (2). This proved to be a reliable strategy, since there were no significant differences 

in step kinematics at either speeds.  Experiments could also be conducted at a given 

absolute speed (i.e., Chen et al., 1991), but we would not expect the reliability to be 

affected, based on the present results unless the speed was unusually slow (<1.0 m/s).   
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Chapter 6 

 

Effect of Age on the Ability to Recover from a Single 

Unexpected Underfoot Perturbation During Level Gait: 

Kinematic Responses 

 

6.1 Introduction 

Walking outside on level ground often necessitates having to cross an uneven surface the 

geometry of which can cause unexpected variations in the orientation of a stance foot in 

both the frontal and sagittal planes.  Such perturbations can then alter the anticipated 

center of pressure (COP) trajectory beneath the stance foot and thereby the familiar 

relationship between the COP and the whole body center of mass during gait (Jian et al., 

1993; Thies et al. 2007).  One might speculate that the ability to compensate for such 

under-stance foot perturbations might be an important capacity for crossing such surfaces 

reliably without stumbling and falling.  In older adults, for example, walking on uneven 

surfaces is associated with falls (for example, Berg et al., 1997; Milisen et al., 2004).  But 

relatively little is known about how and why these falls occur, or even how humans deal 

with underfoot perturbations during gait, or how advancing age affects this ability.  

It is known that humans increase their step width variability when walking across uneven 

surfaces by about 20% in healthy young adults and 35% in healthy elderly (Thies et al. 

2005).  This adjustment of step width (SW) is consistent with the SW adjustments 
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humans are known to use to maintain their dynamic balance during bipedal gait on an 

even surface (Bauby and Kuo, 2000).  On the other hand, on a level surface at least, 

increased variability in step kinematics is known to be a marker of an elevated falls risk 

(for example, Haussdorf et al., 2001).  So, when is a change in step kinematics on an 

uneven surface reasonable and how is it affected by age? The present study addresses 

these questions. 

The analysis of serial stepping on an irregular surface (Thies et al., 2005; Menz et al., 

2003; Richardson et al., 2004, 2008) provides a useful test of humans’ ability to walk 

across such surfaces without falling.  But such studies provide limited insight for 

understanding how a human responds to just one underfoot perturbation. This is because 

carryover effects from preceding underfoot perturbations confound the analysis of anyone 

one step on an irregular surface.  Besides which, there is also the difficulty of defining 

precisely what the magnitude and location of the underfoot perturbation really is given 

that it is hidden under the shoe; and differences in foot and shoe sole compliance will 

likely affect how much the foot is actually perturbed by a perturbation of a given 

geometric size and location under the foot.  During gait, being able to prescribe a single 

underfoot perturbation having a predefined location and magnitude would make it easier 

to examine the relationship between that underfoot stimulus and the recovery step 

kinematics; by definition, any carryover effects from preceding perturbations would 

thereby eliminated.   

In a prior investigation we did indeed study how young adult alter their gait after stepping 

on a single discrete perturbation (Thies et al., 2007).  However, a limitation of that 

experiment was that subjects could see the surface protruberance from afar, so they knew 

it was there and could anticipate its effect as affecting a particular foot even if they could 

not predict how it would affect that foot. This contrasts with many daily situations when 

such visual cues often go unnoticed because of poor lighting or contrast, or divided 

attention.   

So, we developed a pair of custom instrumented shoes to simulate the condition in which 

the mid swing foot unexpectedly lands on an unseen medially-located or laterally located 

protuberance while walking across a flat surface (Kim and Ashton-Miller, in press).  In 
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this study we use these shoes to test whether age adversely affects recovery step 

kinematics following such a perturbation.  We tested the hypotheses that (a) medial and 

lateral perturbations have similar effects on recovery step kinematics, and (b) age will not 

affect recovery step kinematics to these perturbations. 

6.2 Methods 

Subjects 

A total of 41 healthy subjects (23 young and 18 old subjects) participated in this research. 

Elderly subjects were recruited from University of Michigan Older Americans 

Independence Center (OAIC) Human Subjects Core and young subjects were recruited 

from University of Michigan volunteer network (UN Clinical Studies – Engage).  Old 

and young groups were screened by a telephonic questionnaire for absence of known 

neurological or musculoskeletal pathologies including stroke, diabetes, neuropathy, lower 

limb joint replacement, and spinal surgery. Test procedures and devices were approved 

by institutional review board of the University of Michigan and all subjects completed a 

written informed consent form.  

Table 6-1.  Subject demographics.  N, M and F denote number of participants, male and 

female respectively. 

       HY       HO 

N (M/F) 23 (13/10) 18 (7/11)

Age (yr) 22.7 (3.35) 68.0 (7.19)

WT (kg) 70.0 (14.0) 74.0 (16.7)

HT (cm) 172.9 (8.47) 169.8 (6.64)

BMI (kg/m2) 23.3 (3.65) 25.7 (6.11)

 

Entrance Evaluation  

Before the gait tests began a neuromuscular examination was performed on each 

participant to screen out abnormalities of the peripheral and central nervous system, or 

distal sensation and muscle strengths in lower extremity.  
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Perturbing Shoes 

Since the custom instrumented sandals designed to perturb gait during the stance phase 

have been described elsewhere (Kim and Ashton-Miller, in press) only a brief description 

will be given here. Each sandal is equipped with two electronically-controlled hinged 

flaps concealed within the medial and lateral inferior aspects of the shoe sole near the 

base of the metatarsal bones. When one of the concealed flaps is deployed, the resultant 

medial-lateral inclination of the non-weight bearing shoe is 16o, but under weight bearing 

the inclination of the midfoot is about 2/3rds this value because of foot and shoe sole 

compliance (see Results).  The flap may or may not be deployed in the late swing phase 

of a gait trial conducted on a level surface.  The computer took timing cues from heel 

switches and the optoelectronic markers on each shoe and randomly issued the 

perturbation on certain trials.  

 

 

Figure 6-1. Anterior view of the modified 11 ½-sized Mens sandal showing the shoe 

orientation with : (Right) a 18.4 mm high medial flap (dotted circle) deployed in the 

parasagittal plane so as to invert the foot during midstance, and (center) undeployed flap,  

(Left) 18.4 mm high lateral flap (dotted circle) deployed in the parasagittal plane to evert 

the foot during midstance. Two actuators and flaps are concealed within each shoe sole 

(see text). (Figure appears in J. Biomech. 2012) 

 

 

16° 16° 
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Experiment and instrumentation  

Wearing a pair of the perturbing shoes, each subject performed a total of 60 walking trials 

at a purposeful walking speed (WS) along a 6-m level walkway “as though they were 

crossing a busy street”. Eight trials each with a medial perturbation (MP) or a lateral 

perturbation (LP) and 44 unperturbed (UnP) dummy trials were presented in randomized 

order.  

Subjects were told the perturbation would happen only once per gait trial but because the 

presentation was randomized by the computer, they could not know if, when or where a 

perturbation might occur: under the left or the right shoe, or under the medial or lateral 

aspect of a particular shoe. They were not told that after three or more steps of normal 

gait, one flap might be covertly deployed during the latter part of the swing phase. After 

the heel strike of that swing foot, the subject has to counter the sudden and unexpected 

effect of the perturbation during the weight acceptance phase as the stance foot begins to 

roll towards foot-flat.  After toe-off, the flap is then retracted immediately for the rest of 

that gait trial. Before the trials began, the subject practiced several times without the 

perturbation to familiarize themselves with wearing the shoes and with the experimental 

environment. 

One optoelectronic camera system (Optotrak Certus, Northern Digital Inc., Waterloo, 

Ontario, Canada) sampled three-dimentional kinematic data from 28 infrared-emitting 

diodes at 100 Hz. A marker triad was secured on the mid-section of each foot, including 

two markers on the bony landmarks of the foot over the 1st and 5th metatarsal joints, the 

anterolateral aspects of each lower and upper leg, and over the pelvis midway between 

the anterior superior iliac spines, and over the mid-sternum on the thorax.  A C++ 

program (Visual Studio 2008, Microsoft, Inc., Redmond, WA) was developed using the 

Optotrak Application Programming Interface (OAPI, Northern Digital Inc., Waterloo, 

Ontario, Canada) to register the 3-D marker data, control the linear flap actuators and 

acquire sensor data at 2 kHz from the flap ground contact sensor and two foot switches 

that detected each heel strike. All data were post-processed to calculate walking speed 

(WS), step width (SW), step time (ST) and step length (SL), the timing of the heel strike 
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and flap ground contact using a custom Matlab algorithm (Matlab 2011a, The Mathworks, 

Inc., Natick, MA).  

 

Data Analysis  

Step kinematics (SW, SL, ST) were calculated at every heel strike. We defined step 

kinematic variability from the standard deviation of each step kinematic variable. WS 

was calculated from the first derivative of the position of the pelvis marker to represent 

the gait speed of the subject.  

The change (or delta) in each kinematic variable (ΔSW, ΔSL, ΔST) was defined as the 

difference between the mean of the MP or LP first recovery step kinematics and the mean 

unperturbed (UnP) step kinematics for each subject as shown in (1).  

)1(1 dunperturbeonperturbatipostst StepStepStep   

Thus the delta step kinematics variables indicate how much the first recovery step differs 

from a subject’s normal gait.  To calculate the mean step kinematics for each subject, a 

minimum of 20 UnP steps were used to define a steady mean WS (Thies et al. 2005) and 

a total of eight recovery steps were used to calculate the average recovery step kinematics 

for each of the MP and LP responses.  

Torso kinematic responses were calculated as the change in the frontal plane trunk 

rotation ( trunk :delta trunk rotation)calculated via the waist and sternum markers, and 

the change in the fronmtal plane mediolateral waist marker displacement ( LPD :delta 

lateral pelvic displacement) from the UnP steps during the first recovery step.  

Six separate two factors repeated measures analyses of variance (ANOVA) were run to 

assess the between-subjects effect of age (young, old), within-subjects effect of 

perturbation type (LP vs MP), and the number of recovery steps (1st, 2nd) on recovery SW 

and SL changes from UnP values, with p<0.05 being considered significant.  Two-sided 

post-hoc t-tests were used to study directly differences.  Matlab (Matlab 2011a Statistics 

ToolboxTM, The Matworks, Inc., Natick, MA) was used for all statistical analysis.   
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6.3 Results  

No significant group differences were found in height, weight or BMI (Table 6-1).  There 

was no significant perturbation effect on the WS across all subjects, whereas there was a 

significant age effect in the WS.  The WS at the first MP recovery step in HY decreased 

by 2.98 cm/s whereas that in HO increased 1.20 cm/s; the same phenomenon was 

observed in the LP trials (HY: -1.75 cm/s, HO: +0.49 cm/s).  

Rm-ANOVA results on the two main outcomes: SW and SL (Table 6-2) 

The presence of a perturbation altered the recovery SL (p=0.005) but not SW (p=0.304), 

with the number of such recovery steps being affected by age (p=0.017, Tables 6-2 & 6-3, 

and Fig. 6-2). The SW and SL used to recover from each type of perturbation (MP vs LP) 

did not differ significantly, but they were both affected by age (p= 0.013 and p=0.031, 

respectively, Table 6-2).  Across all subjects, the SL was significantly different between 

first and second recovery steps (p=0.017), and age affected the difference in SW and SL 

between first and second steps (P=0.002, Table 6-2).   

Post-hoc tests showed that a MP caused young adults to increase the first and second 

recovery SW and shorten the first, third and fourth recovery steps (p<0.05), whereas 

older adults shortened only their fourth step (p<0.05).   

The LP also caused young adults to widen their first recovery SW and also shorten the 

first, third and fourth recovery steps (p<0.05).  The older adults did not significantly alter 

their first recovery step, but narrowed their second recovery SW; again, only the fourth 

recovery SL was shortened by the older adults (p<0.05).  

We analyzed whether widening or narrowing the first step influenced the direction of the 

change in the succeeding step.  For the MP, 56.2% of the young adults who widened their 

first recovery step also widened their second recovery step.  For the LP, the 

corresponding value was 69.6%.  For the MP, 52.6% of the older adults who narrowed 

their first step also narrowed their second step.  For the LP, the corresponding value was 

84.2%, so it was only for the LP that the directional change in the first step really 

influenced the second step.  
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Figure 6-3 shows the torso inclincation and lateral pelvic displacement responses, trunk  

and LPD , during the first recovery step for each group.  HY maintained their trunk 

rotation in the first recovery step for MP and LP as they did in the UnP trials, whereas 

HO rotated their trunk significantly less laterally in response to MP, but more laterally in 

response to LP.  During the first recovery step for MP, HO significantly decreased their 

WS, but that for HY was unchanged.  For LP, both young and old significantly shifted 

waist more laterally than their UnP kinematics.  

Table 6-2.  Main and interaction effects from single factor repeated measures ANOVA 

for comparing presence of perturbation (UnP/Ptb), perturbation type (MP/LP), and 

recovery steps (RS1/RS2) in HY and HO groups.  

Effect 
SW SL 

F Prob>F F Prob>F 

Presence of Perturbation  UnP/Ptb 1.21 0.304 2.17 0.121 
Age  HY/HO 3.10 0.086 8.85 *0.005 

Interaction  Perturbation x Age 3.13 *0.049 1.18 0.311 
Perturbation Type  MP/LP 1.38 0.247 1.64 0.208 

Age  HY/HO 4.98 *0.031 6.74 *0.013 
Interaction  Perturbation x Age 1.08 0.305 1.45 0.235 

Recovery Step RS1/RS2 3.24 0.076 5.88 *0.017 
Age  HY/HO 8.18 *0.005 9.75 *0.002 

Interaction  Perturbation x Age 0.11 0.744 1.90 0.172 
* denotes significant (p<0.05) difference for rm-ANOVA comparing perturbation 

presence/type/recovery steps in healthy young (HY) and old (HO) groups. In this and the 

following table UnP denotes unperturbed steps, Ptb: medially and laterally perturbed 

steps, MP: medial perturbation, LP: lateral perturbation, RS1: first recovery step, and 

RS2: second recovery step.  
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Figure 6-2. Box- and scatter plots of DSW(first row)  and DSL(second row)  in MP (first 

and second columns) and LP (third and fourth columns) recovery steps for HY (first and 

third columns) and HO (second and fourth columns) subjects 

( dunperturbeonperturbatipostst StepStepStep  1 ). MPn and LPn denotes the nth MP/LP 

recovery step, where n can take a value of 1 - 4. * denotes a significant kinematic change 

(α<0.05) in recovery SW, compared to UnP SW.  
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Figure 6-3. Box and scatter plots of the peak torso inclination and lateral pelvic 

displacement kinematic responses, trunk (+: more lateral rotation than UnP) and LPD

(+: more lateral movement than UnP)  in the frontal plane over the first recovery steps.  * 

denotes significant difference in the first recovery step compared with unperturbed joint 

kinematics (a<0.01). Δkinematics denotes dunperturbeonperturbatipostst XXX  1  where 

X is corresponding body kinematics.  

 

6.4 Discussion 

This is the first systematic study of how humans respond to an unpredictable, yet 

standardized, eversional or inversional mid-stance foot perturbation during gait on a level 

surface.   No subjects lost their balance, fell, or required support from their safety harness 

as a result of the unpredictable 10 degree eversional or inversional perturbation, so we 

deem the perturbations a safe challenge to gait in these subjects.   

One novel finding is that HY were able to respond quickly by altering the kinematics of 

their first recovery step following the single underfoot perturbation. Furthermore, they 

continued to adjust their recovery steps for at least four steps post-perturbation.  That 

young subjects should require up to four recovery steps following a relatively small 

underfoot perturbation is a surprise, since one might expect them to be able to recover in 

a single step, given their capacities.   

On the other hand, the healthy older adults either would not or, more likely, could not 

alter the kinematics of their first step after an underfoot  perturbation.  Furthermore, when 

older adults did respond to alter their stepping pattern, it was on the second and fourth 

post-perturbation steps, but interestingly not the third step.  However, older adults did 

respond with their upper body on the first post-perturbation step, moving it significantly 

less far laterally for an MP perturbation, and further laterally for the LP perturbation than 

for the UnP trials.  Both of these responses are likely to have been due to a proximal 

response made using the hip ab- and adductors rather than the ankle muscles, because the 

hip muscles have been shown to play a direct biomechanical role in righting the body 

over the hip in the frontal plane (Otten, 1999).  In addition, the hip muscles have 
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considerably shorter reflex pathways than the ankle muscles. So a hip muscle response 

can be initiated three times faster than with the ankle muscles, just based on the 

difference in the neural transmission distances from the spinal cord for the hip and ankle 

muscles (for example, 33 cm vs. 99 cm, say, for a 1.80 m-tall individual).  Hence, these 

data suggest that these healthy older adults chose a hip strategy, rather than an ankle 

strategy, moving their torso to maintain their balance on the first post-perturbation step, 

after which they change the kinematics of the second step post-perturbation in order to 

continue their recovery.    

Hence, it is clear that a small underfoot perturbation results in significant carryover 

effects on the kinematics of the foot placement during gait of both younger and older 

adults for at least four steps after the perturbation has been vanished.   That a single 

perturbation can affect gait so many steps later has not been demonstrated before.  The 

source of the carryover is presently unknown, but one might speculate that it represents 

dynamic interactions between the responses of the feet and torso.   

The underfoot perturbation was shown to cause a kinematic response in terms of torso 

inclination and lateral pelvic displacement. It is well known that healthy adults choose a 

hip strategy when responding to a more proximal perturbation such as a tug on the torso, 

but an ankle strategy when responding to a distal perturbation such as a support surface 

that is moved unexpectedly (for example, Woollacott et al., 1993; Rogers et al., 2001). 

When support platform was suddenly swayed, the typical strategy adopted by healthy 

young adults is ankle strategy (Woollacott, 1993). However, Manchester et al. (1989) 

found hip strategies were more favorable in the elderly for the platform sway, possibly 

due to distal muscle weakness and peripheral neuropathy. The hip strategy is dominant 

for the larger perturbation when the base of support is limited, whereas the ankle strategy 

is used when the perturbation is smaller. (Shumway-Cook and Woollacott,  2001 ) So 

torso inclination and lateral pelvic displacement would seem to represent a hip strategy in 

healthy young and old. 

The early recovery step response of the HY on their first post-perturbation step indicates 

that (1) they detected the perturbation, (2) sensed its direction, and (3) immediately chose 

a wider (and therefore more stable) gait pattern in response to the single unexpected 



85 
 

underfoot perturbation, while adjusting their torso attitude to minimize the change in 

gravitational moment caused by the perturbation about their center of mass.   

The early upper body response of the healthy older adults post-perturbation is also 

evidence that they detected the perturbation when it happened.  The differential nature of 

their response also demonstrates that they correctly determined the direction of the 

change in gravitational moment it caused about their center of mass.   Their use of the hip 

strategy to help recovery in the first step is logical from a biomechanical perspective 

because it keeps the system feedback loop delay as short as possible.  The fact that they 

narrowed their second step in response to an LP is reminiscent of the narrowed cross-over 

step recorded in young adults by Thies et al. (2007) in response to an MP, but it may here 

be the result of an interaction with carryover from their hip strategy response on the first 

step.   

Two possible reasons might explain the age-related changes in recovery step kinematics. 

First, the unexpected nature of a single underfoot perturbation does not allow any 

subjects to anticipate the upcoming perturbation. The slower muscle rate of strength 

development of the elderly (Thelen et al., 1996) may have precluded older subjects from 

being able to move the foot that had been perturbed during its next swing phase far 

enough within the time available before the next heel strike occurs.  Second, age-related 

changes in the neural sensory musculoskeletal systems and/or a reduction in stability of 

the first recovery step may necessitate additional steps to recover stability from the 

underfoot perturbation (Maki, 2000).  

Strengths and Limitations  

There are several strengths to this experimental paradigm. First, the perturbing shoes 

allow systematic comparison between UnP steps and MP/LP recovery steps in response 

to a standardized onset and magnitude of an unpredictable underfoot perturbation.  The 

onset of the perturbation occurs at the same angle of inversion or eversion each time, 

something that cannot be guaranteed on uneven surfaces in use to date (for example, 

Menz et al., 2003;Thies et al., 2005).  Second, neither right or left foot, nor which step 

along the walkway that is to be perturbed, can be predicted by a subject a priori.  The fact 
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that 44 dummy trials were randomized among the 16 perturbation trials meant that 

subjects likely did not walk in a guarded fashion.  Third, the perturbation contains the 

element of surprise that one so often must deal with when walking on outdoor surfaces.  

Yet, the perturbation is still both natural and familiar for anyone who walks outdoors, and 

so the response is likely overlearned and that is why it demonstrates little practice effect.  

Fourth, the experimental paradigm allowed the effect of age to be explored in a safe 

manner since no one tripped, stumbled or fell or needed to rely on the whole body safety 

harness they wore.  Lastly, the calculation of the delta step kinematics is a change score 

that is normalized to each person’s own unperturbed gait kinematics.  This is based on an 

average of eight medial or lateral recovery steps and more than 20 UnP steps at a steady 

WS. Thus the kinematic changes in the first and second recovery steps can be considered 

reliable.  

We believe that this method of measuring locomotory responses to an underfoot 

perturbation is generalizable to other planes, such as the sagittal plane.  Indeed, even 

though the primary perturbations used in this study were either medial or lateral 

perturbations to a foot, they both also applied a sagittal plane perturbation to gait by 

altering the timing of foot flat following heel strike.  So, it would be possible to use our 

method to place a perturbation at the same location in the frontal plane relative to the 

mid-line of the foot, but place it at different locations in the sagittal plane under the foot, 

thereby delaying or advancing the timing of first mid- or forefoot foot ground contact 

during the foot flat phase of gait.    

We chose not to control WS by asking subjects to walk in time to a metronome, or at a 

certain walking speed.  This is because we wanted each subject to feel comfortable with 

their walking speed given the upcoming perturbation. However, after each trial, the 

custom C++ program provided instantaneous feedback of the mean WS during the mid 

portion of each trial when a steady state WS had been achieved.  If the WS deviated too 

much from the initial trial, the subject was given verbal feedback to increase or decrease 

WS slightly for the next trial. The difference in WS between subjects or groups was not 

significant. The WS we asked for was a little faster than comfortable gait speed, but still 

well within the range of normal gait speed (Bohannon 1997; Oberg et al., 1993). 
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Chapter 7 

 

Effect of Peripheral Neuropathy on the Ability to Recover 

from an Unexpected Underfoot Perturbation while Walking: 

Kinematic, Kinetic and EMG Responses 

 

7.1 Introduction 

Peripheral neuropathy (PN) causes gait instability (Ojala 1985; Krebs 1998; Lord 1991, 

1993, 1994; Corriveau 2000; Menz 2004). Patients with PN are 20 times more likely to 

fall (Richardson et al. 1992; Richardson and Hurvitz 1995) and 15 times to sustain fall-

related injury than age-matched controls (Cavanagh et al. 1992)  

Step width (SW) is a key factor in maintaining frontal plane stability (Bauby and Kuo 

2000). Greater step width variability (SWV) has been linked to a higher fall risk in 

community dwelling elderly (Hausdorff et al., 2001). And several studies have evaluated 

the frontal plane stability of patients with PN during gait.  PN patients exhibit increased 

SW, SWV, and SW range as well as ST and SL when walking at a comfortable gait speed 

on an irregular surface (Richardson et al., 2004).  

Although the construction of an irregular surface in the laboratory or clinic is relatively 

straightforward, it takes up considerable storage space and so is not very practical in a 

clinic or hospital setting.  Furthermore, the underlying mechanisms by which surface 

irregularities affect step kinematics during gait are currently not well understood.  This is 
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because of the difficulty of associating any particular kinematic response with the effect 

of a particular underfoot irregularity because of the possibility of carryover effects from 

perturbation to one or more preceding steps.  Thies et al (2007) were the first to study 

how a a single static medial underfoot perturbation affected inversional acceleration of 

the stance foot and recorded a a decrease in the SW of the first recovery step. However, 

there were methodological limitations in the control of the location of the underfoot 

perturbation. In addition, a subject was able to see the perturbation from afar and prepare 

a response strategy if their foot should land on the perturbation.  So we developed a shoe-

based underfoot perturbation method with better reliability and unpredictability (Chapter 

5, Kim and Ashton-Miller, 2012). 

The three most common metrics of human gait are include step and body kinematics 

during gait, ground reaction kinetics during the stance phase, and electromyographic 

(EMG) activity in the lower limbs (Winter, 1990).  It is known that lateral pelvic 

displacement (LPD) during gait is a unique personal gait characteristics and one 

determinant of how disease affects gait (Saunders, 1953).  Second, ground reaction forces 

and torques of the stance limb permit center of pressure (COP) traces to be measured 

under the stance foot so that they may be compared to whole body center of gravity 

trajectories in order to evaluate, for example, mediolateral gait stability in the elderly 

(Krebs et al., 1998).  Otten (1999) showed that hip joint torques of the stance limb are 

very important for varying the horizontal component of the ground reaction force under 

the stance foot while balancing on a fulcrum in order to bring the whole body center of 

gravity back over the base of support in the frontal plane.  The EMG of ankle frontal 

muscle groups ( m-SOL, PER-L) have commonly been used to evaluate the onset and 

root-mean-square (rms) muscle activity during gait (Sinkjaer et al., 2000; Santilli et al., 

2005).  

There are several knowledge gaps understanding the maintenance of lateral stability 

during gait. Firstly, no one has systematically investigated the relationships between the 

kinetic, kinematic and neuromuscular responses following a single underfoot perturbation.  

Secondly, this information is lacking in patients with PN, even though it might shed light 

on why they have a difficult time walking on uneven surfaces (Richardson et al., 2005).  
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Thirdly, the timing (onset, offset) and magnitude of EMG muscle activity in patients with 

PN have been studied in only a few studies (Kwon et al., 2003).  However, gait stability 

has not been directly evaluated using the frontal muscle EMG activities yet, and its 

relationship with recovery step kinematics remains unknown. Fourthly, there are no 

quantitative measurements of LPD following an unexpected single underfoot perturbation 

or its relation with the severity of PN or step kinematic responses.  One study has 

reported the effect of stroke on LPD and another has given a qualitative description of the 

possible relationship between foot placement and LPD (Dodd et al., 2003).  

So the purpose of this chapter was to investigate: 1) the relationships between the first 

recovery step kinematics, changes in LPD, and ground reaction forces following a 

perturbation to the stance phase of gait, 2) the effect of PN on the neuromuscular and 

kinematic recovery from a single underfoot perturbation, and 3) EMG activation onset 

and EMG magnitude of ankle muscle responses to that perturbation.  

7.2 Methods 

Subjects 

Forty-one old adults with and without peripheral neuropathy (PN) were recruited (16 

healthy old and 25 with PN due to diabetes, age 50-85 yrs, Weight<136 kg) from 

University of Michigan Orthotics and Prosthetics Clinic, Endocrinology Clinic, and the 

Older American Independence Center Human Subjects Core. The test protocol was 

approved by Institutional Review Board and written informed consent forms were 

collected from each subject. Participants passed a telephone screening for both HO and 

PN groups including the following criteria:  

 No accidental fall in the last month 

 No history of significant central nervous system and vestibular 

dysfunction, musculoskeletal deformity.  

 No joint replacements within the last year.  

 No significant musculoskeletal deformity (i.e., amputation or Charcot 

changes),  
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 Normal electrodiagnostic studies.  

 No evidence of vestibular dysfunction 

From initial in-hospital screening, subjects were categorized according to severity of PN 

according to the Michigan Diabetes Neuropathy Score (MDNS) >=10 (Feldman et al. 

1994).  

The Perturbation Shoes  

The Perturbation Shoes are described in detail in Chapter 5 (Kim and Ashton-Miller, 

2012), so they will only be described briefly here.  They are based on a modification of a 

commercial sandal (ACG RayongTM, Nike Inc., Beaverton, OR) and built by a state–

certified orthotist. A flap under the medial or lateral mid-forefoot was silently deployed 

during the swing phase of gait using a linear motor (Fergelli, Inc. Victoria, BC, Canada). 

Once the subject stepped on the perturbation in the next stance phase, the flap was then 

abruptly retracted during the following swing phase. This unpredictable underfoot 

perturbation method has been proven to be reliable, repeatable (Kim and Ashton-Miller, 

2012) and approved by Institutional Review Board for the safety in people at a higher 

risk of falls, such as these subjects with PN.  

Measurement Methods (See Chapter 5)  

A total of eight double differential, wireless, surface EMG electrodes were placed over 

the mid-belly of the right and left hip abductor/adductor (GM:Gluteus Medius, ADD-L: 

Hip Adductor Longus) and ankle inverter/everter muscle groups (PER-L: peroneus 

longus, m-SOL: medial soleus), and sampled at 2 kHz (TrignoTM wireless EMG system 

Delsys Inc., Boston, MA). A optoelectronic triad was formed from three Certus system 

markers to define the 3 translational and 3 rotational movements of the rigid body (i.e. 

triad) . A total of six Certus optoelectronic triads were placed on the chest (bottom of the 

sternum), on the midline between the anterior superior iliac spines, on the anterior aspect 

of the mid-upper and mid-lower leg, and on the midfoot bilaterally.  In addition one 

Certus marker was placed on the first metatarsal and another on the fifth metatarsal 

bilaterally and sampled at 100 Hz (Optotrak Certus system, Northern Digital Inc., 

Waterloo, ON, Canada). Two AMTI 6-axis force platforms measured ground reaction 
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forces under right or left stance foot, when perturbed (OR6-7-2000, AMTI Inc., 

Watertown, MA). 

Human Test Procedures 

Subject were asked to walk at a faster than normal speed as “if they were crossing a busy 

street”. Verbal feedback was given to subjects to adjust their walking speed so that it 

matched their speed on the first trial throughout test session.  The force plate was hidden 

underneath a 3 mm-thick black natural rubber mat (1m wide x 9.15 m long) to prevent 

any unintentional slips during perturbed trials.  Detailed instructions and practice trials 

were given before the main test started. The baseline measurements were collected before 

the test from 1) force plate with and without the subject standing quietly, 2) baseline 

EMG levels from both relaxed and maximally contracted ankle and hip muscles, and 3) 

relative marker triad locations during quiet standing with respect to 20 body landmarks 

(Acromion, Anterior Superior Iliac Spine, Head of Fibula, Medial and Lateral Maleolus, 

1st and 5th metatarsal, Calcaneus (Left and right), and Bottom and top of Sternum (center). 

The subject then performed 60 walking trials which included a total of 16 perturbed trials 

(4 right foot - medial (RM), 4 right foot - lateral (RL), 4 left foot - medial (LM), and 4 

left foot - lateral (LL) perturbations ) presented in a randomized order.  

Data Analysis  

The change (or “delta”) variables were defined to show the difference between the mean 

of the first medially-perturbed (MP1) or first laterally-perturbed (LP1) recovery step 

outputs and the mean unperturbed (UnP) step outputs for each subject, as shown in (1).  

)1(cov1 stepdunperturbesteperyrest XXX   

where X denotes each kinematic (SW, SL, ST), kinetic (Fhorizontal and Fvertical ), body 

kinematic ( LPD ) and electromyographic (raw and rms EMGPer-L, EMGm-SOL) 

measurements. 

Thus the delta parameters indicate how much the first recovery step changes during a 

perturbed stance phase from unperturbed gait.  Pearson linear correlation coefficients and, 

on the assumption of normality,  repeated measures ANOVA were used to study 
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relationships and differences among gait trials (Matlab 2011a Statistical ToolboxTM, The 

Mathworks, Inc., Natick, MA). A p-value less than 0.05 was considered significant. 

 

7.3 Results 

7.3.1 The First Medially Perturbed Recovery Step Responses 

Step Width and Lateral Pelvic Displacements 

In the first medially perturbed (MP1) recovery steps, PN had significantly wider SW (p = 

0.028, HO: 16.4  (2.9) cm, PN:19.7 (3.9) cm), and larger LPD ( p=0.026, HO: 4.0 (1.3) 

cm, PN: 5.6 (1.8) cm ) in the first recovery medially perturbed gait than HO did. There 

were no significant difference ΔSW, ΔSL and ΔST in the first MP step, compared to 

unperturbed steps in either HO or PN. Lateral pelvic displacement during medially 

perturbed stance limb was significantly different between HO and PN, as shown in Figure 

7-1. 

 

Figure 7-1. Boxplots and scatter plots of step width (SW) and lateral pelvic displacement 

(LPD) for the 1st medially-perturbed (MP1) steps.  
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As shown in Figure 7-2, in MP1, there was a strong positive correlation between ΔLPD 

and ΔSL (R=0.554, p<0.003) and ΔST (R=0.695, p<0.001) in the 1st MP recovery step.  

Figure 7-2. Pearson’s linear correlation coefficients and least-square regression line 

between ΔStep Kinematics (ΔSW, ΔSL, ΔST) and ΔLPD in the 1st MP (MP1, A) 

recovery step.  

 

Kinetic Responses 

The severity of PN correlated negatively with the off-loading of the perturbed stance limb,  

as shown in Figure 4 than HO. ( R = -0.46 ( p=0.018 ))  Horizontal (Fhor) and vertical 

(Fver) components of the ground reaction force (GRF) in the frontal plane during 

perturbed stance phase correlated significantly with ΔStep Kinematics (ΔST (ΔFver: 

R=0.54 (p=0.004), ΔFhor: R=0.42(p=0.030)) and ΔSL (ΔFhor: R=0.55(p=0.003)) ), and 

strongly correlated with ΔLPD (ΔFhor: R=0.57 (p=0.002)). Both ΔFhor and ΔFver were 

little correlated with ΔSW.  
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Figure 7-3. Pearson’s linear correlation coefficients and least-square regression line (top) 

for severity of PN vs vertical ground reaction force of the perturbed stance limb, (2-4th 

rows) delta step kinematics, and (5th row) delta lateral pelvic displacement against 

horizontal (Fhor) and vertical (Fver) components of ground reaction forces for the first 

medially-perturbed (MP1) recovery steps.  
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Neuromuscular Responses 

There was a significant effect of disease on rms peroneal EMG levels. In medially 

perturbed (MP1) stance limb, the peroneal rms EMG strength in HO was significantly 

larger than for an unperturbed step (mean +29.7 % for HO).  Per-L for both PN and HO 

was activated earlier in MP1 than in the unperturbed stance limb (mean -28.5 ms for HO, 

-36.6 ms for PN) . No significant changes were observed in m-SOL activation onset time 

and rms EMG strength for either HO or PN groups.  

 

Figure 7-4. Boxplots with scatter plots of Δrms EMG amplitude and Delta raw RMG 

onset in ankle muscle groups (Per-L: Peroneus Longus, m-SOL: medial soleus) in the 

first medially-perturbed (MP1: A) and laterally-perturbed (LP1: B) recovery step in HO 

and PN. * denotes the significant difference from unperturbed (UnP) outputs. Bracket 

denotes the significant difference between groups (HO vs PN).  
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perturbation.  The lateral pelvic displacement after a medially perturbed stance limb was 

significantly different between HO and PN, as shown in Figure 7-5. 

 

Figure 7-5. Boxplots and scatter plots of step width (SW) and lateral pelvic displacement 

(LPD) for the 1st laterally-perturbed (LP1) steps.  
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Kinetic Responses 

There was no significant correlation observed between severity of PN and horizontal (Fhor) 

and vertical (Fver) components of ground reaction force (GRF) in frontal plane during 

perturbed stance phase. There was a significant correlation between horizontal GRF and 

step length changes in the first laterally perturbed (LP1) recovery step.  

 

Figure 7-7. Pearson’s linear correlation coefficients and least-square regression line (top) 

severity of PN vs vertical ground reaction force of the perturbed stance limb, (2-4th rows) 

delta step kinematics, and (5th row) delta lateral pelvic displacement against horizontal 

(Fhor) and vertical (Fver) components of ground reaction forces for the first laterally-

perturbed (LP1) recovery steps.  
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Neuromuscular Responses 

In the laterally perturbed (LP1) HO stance limb,  Per-L was activated significantly more 

strongly and m-SOL activated significantly less strongly than in unperturbed stance limb 

(Per-L: ave +9.1%, m-SOL: ave -10.7%). In PN, however, there no significant changes in 

activation onset time in Per-L and m-SOL (Per-L: ave +3.6%, m-SOL: ave -4.4%).  In 

HO, Per-L was activated significantly later during a LP1 than in unperturbed gait (+39.1 

ms).  

 

Figure 7-8. Boxplots with scatter plots of Δrms EMG amplitude and Delta raw RMG 

onset in ankle muscle groups (Per-L: Peroneus Longus, m-SOL: medial soleus) in the 

first medially-perturbed (MP1: A) and laterally-perturbed (LP1: B) recovery step in HO 

and PN. * denotes the significant difference from unperturbed (UnP) outputs. Bracket 

denotes the significant difference between groups (HO vs PN).  

 

7.4 Discussion  

We have systematically investigated the relationships between LPD and step kinematics 

(especially SW), step dynamics, and neuromuscular responses in the perturbed stance 
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limb within the context of increasing PN severity.  We have demonstrated a possible 

explanation for LPD based on the placement of the recovery foot following an 

unexpected single underfoot perturbation.  

The main finding in this chapter is the effect of PN on LPD and SW during perturbation 

of the stance foot. The two primary findings are 1) the relationships between LPD, the 

kinematic step parameters, and the stance limb ground reaction shear forces, and 2) the 

effects of PN effects on EMG responses during the first recovery step following a MP or 

LP.  

PN patients exhibited considerably wider SW and larger LPD than the controls during 

MP1 and LP1 recovery steps compared to unperturbed steps. This finding is consistent 

with PN having a wider SW both on smooth and irregular surfaces.  As Chen et al. (1994) 

showed in a virtual obstacle avoidance task, the success rate achieved in avoiding the 

obstacle decreased as the available reaction time (ART) was decreased.   If PN slows the 

response to an underfoot perturbation, there will systematically be less time for PN 

patients than HO to organize a suitable response during the time available before their 

recovery foot heel strikes the ground.    

Wider SW and a larger LPD were commonly observed both in MP1 and LP1 recovery 

steps.  However, the underlying relationships for MP1among delta step kinematics, delta 

ground reaction force, and delta step kinematics were quite different from those in LP1. 

ΔLPDMP1 had strong positive correlation with ΔST and ΔSL in step kinematics, ΔFhorizontal 

and ΔFvertical in GRF of perturbed stance limb, whereas no such relationship was observed 

for LP1. One explanation might be that the lateral underfoot perturbation was located near 

the trajectory of the underfoot COP during the perturbed stance phase, so additional 

muscles (i.e., anterior tibialis, hamstring, and calf muscles) can be used to control gait in 

the sagittal plane without affecting mediolateral stability.  

The vertical component of delta ground reaction force (ΔFver) in perturbed stance limb 

was closely related to limb kinematics.  Indeed ΔFver was significantly correlated with the 

severity of PN.  Apparently PN subjects compensated for their loss of ankle muscle 

control by simply offloading the perturbed foot as quickly as possible.  
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Considering the onset and magnitude of ankle EMG responses, it is a reasonable 

assumption that PN generate less ankle eversion torque in medially perturbed (MP1) 

stance limb than HO.  There was no significant difference between HO and PN in the 

onset activation time of Per-L after heel strike of perturbed limb. However, as shown in 

Figure 7 ̵̶ 4, the rms EMG magnitude of medially perturbed Per-L in PN was significantly 

less than that in HO. And m-SOL exhibited no significant MP1 changes in the magnitude 

and onset time for both HO and PN. Consequently, we can infer that PN patients 

generated relatively less force in Per-L than HO for MP, even if there was no direct 

measurement of ankle torques.  

EMG in the laterally perturbed (LP1) stance limb (Figure 7-8)  showed that Per-L was 

activated rapidly and strongly compared to the unperturbed case. The onset of Per-L in 

LP1 has the opposite trend than for a MP1 perturbation – faster in MP1 and slower in LP1. 

By controlling the activation onset, HO seemed to successfully generate the counter 

torque when reacting to an everted ankle,  yet PN did not do so. This is the first time that 

an ankle response strategy has been shown clearly in HO and it absence has been shown 

in PN patients.  

In order to react to an underfoot perturbation successfully during stance, the required 

torques in the target joint (i.e., ankle inversion/eversion torque) depends on the activation 

onset and activation of target muscle group.  In the case of the medially perturbed limb, 

for example, to generate sufficient ankle eversion torque, the onset and magnitude of Per-

L should either be earlier or stronger or both than in normal gait in order to prevent an 

ankle sprain.  

However, the available reaction time (ART) to generate ankle torque is limited during 

perturbed stance. It is known that the muscle activation duration during one gait cycle is 

around 15 to 35% for Per-L and SOL (Prince 1997).  Based on data from the present 

study (vmean = 1.26 m/s), the ART window is only 92 to 214 ms for Per-L and m-SOL 

before the next heel strike. If the activation was postponed or tardy within the given ART 

for the perturbed limb, then the perturbed ankle would fail to generate sufficient torque to 
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overcome the underfoot perturbation.  If PN uses an ankle response strategy, there will be 

higher probability of failing to respond in time to an underfoot perturbation because of 

nerve damage to the largest fastest and longest neurons in the lower extremity. As seen in 

the EMG activation responses, the PN patient exhibited the loss of an effective ankle 

response to the underfoot perturbation  

The changes (“delta”) in step kinematics, dynamics and myography  ( ΔStep, ΔForce, 

ΔEMG ) were quite effective in demonstrating the magnitude of changes in responses to 

an underfoot perturbation compared to unperturbed gait.  In neuropathic gait, for example, 

a greater LPD and wider SW in the first recovery step helped illustrate the disease effect.  

Since the swing limb dynamics offer relatively little potential for helping to recover 

frontal plane balance (Otten, 1999), the changes in the kinematics of the swing limb were 

not considered in this study.  Is it possible that the balance problems that patients with PN 

describe when walking on uneven ground might simply be attributable to a different 

locomotion strategy adopted to compensate for the PN, rather than an increased feedback 

loop delay due to loss of afference and muscle strength?  It seems unlikely.  For example, 

Thies et al. (2005) did not find evidence that PN tripped more than healthy controls when 

walking on a standardized uneven surface, so their foot clearance would not appear to be 

less than normal.  And in the present study, PN subjects did not trip more than the healthy 

older adults when the underfoot foot was deployed.   

Strengths and Limitations  

Strengths of this study are the well characterized nature of the PN in these patients, the 

innovative method for perturbing gait using randomized single perturbations, and the set 

of measures used to quantify the responses to the perturbation.   

Weaknesses include the use of only a self–controlled gait speed (to which a subject had 

to adhere via verbal feedback from the experimentor based on the measured speed of the 

first trial).  But it would have been desirable to run the same MP and LP tests at fixed gait 

speeds such as 1.0, 1.25 and 1.5 m/s.  But this would have risked inducing both mental 

and physical fatigue in these subjects given the number of trials, and that would have 

confounded interpretation of the results.  For simplicity, we only considered frontal plane 
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body kinematics; it is a weakness that sagittal and transverse plane kinematics and 

dynamics were not studied.  It is also a limitation that a full whole body kinematic and 

dynamic study of gait was not conducted.  Moreover it is a pity that we could not record 

reliable EMG activity in the gluteus medius (hip abductor) or adductor longus (hip 

adductor) muscles, because this would have helped with interpreting how disease affects 

hip and ankle responses to the MP and LP perturbations.  

Nonetheless, the study provides useful insights into how PN affects the ability to respond 

to underfoot perturbations during gait.  The results will have to be replicated by other 

researchers before one can be certain of the interpretation of the EMG data in particular. 
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Chapter 8 

 

The Relationship between Lower Extremity Frontal Plane 

Muscle Capacities and Step Width Responses to an 

Underfoot Perturbation in Older Subjects with and without 

Peripheral Neuropathy 

 

8.1 Introduction  

Peripheral neuropathy (PN) is known to adversely affect the longest nerve axons of the 

peripheral nerves (Dumitru, 2002). The loss of type II muscle fibers leads to decreased 

muscle mass and longer muscle response latencies in the elderly with PN (for example, 

Barry et al., 2004). Reduced ankle rate of torque development (RTD) in PN decreases the 

ability to recover from lateral balance perturbation (for example, Gutierrez et al., 2001).  

Step width (SW) is known to be a key gait parameter in maintaining frontal plane 

stability during locomotion (Bauby and Kuo, 2000).  PN with distal sensory and motor 

loss have shown unstable gait in frontal plane when crossing uneven surfaces, displaying 

greater SW, SWV and range of SW (Menz, 2003; Thies et al., 2005).  A larger lateral 

pelvic displacement and wider first recovery step width following an underfoot 

perturbation in PN is suggestive of unstable frontal plane gait responses (Chapter 7). 
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One might posit that elderly with PN, who have longer latencies in muscle strength 

development, should may fail to respond to an unexpected underfoot perturbation within 

the given available response time (ART) after their stance phase is perturbed. However 

no studies have been published on the relationship between lower limb motor capacities 

and recovery step widths to a single unexpected underfoot perturbation.  

So our working hypotheses are that 1) rate of strength development in frontal plane lower 

limb musculature decreases as symptoms of PN progress, and 2) peroneal EMG muscle 

response decreases as PN gets more severe when a medial underfoot perturbation affects 

the stance phase.  Specifically, we tested the hypothesis that 3) response latencies in PN 

frontal plane lower limb musculature may change but not the first recovery SW, and 4) 

decreased hip and ankle rate of strength development in PN adversely affects the second 

recovery SW following a single underfoot perturbation.  

8.2 Methods 

Subjects 

Forty-one old adults were recruited from University of Michigan Orthotics and 

Prosthetics Clinic, Endocrinology Clinc, and the Older American Independence Center 

Human Subjects Core. Participants passed telephone screening as described in Chapter 7. 

Based on Michigan Diabetes Neuropathy Score (MDNS) measured from initial in-

hospital screening, they were categorized into three groups (11 healthy old (HO: 

MDNS=0), 9 mild PN (mPN: MDNS<10) and 22 with distal symmetric peripheral 

neuropathy (PN: MDNS >=10 ) due to diabetes, (Age 50-85 yrs, Weight<136kg) 

(Feldman et al., 1994), Test protocol was approved by Institutional review board and 

written consent forms were collected at site.  

Physical Capacities (See Chapter 2 and 3)  

Ankle inversion/eversion proprioception threshold were measured while subjects were 

standing using a foot cradle system (40 x 25cm) that rotated in frontal plane 

(Inversion/Eversion) and a staircase series of 100 rotational stimuli (Son 2010). Ankle 
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muscle maximum strength and rate of strength development were measured when 

subjects stood on the test foot on a force plate (Advanced Mechanical Technology, Inc. 

OR-6) and moved as quickly as possible the center of pressure from the lateral to medial 

side of the foot, then to the lateral side (Gutierrez et al., 2001) and repeated five times on 

each verbal cue from test administrator. For hip motor function, a custom, whole-body 

dynamometer (BioLogic Engineering, Inc. Dexter, MI) was used to measure maximum 

voluntary strength and rate of torque development of hip musculature in the frontal plane 

(Smeesters et al., 2001). Strength data were normalized by subject’s height and weight.  

The Perturbing Shoe (see Chapter 5)  

The perturbing shoe method were developed using commercial sandal (ACG RayongTM, 

Nike Inc., Beaverton, OR). Before beginning of the main test, detail instructions and 

practice trials were presented to the subject and baseline measurements were collected 

from muscle EMG, ground reaction force, and optoelectric markers in relaxed and 

maximal ankle and hip muscles (Chapter 7).  Subjects were asked to walk at a ‘faster than 

normal speed’ as if they are crossing busy street. Spontaneous verbal feedback was given 

for subjects to adjust walking speed throughout test session. A flap under the medial or 

lateral mid-forefoot shoe sole was silently deployed during a single swing phase using a 

linear miniature actuator (Fergelli, Inc. Victoria, BC, Canada).  Once the subject stepped 

on the perturbation in the following stance phase, then the flap is retracted in the next 

swing phase. Among 60 walking trials, a total of 8 medially (4 for right foot/4 for left 

foot) and 8 laterally (4 for right foot/4 for left foot) perturbed trials were presented in a 

randomized order. This unpredictable underfoot perturbation method has been proven to 

be reliable, repeatable (Kim and Ashton-Miller, 2012) and approved by Institutional 

Review Board as safe to test people with an elevated risk of falls, such as subjects with 

PN.  All subjects completed written informed consent forms. 
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Statistical Analysis 

The change (or delta) variables were defined to show the difference between the mean of 

the first medially-perturbed (MP1) or first laterally-perturbed (LP1) recovery step outputs 

and the mean unperturbed (UnP) step outputs for each subject as shown in (1).  

)1(cov1 stepdunperturbesteperyrest XXX   

where X denotes each kinematic (SW, SL, ST), kinetic (Fhorizontal and Fvertical ), body 

kinematic ( LPD ), and electromyographic (EMGPer-L, EMGm-SOL) measurements. Thus 

the delta parameters indicate how much the first recovery step changes during a perturbed 

stance phase from unperturbed gait.   

A generalized linear model was used to study contributions of physical capacities 

( Independent variables: Ankle inversion/eversion, hip adduction/abduction MRTD and 

MVC, Ankle proprioception threshold ) and kinematic responses (first and second 

recovery SW and ΔSW) in response to an unexpected underfoot perturbation (Matlab 

2011a Statistical ToolboxTM, The Mathworks, Inc., Natick, MA).  Independent repeated 

measures ANOVA analyses were also run.  A p-value less than 0.05 was considered 

significant. 

8.3 Results 

Ankle and Hip Maximum Rate of Torque Development 

Normalized hip and ankle maximum rate of torque development (MRTD) showed a 

significant difference between HO and PN groups (PN and mild PN) (Figure 8-1):  

(Hip abduction MRTD ( HO: 0.648 (0.309), mild PN: 0.344 (0.193), PN: 0.342 (0.152) ), 

Hip adduction MRTD ( HO: 0.750 (0.290), mild PN: 0.363 (0.267), PN: 0.413 (0.188) ), 

Ankle inversion MRTD ( HO: 0.235 (0.096), mild PN: 0.096 (0.051), PN: 0.105 (0.067) ), 

Ankle eversion MRTD ( HO: 0.279 (0.140), mild PN: 0.155 (0.062), PN: 0.144 (0.078) ).  
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Figure 8-1 Bar graphs with scatter plots of maximum rate of torque development 

(MRTD) in ankle (Inversion/Eversion) and hip (Abduction/Adduction) movement in 

frontal plane. HO denotes healthy old with Michigan Diabetic Neuropathy Score (MDNS) 

= 0, mPN denotes mild Peripheral Neuropathy with 0<MDNS<10, and PN denotes 

peripheral neuropathy with MDNS ≥10. P-values in brackets were calculated using rm-

ANOVA.  
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Figure 8-2 Boxplots with scatter plots of recovery Δstep kinematics 

( stepdunperturbesteperyrest XXX  cov1 ) following a single underfoot medial perturbation 

(MP) or lateral perturbation (LP) in three groups ( HO ( MDNS =0 ), mild PN ( 0< 

MDNS <10 ), PN ( MDNS ≥10 )). * denotes significantly different recovery step 

width compared to unperturbed step width using rm-ANOVA (α < 0.03 ). MPn or LPn 

denotes nth recovery step following a MP or LP.  

 

Recovery Step Widths 

Figure 8-2 shows recovery step width changes following either medial (first row) or 

lateral (second row) underfoot perturbation. There were no significant changes in HO 

up to fourth recovery step widths. The recovery step widths in PN groups were 

altered in wider second (mild PNand PN) and narrower fourth step width (PN) for MP 

and narrower second and third step widths (mild PN and PN) for LP.  
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Peroneal Responses 

The peroneal responses in rms EMG amplitude and raw EMG onset were different on 

the first MP recovery step in three groups with respect to severity of PN (Figure 8-3). 

HO and subjects with mild PN had significantly larger rms EMG amplitudes during 

the perturbed step than unperturbed step (mean (sd): HO: 0.15 (0.12), mPN: 0.20 

(0.13);  PN: 0.05 (0.09)).  HO had significantly earlier raw EMG onset than 

unperturbed muscle (mean (sd): HO: -46.3 (44.9) ms; mPN: -18.1 (38.2) ms, PN: -

21.5 (45.9) ms ).  In PN, there were no significant changes in peroneal EMG 

amplitude and activation onset during the first and second recovery steps, compared 

to unperturbed step. In the second recovery step, the peroneal EMG activities were 

not significantly changed for any of the three subject groups.  

 

Figure 8-3. Boxplots and scatter plots of ΔEMG ( stepdunperturbesteperyrest XXX  cov1 ) 

(rms) amplitude (left three columns) and ΔEMG (rms) onset (right three columns) in 

ankle muscle groups (Per-L: Peroneus Longus, m-SOL: medial soleus) in the first 

medially-perturbed (MP1) recovery step in three groups ( HO ( MDNS =0 ), mild PN ( 0< 

MDNS <10 ), PN ( MDNS ≥10 )). * denotes the significant difference from unperturbed 

(UnP) outputs. Bracket denotes the significant difference between groups (HO vs PN) 

using rm-ANOVA (α <0.03 ). 
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Generalized Linear Model  

Using a generalized linear regression model, the first and second step widths (SW and 

ΔSW) were predicted from physical capacities such as hip abduction/adduction MVC and 

MRTD, ankle inversion/eversion MVC and MRTD, and ankle proprioception thresholds. 

Hip abduction and ankle inversion MVCs estimated the change in the second medially 

perturbed step width (Hip Abduction MVC beta:-60.8 (p=0.039), Ankle inversion MVC: 

beta:-200.6 (p=0.025)). Ankle inversion MRTD is the most important predictor of the 

first medially perturbed step width (R= –0.354 (p=0.002)) and there was a significant 

peripheral neuropathy effect on normalized ankle inversion MRTD ( HO vs mPN: 

p=0.002, HO vs PN: p=0.001 ) as shown in Figure 8-4.  

 

Figure 8-4 Scatter plot with regression line (left) calculated with Pearson correlation 

coefficients. Ankle inversion maximum rate of torque development (MRTD) significantly 

predicted the first medially perturbed (MP1) step width (SW) (R=-0.354 (p=0.002)). Bar 

graphs with scatter plots are shown at right for normalized ankle inversion MRTD in 

0 0.1 0.2 0.3 0.4

6

8

10

12

14

16

18

20

22

24

26

Ankle Inversion MRTD

S
W

M
P1

 (
cm

)

R=-0.354 (P=0.002)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

N
or

m
. 

A
nk

le
 I

nv
er

si
on

 M
R

T
D

 HO      mild PN     PN

Ankle Inversion

p=0.002

p=0.001



115 
 

three groups (HO: healthy old (MDNS=0), mPN: mild peripheral neuropathy 

(MDNS<10), PN:peripheral neuropathy (MDNS≥10) ).  

8.4 Discussion  

This study showed that decreased physical capacities in the PN lower limb significantly 

affected recovery step width responses to an underfoot perturbation. We showed that an 

absence in peroneal responses to an underfoot perturbation altered the recovery SW 

pattern in PN groups. PN subjects also had a slower rate of strength development in hip 

and ankle muscles than HO.  So the PN subjects took longer than HO did to generate a 

given torque to counteract rolling an ankle in response to a medial or lateral underfoot 

perturbation. These muscle latencies in PN may result in a failure to respond within the 

available response time following the perturbed stance phase and before the upcoming 

heel strike. PN had noticeably weak and slow peroneal EMG responses for the medially 

perturbations of the stance phase.  

In addition, using a generalized linear regression model, the ankle inversion maximum 

rate of torque development was found to be the most important predictor for the first 

post-MP recovery step width. For the changes in the second recovery step width, 

compared to an unperturbed step width, maximum hip abduction strength and ankle 

inversion strength were the two most significant lower limb physical capacity predictors 

of step width in the subjects with and without peripheral neuropathy. 

Ankle muscle strength development is the most important predictor of first recovery SW. 

Then for changes in the second recovery SW, maximum strength ankle and hip strengths 

are the two most important predictors among all the lower extremity sensory and motor 

capacities.  

Otten showed that when balancing unipedally on a narrow sagittal fulcrum, the frontal 

plane moment at the hip is more effective than the contralateral swing limb hip ytorque or 

torque about the spine, neck or shoulder  in developing the largest horizontal component 

of the ground-reaction force to direct the recovery moment about the whole body center 
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of mass (Otten 1999).  The findings from our generalized linear model were consistent 

with Otten’s finding. When PN loses distal sensory and motor capacities in ankle, the 

most significant capacity turned out to be hip joint muscle strength to maintain frontal 

plane stability for the second recovery step.  

 

Figure 8-5 Pearson linear correction between the “second” medially perturbed (MP2) 

ΔSW (i.e. dunperturbeonperturbatipostst StepStepStep  1  
in Step Width (cm)) and the “off” 

accuracy in the manual recognition reaction time measurement (%).  

During gait, the lower limb muscle response to an underfoot perturbation must preferably 

be executed before the next heel strike (Chapter 5-8).  So the ‘available response time’ 

(ART) arguably is the time from the underfoot perturbation  to the next heel strike 

measuring about half a second (e.g., mean step time of medially perturbed gait (STMP1), 

HO: 500.9 (ms), mPN: 518.6 (ms), PN: 518.1 (ms)).  

Chen et al (1994) showed that the rate of success (RS) to avoid a gait perturbation 

decreases as available response time (ART) is decreased.  Older adults had a significantly 

lower rate of success (RS) in avoiding a virtual underfoot obstacle than young adults at 
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the same ART.  Using the same rationale, PN may have lower RS than HO at the same 

ART since PN takes more time to generate a certain level of torque to an underfoot 

perturbation than HO, due to slower rate of torque development in lower limb. The 

slower muscle response latencies to an underfoot perturbation may explain the absence of 

PN peroneal EMG responses during perturbed steps. The latencies certainly resulted in 

evidence of frontal plane gait instability in the second recovery step (Figure 8-2 and 8-3).  

Similarly, in the manual reaction time test (Chapter 4), the time it takes the apparatus to 

strike the floor after its release by the examiner is also the ART (about 400 ms in this 

case). As the ‘off’ accuracy in the manual reaction time test is indicative of inhibitory 

function (Chapter 4), the ‘off’ accuracy could be a simple indicator of the inhibitory 

function during gait perturbation task if the gait task involves a cognitive response. 

Figure 8-5 showed one possible application of the manual reaction time test. There was 

strong correlation between the second recovery step width change and the ‘off’ accuracy 

of manual reaction time. Besides, all subjects who had less than 50% ‘off’ accuracy took 

significantly wider SW in the second recovery step following a medial underfoot 

perturbation and 91.7% of those subjects had symptoms of PN.  

Strengths and Limitations  

By presenting precisely controlled underfoot perturbation and collecting synchronized 

EMG and optoelectric measurements, we successfully presented an underfoot 

perturbation to all subjects with or without peripheral neuropathy.  

To present an identical ART to every subject, it was a weakness that we used self-

selected gait speed. However, there was no significant difference in walking speed 

between subject groups (i.e. HO, mPN, PN), so this may not be a significant limitation. 

Since delta step kinematics gave the same relative difference between unperturbed and 

perturbed gait responses in each subject, we successfully described the kinematic changes 

from perturbed gait for all subjects with and without peripheral neuropathy.  
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Group sizes were relatively modest, and not large enough to assess gender differences 

reliably, so this study and its results should be replicated by other investigators before the 

findings are accepted. 
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Chapter 9 

 

Effect of a Vocal Choice Reaction Time Task on the Kinematics of 

the First Recovery Step after a Sudden Underfoot Perturbation 

during Gait. 

 

[Accepted in Gait and Posture, 2012] 

 

9.1 Introduction 

Stepping unexpectedly on a discrete raised object can destabilize gait to a significant 

degree, even in young adults (Thies et al., 2007).  Since natural gait surfaces are typically 

uneven, such occurrences are not uncommon.  As such, balance during walking is often 

challenged and trips, as well as slips, have been implicated in the causation of the 

majority of falls (Berg et al., 1997).  

It is not uncommon to have to divide one’s attention during gait (Chen et al., 1996).  

Several lines of evidence support a connection between attention and gait.  Measures of 

executive function, of which attention is a specific example (Stuss et al., 2002), show a 

correlation with changes in gait performance. In the InCHIANTI study, the gait speed of 

participants with poor scores in trail-making, was significantly slower over an obstacle 

course than that of those with good scores (Ble et al., 2005). Gait derangements have 

been consistently reported in pathological states characterized by the deterioration of 

attention.  Thus, children suffering from attention-deficit hyperactivity disorder walk with 

greater stride-to-stride variability and this deficit is alleviated by treatment with attention-

enhancing medication (Keitner 2007).   In demented older adults, slower gait speed and 
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shorter step length have been documented, in comparison with age-matched healthy 

controls (Tanaka et al., 1995).  

Perhaps the most common investigative approach to the question of the interplay between 

attention and gait is the dual-task experimental paradigm in which attentional resources 

are challenged by requiring the simultaneous performance of an attention-demanding task 

during gait (Chen et al., 1996).  Since attention is a finite resource, interference would be 

expected to occur between both tasks if gait too utilized attention, the so-called dual-task 

cost or decrement (Chen et al., 1996; Perry et al., 1999; Tombu et al., 2003).  In everyday 

life, it is common for human beings to engage in multitasking, such as chatting and 

watching out for traffic while crossing a street with a friend.  Indeed, the seminal studies 

of Lundin-Olson and colleagues showed that talking, for example, does interfere with 

walking (Lundin-Olsson et al., 1997).  In general, the more complex the gait task, the 

greater the demand on attentional resources (Lajoie et al., 1993; Verhaeghen et al., 2002).  

In dual task studies, participants have usually walked on a regular or instrumented 

walkway while performing such tasks as carrying on a conversation (Lundin-Olsson et al., 

1997), responding to auditory or visual stimuli (Sparrow et al., 2002), reciting animal 

names (Dubost et al., 2006), spelling (Hollman et al., 2007) or counting backwards 

(Beauchet et al., 2005).  To the extent that we are aware, only one method, namely 

obstacle negotiation, has been used to complicate the gait task in the presence of divided 

attention (Chen et al., 1996; Schrodt et al., 2004; Siu et al., 2008AB; Harley et al., 2009).  

However, with the exception of Chen et al. (1996) the obstacles were fixed in position 

and foreseeable.  In the present study, we report a novel method for challenging gait 

which has the added merit of unpredictability.      

The purposes of the investigation were to examine the stepping responses of young adults 

to an unexpected gait challenge posed by a sudden underfoot perturbation and to better 

understand the interaction between the performance of such a complex gait task and 

simultaneous vocal choice reaction.  It was hypothesized that the greater attentional 

demand of controlling gait in a challenging dual-task situation would significantly affect 
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recovery step kinematics following the underfoot perturbation, as well as the vocal choice 

reaction during that recovery, compared to the case when attention is not divided.  

 

9.2. Subjects and Methods  

Subjects 

Thirty-two healthy young subjects (17 males, 15 females; age: 22.1±3.3 years; height: 

172.9±7.5 cm; weight: 72.6±17.5 kg; body mass index: 24.1±4.7) were recruited through 

the University of Michigan Clinical Studies Volunteer Network. They were screened by 

telephone for neurological or musculoskeletal disorders such as  stroke, peripheral 

neuropathy, head trauma, persistent dizziness, visual impairment not correctible with 

prescription glasses, diabetes mellitus, flaring osteoarthritis, amputation, spinal surgery, 

muscle and bone mineral disease.  Pregnant female volunteers were also excluded.  

Before the walking trials, a written informed consent to participate was obtained and a 

focused physical examination of the neuromuscular system was performed.  Peripheral 

neurological intergrity was clinically evaluated as described  by Richardson21.  

Outstretched upper extremities were assessed for pronator drift.  Unipedal stance and 

Romberg tests were also performed. 

For safety during the walking trials, subjects wore a harness attached to a track in the 

ceiling. In addition, a staff member walked alongside as spotter.  Approval to use human 

subjects was obtained from the University of Michigan Institutional Review Board 

(HUM 00016379). 

 

Perturbing Shoes 

Participants wore specially designed footwear (Fig. 9-1) (Kim 2012).  Nike sandals (ACG 

Rayong ) were modified by an orthotist who replaced the sole with a customized sole.  

Hidden in a recess under the intermetatarsal joints of the forefoot were two retractable 

aluminum flaps, each 18.4 mm high, centered 20 mm on either side of the foot axis.  

Each flap was connected via a flexible shaft to a low-voltage DC linear actuator (Firgelli, 
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Inc., PQ-12) housed in a heel recess. In any particular swing phase, either flap could be 

remotely triggered to emerge and deploy into a quasi-parasagittal plane during the swing 

phase of the gait cycle within 400 ms.  The trigger mechanism was automated so as to be 

controlled by a custom-developed C++ program (Visual Studio 2008, Microsoft, Inc., 

Redmond) which uses Optotrak Application Programming Interface (Northern Digital 

Inc., Waterloo, Canada).  

 

Figure 9-1. Top figure (A) shows the anterior view of the perturbing shoe in three 

orientations during midstance: left - lateral flap (dotted circle) deployed; middle - no flap 

deployed; right - medial flap (dotted circle) deployed. Note eversion at left and inversion 

at right. Lower figure (B) illustrates the change in stance phase ankle inversion angle in a 

sample unperturbed trial (middle solid line), with medial perturbation (upper dotted line) 

and with lateral perturbation (lower dashed line). (0 degrees denotes neutral; + denotes 

inversion; and - denotes eversion). 
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When the subject stepped on the midfoot during the next stance phase with the flap 

deployed, the medial or lateral foot sole would be perturbed to a 16-degree inclination in 

the frontal plane, depending on the flap deployed.  The usual center of pressure (CoP) 

path under the shoe shifts abruptly as a result.  A sample tracing of inversion and 

eversion angles is shown in Fig. 9-1.  

The change in CoP trajectory often elicited a response consisting of a change in the 

length, width or time of the first post-perturbation (recovery) step from the kinematics of 

unperturbed gait.  The flap is fitted with a ground contact sensor and retracts at toe-off, 

not to be deployed again in the remainder of that gait trial.  In a pilot study, the perturbing 

shoes showed good test-retest reliability (average intraclass correlation coefficient:  0.834) 

(Kim, 2012). 

 

Experiment 

Three tests were administered: gait perturbation, vocal choice reaction, and gait 

perturbation with vocal choice reaction.  The gait perturbation tests (with and without 

vocal choice reaction) each comprised a total of 30 walking trials along a 6-m level 

walkway. The subjects were told to ambulate at purposeful speed (“as though you were 

going to mail a letter”) and that a single perturbation would be presented to one foot or 

the other during trials randomly selected by a computer.  In the event, 12 of the 30 trials 

were perturbed, three each for right foot-medial (RM), right foot-lateral (RL), left foot-

medial (LM) and left foot-lateral (LL), in randomized order.  Baseline step parameters 

were obtained from 4 steps at steady-state gait speed during the unperturbed trails.  Data 

collection was preceded by 30 practice trials, with and without perturbation. 

An Optotrak Certus motion analysis system (Northern Digital, Inc.) was used to acquire 

three-dimensional data at 100 Hz from 28 infrared-emitting diode markers placed at bony 

landmarks in each foot (5), leg (3), thigh (3); the pelvis (3) and mid-sternum (3).  Foot 

switches on the perturbing shoe detected every heel strike. Two force plates along the 

walkway measured ground reaction force.  Foot switch and force plate data were 

collected at 2 kHz.  In addition, surface electrodes were placed on ankle invertors and 
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evertors as well as hip abductors and adductors to record the temporal onset and offset of 

muscle firing sequences relative to the perturbation.  

In the vocal choice reaction time test, the participants listened to ten 200 ms-long tones of 

either high (1,047 Hz) or low (33 Hz) frequency, delivered randomly at 2-second 

intervals through a headphone fitted with a microphone.  Participants were required to 

respond with a loud "yes" only when they heard a high tone.  Additionally, data were 

obtained from 6 trials of eight subjects (4 female) while standing still and during 

comfortable gait, to examine the effect of gait on vocal choice reaction time. 

In the gait perturbation with vocal choice reaction test, there was also a total of 30 

walking trials, 12 of which were perturbed using the same setup described above. The 

tone was phase-locked to sound 174.9±47.8 ms prior to the heel-strike of the stance phase 

in which the flap was deployed.  The vocal response was recorded and synchronized with 

the optoelectric marker and force plate measurements. 

 

Data processing and statistical analysis 

Data collected at 2 kHz from the foot switches, flap sensor and force plates were low-

pass filtered (5th-order Butterworth).  A custom MATLAB algorithm (MATLAB® 2011a; 

The MathWorks, Inc., Natick) was used to post-process all the data and calculate 

kinematic parameters (step length, and step width and step time, Fig. 2).  Sample 

kinematic tracings, CoP and EMG responses are shown in Fig 9-3.  

 

Figure 9-2.  Definition of the first recovery step width and length. The first recovery step 

time was defined as the time between heel strikes of the perturbed and the first recovery 

step.  
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Figure 9-3.  A sample trial from the left foot of a single subject. Data from unperturbed 

trials (left column) are compared with data from a medial perturbation trial (“LM”, right 

column). The center of pressure (CoP) tracings are shown at top.  Also shown from top to 

bottom are the ground reaction force vs. time plots (second row), CoP tracing in the 
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horizontal plane (third row), and peroneal muscle responses (fourth row).  The arrow 

denotes the onset of ground contact of the flap, and the bars underline the response to the 

LM perturbation. 

The following outcome variables were used: step length; step time, step width 

(normalized to mean unperturbed step width) and vocal choice reaction time.  A one-way 

repeated measures analysis of variance (rm-ANOVA) was used to estimate the effect of 

the three gait conditions (one independent variable with three levels: unperturbed, 

perturbed, perturbed gait with auditory distraction) on the width, length and time of the 

first recovery step as well as vocal choice reaction time (dependent variables) during that 

step.  Statistical significance was set at α = 0.05. 

 

9.3 Results  

The differences between step parameters during unperturbed gait (UnP) on one hand, and 

first recovery step kinematics after perturbation with (vMP, vLP) or without (MP, LP) 

auditory distraction on the other, are shown as box- and scatter- plots in Fig. 9-4.  

 

Figure 9-4.  Summary box- and scatter-plots of the change in recovery step kinematics 

(ΔSL, ΔSW, ΔST) from the unperturbed step values for single task and dual task tests. * 
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denotes significantly different step kinematics compared to unperturbed steps at α = 0.05 

level.  

In testing the primary hypothesis, the rm-ANOVA showed no significant change in the 

recovery step length, width or time following a perturbation during dual-tasking (vMP, 

vLP) compared to the single-task gait condition when gait was perturbed in the absence 

of a vocal reaction time task (MP, LP).  Similarly, there was no effect of attention 

division on vocal choice reaction time (p>0.05) during recovery stepping. 

A significant decrement in first recovery step length occurred under both single-task (MP, 

LP) and dual-task (vMP, vLP) conditions.  Compared to step width during unperturbed 

gait, the first recovery step width increased with perturbation (UnP vs MP; UnP vs LP); 

however, the change with dual-tasking (UnP vs vMP; UnP vs vLP) was not significant. 

The change in first recovery step time was significant only with dual-tasking, but the 

direction of the effect was not consistent, increasing in vMP and decreasing in vLP. 

Significant interactions were found between gait condition and first recovery step 

kinematics (Table 9-1, Fig. 9-4).   

Table 9-1 Kinematics of the first recovery step after medial and lateral perturbation 

without (MP and LP respectively) and with vocal choice reaction task (vMP and vLP 

respectively). UnP: step kinematics during unperturbed gait.   

 
UnP MP vMP LP vLP 

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

SW (cm) 15.1 (2.3) *15.5 (2.4) 14.8 (2.4) *15.2 (2.6) 15.5 (2.2)

SL (cm) 71.2 (3.1) *70.5 (3.2) *71.1 (3.3) *70.2 (3.4) *70.0 (2.6)

ST (ms) 578.6 (26.4) 576.3 (26.1) *578.7 (21.8) 580.8 (25.8) *575.2 (22.8)
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Figure 9-5.  Effect of posture and gait (unperturbed and perturbed) on median, upper and  

lower quartiles, and 95th percentile vocal choice reaction  time (vCRT) in healthy young 

subjects. “*” denotes significantly prolonged vCRT (P<0.005, rm-ANOVA). 

Significant interaction was also obtained between gait condition and vocal choice 

reaction time.  While standing still, mean (SD) vocal choice reaction time was 

368.9±87.0 ms.  It increased significantly to 487.4±89.4 ms and 494.7±125.3 ms, 

respectively, during unperturbed and perturbed comfortable gait (Fig. 9-5).   

Vocal response accuracy was excellent in these healthy young adults: out of a total of 

1,184 vocal choice reaction trials, subjects were incorrect in only four trials, yielding an 

error rate of 0.34%. In three trials, no response was given to the high tone and, in one trial, 

an incorrect response was given. 
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9.4  Discussion  

This is the first study to examine the interaction between a vocal reaction time task and 

execution of the response to a sudden yet familiar, underfoot perturbation of gait.  The 

perturbation has the element of surprise in regard to if, when (which step) and where (under 

which foot, and medial vs. lateral aspect of that foot) it occurs.  It is felt but never seen.  In 

the absence of the vocal reaction time task, the spatial kinematics of the first recovery step 

following the perturbation were significantly different from those of unperturbed gait, there 

being an increase in step width and a decrease in step length. But the primary hypothesis 

was not supported because there was no significant effect of divided attention on first 

recovery step kinematics following the perturbation.  This suggests that the recovery step 

kinematics, being different from normal gait, were a natural response to the perturbation, 

and that these were not altered by this dividing attention task.  The lack of an interaction 

with vocal reaction time suggests that the gait perturbation task was apparently not 

demanding enough in these healthy young adults to affect the stimulus-response 

relationship in the separate sensorimotor system controlling the vocal response to an 

auditory stimulus.   

The typical outdoor walking surface is uneven, so during gait, the foot can be expected to 

land on raised projections of the surface, as well as loose bodies such as a pebble on a rigid 

surface.  Such an event can cause a sudden rotational acceleration of the foot and ankle, 

thereby destabilizing gait.  Our shoe replicates this scenario in a controlled and 

reproducible way, with the extended flap representing a raised object 18.4 mm high.  Its 

remotely controlled deployment and retraction ensure surprise while its location on either 

side of the foot axis simulates an inversional or eversional perturbation. 

Other investigators have found an interaction of gait with the competing secondary non-

gait task (Gage et al., 2003; Yogev-Seligmann et al., 2008).  However, regarding the effect 

of the non-gait task on gait performance, comparison of our findings with those of other 

studies are vitiated somewhat by methodological differences.  Our experiment is perhaps 

the only one that has focused on the properties of the first recovery step as a marker for the 

postural response to a familiar but unexpected gait challenge.  For the gait task, most 
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studies have reported on unperturbed gait and measured such parameters as gait velocity, 

stride length and time, rather than step properties (Hollman et al., 2007; Beauchet et al., 

2005).  Commenting on such studies, Yogev-Seligmann and colleagues remarked that in 

general, healthy young adults slowed down during gait when performing a concurrent 

cognitive task (2008).  Nevertheless, there are investigations that have shown that healthy 

young adults maintain their stride pattern during dual-tasking (Gage et al., 2003; Regnaux 

et al., 2006).  The experimental design of Siu et al. (2008B) incorporates obstacle 

negotiation as a gait challenge and is therefore more comparable to ours.  They found that 

healthy young adults stepping over a bar 10% their height while performing an auditory 

Stroop task, increased their step width and stride length.  In our study subjects could not 

see the perturbation in advance, and auditory distraction had no significant additional effect 

on the first recovery step response to the sudden underfoot perturbation. 

The properties of the first recovery step after unexpected base-of-support destabilization 

has implications for the potential loss of balance and fall.  In the earlier investigation which 

inspired the design of our special perturbing footwear, the swing limb trajectory actually 

crossed the gait axis while taking the first recovery step in 12% of trials (Thies et al., 2007).  

Such cross-over stepping obviously increases the chances of limb entanglement which 

could result in a fall.  

The increase in width of the first recovery step in response to a postural challenge is clearly 

adaptive.  Since the plane of instability during gait is the frontal plane, mediolateral 

adjustments in foot placement are a means of achieving stabilization (Donelan et al., 2004).  

The reduction in step length is probably driven by the rapid unloading of the perturbed 

stance limb to minimize the risk of an ankle inversion sprain (Santos and Liu, 2007).  

Unlike the spatial kinematics, the change in recovery step time was significant only with 

dual-tasking, decreasing with distracted, medially perturbed gait but increasing with its 

distracted, laterally perturbed counterpart.  While the decrease in recovery step time is 

consistent with a rapid unloading of the inverted stance foot, it is not yet clear why the 

lateral perturbation would lengthen recovery step time.  
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Our experimental design introduces two innovations to the dual-task paradigm for studying 

gait under conditions of divided attention, namely a means to reliably administer a discrete 

base-of-support perturbation precisely and unexpectedly, and the analysis of the recovery 

step.  The study by Thies and colleagues showed that stepping on a protuberance 1.2 cm-

high provoked a recovery step with altered kinematics (2007).  However, the location of 

the underfoot perturbation in that experiment could not be accurately controlled and 

subjects had to carry a tray to partially obscure the location of the underfoot perturbation. 

With our perturbing footwear, the flap plays the role of a protuberance when lowered and 

its remotely controlled random deployment ensures an element of surprise and 

unpredictability.  With the exception of step time, the effects of medial and lateral 

perturbation were indistinguishable.  In all the perturbed gait trials, electromyographic data 

confirmed the absence of anticipatory muscle activation. 

All the dual task studies on young adults but ours have consistently shown a non-gait task 

performance deficit.  This decrement has been explained on the basis of a shifting of 

attentional resources away from the non-gait task in order to optimize the response to the 

gait challenge. This apparent unconscious prioritization of the exigencies of balance control 

over the execution of activities unrelated to gait or balance, is in conformity with the 

"posture-first" strategy identified with healthy young adults (Bloem et al., 2006).  The 

adaptive benefit of such a strategy is obvious:  it prevents the individual from falling, 

which is a hazardous event.  Minimizing danger is a core motivation and the significance of 

a stimulus is defined by its relevance to that purpose (Williams et al., 2006).  Significance 

processing forms the basis of prioritization.  On this principle, dealing with a threat to 

balance, such as a sudden unexpected underfoot perturbation during gait, would 

understandably be accorded preference over the other competing demands on finite 

attentional resources.  While our results clearly show altered step kinematics in response to 

the perturbation, this response was not further altered by adding the auditory reaction time 

task.  This is consistent with control of posture continuing to be important even when 

attention was divided.  The absence of a non-gait task performance deficit in our data 

suggests that the perturbation was both familiar and brief enough so as not to slow the 

vocal response to an auditory stimulus in these young adults.  
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Study limitations include the modest sample size. We did not control for gait speed because 

we wanted to retain ecological validity by asking each subject to walk ‘purposefully’.   

This was not a limitation because when subjects were divided into those walking at 1.39 

m/s or above, and those walking at 1.28 m/s or below, no significant effect of speed was 

found on any of the recovery step kinematic responses.  
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Chapter 10 

 

General Discussion 

 

On the Introduction of the Perturbing Shoe Method 

One of the novel contributions of this dissertation is the invention, design, development 

and testing of the perturbing shoe as a method for challenging gait stability on a level 

surface with a single unexpected underfoot perturbation (Chapter 5).  The method proved 

reliable and repeatable on the first recovery step kinematics following an underfoot 

perturbation in healthy young adults (Chapters 5 and 6). We then successfully used this 

method to measure the effects of age and peripheral neuropathy on the sensory and motor 

latencies of the response to the single underfoot perturbation and the kinematic responses 

used in the recovery steps (Chapters 6, 7 and 8).  The apparatus and method proved safe 

because no adverse events occurred during testing, even to the vulnerable subjects with a 

known higher risk of a fall (i.e., the elderly with peripheral neuropathy).  To ensure that 

subjects would not hurt themselves we instituted two safety measures: a thin natural 

rubber mat on the ground to prevent the possibility of slipping between the perturbing 

shoe metal ‘flipper’ and tile flooring upon deployment, and the use of a full body safety 

harness to prevent a subject from hurting themselves should they inadvertently slip or trip.  

The laboratory found over 20 years ago that without the ceiling harness spotters are 

unable to react fast enough to save the subject, unless the spotter is actually walking 

behind the subject and holding onto a gait belt in the manner of a physical therapist.  But 

having the spotter hold onto a gait belt also affects the gait of the test subject.  So we felt 
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the use of the ceiling safety harness was the better option for getting better quality data 

while providing a level of support that prevents the hands and knees from ever touching 

the ground in a fall. 

The analysis of serial underfoot perturbations on uneven surface presents useful 

information on gait stability (Thies et al., 2005; Menz et al., 2003; Richardson et al., 2004, 

2008). However, the present studies (Chapters 5, 6, 7, 8 and 9) clearly demonstrate that a 

single underfoot perturbation can affect the first recovery step, as we had expected, but 

also carried over to as many as three more recovery steps, which we had not expected in 

the young. Furthermore, it was sometimes observed that the carryover effect affected 

only the second and fourth recovery step, for example, clearly demonstrating asymmetry 

in the carryover effect.   This is a novel finding.  These results on carryover effects mean 

that it is not possible to associate a kinematic response during human gait with any 

individual perturbation on an irregular surface, because of the carryover effect. By 

eliminating multiple perturbations, the perturbing shoe method allows one to analyze and 

disease effects on the recovery steps.  

The perturbing shoe method has potential in applications such as: 1) evaluating the 

efficacy of a clinical intervention or the progress in post-surgery rehabilitation (e.g., cane 

or orthoses, knee or hip replacement), 2) presenting different underfoot locations on any 

number of successive steps (e.g., direct comparison with uneven surface), and 3) studying 

the mutual effects of combined stimuli on gait stability.   

From a training perspective, the perturbing shoe also offers the possibility of varying 

what would otherwise be highly stereotyped foot and ankle loadings when walking on 

flat hard surfaces such as concrete or asphalt roads.  This might be useful for varying the 

training of competitive distance walkers or runners in urban environments.  

A new test was developed for studying the effect of dividing attention on the ability to 

successfully respond to an unexpected underfoot perturbation (Chapter 9).  This shows 

potential for studying the effect of physical and cognitive impairments on the ability to 

recover from unexpected underfoot perturbations.  
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On the Changes in Recovery Step Kinematics 

A new method was introduced for analyzing time-critical response to an underfoot 

perturbation (Delta Parameters, Chapters 6, 7, 8 and 9).  

stepdunperturbesteperyre XXX  cov  

Effects of underfoot perturbation on kinematics, ground reaction forces and EMG 

activities were effectively described perturbed changes using delta parameters (ΔSW, 

ΔSL, ΔST, ΔLPD, Δtorso, Δpelvis, ΔEMG, ΔF). 

ΔStep Kinematics are effective gait parameter to analyze the post-perturbation effect of 

an underfoot perturbation. ΔSW and its pattern in recovery steps successfully showed a 

significant difference between groups (HY: 1st recovery step wider, HO: no changes, PN: 

2nd recovery step wider) in the response to a given underfoot perturbation (Chapters 6, 7 

and 8). This suggests that each group may have different motor strategy (i.e., ankle vs hip) 

given the limited resources afforded by the lower limb physical capacities.  ΔLPD was 

found to be a useful body kinematics parameter to identify significant age and PN effects 

during the first MP recovery step (Chapter 7 and 8). As Saunders (1953) suggested, weak 

hip muscle strength increases LPD during the medially perturbed stance phase. A larger 

ΔLPD may suggest hip strategy (primarily using hip torque to recover from gait 

perturbation) to respond to an underfoot perturbation (e.g., the elderly or PN group).  

The peroneal ΔEMG activity presented important information to evaluate gait stability in 

frontal plane (Chapters 7 and 8). For example, in PN, there were no peroneal activity 

changes in rms EMG magnitude and raw EMG onset. It makes sense then that there were 

no SW changes in the corresponding 1st recovery step.  

On the Significance of the Feedback Loop Delay 

As the elderly with PN lose distal sensory and motor capacities, the peroneal muscle 

ΔEMG activity was found to diminish during frontal balancing activities (Chapter 8). An 

effective ankle torque was generated against an underfoot perturbation by controlling 
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onset and magnitude of peroneal muscle ΔEMG activity (Chapter 8). An absence of 

peroneal responses during perturbed stance phase in PN resulted in significant SW 

alterations in the second and later recovery step kinematics, both for medial and lateral 

perturbations (Chapter 8).  

We ran a simulation of the ankle response strategy using a triple inverted pendulum 

model (Prince-Dormond 8th order ordinary differential equation solver, Matlab Inc.).  We 

assumed an initial ankle perturbation of 16 degree inversion, and using the author’s 

stature and estimated segmental mass distribution, we found that the available response 

time (ART) significantly decreases as the duration and magnitude of the available ankle 

torque decreases. A greater feedback loop delay in the ankle sensorimotor pathway 

precludes the earlier onset of ankle muscle (i.e., peroneus longus) and there is no time 

difference (duration) between ankle agonist and antagonistic muscle onsets. So we 

attribute the lack of peroneal ΔEMG activity in the elderly with PN during medially 

perturbed stance phase (Chapter 8) as evidence of the PN having lengthened the feedback 

loop delay and decreased the loop gain to the point that no response is possible.  

This ankle feedback loop dysfunction in the elderly with PN means that they are forced to 

adopt a hip response strategy as the only way to combat the underfoot perturbation.  

 

Figure 10-3. Simulation results for changes in resulting ankle inversion angle for (at left) 

different duration (ms) ankle and (at right) different magnitude (Nm) eversion torque 

responses (see different curve types within text boxes) to reach maximum range of motion 
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(35 degrees) of ankle inversion (vertical dashed line (:).  The available response time (ART) 

is limited by the time from sensing the underfoot perturbation to the time of the following 

heel strike, horizontal dashed line (---) denotes ankle inversion upper threshold: 35 deg).  

denotes the direction of ART decrease with smaller duration and magnitude.   

On the Importance of Frontal Plane Hip Muscle Strength Capacities  

The four ankle and hip muscle physical capacity measures (Ankle Inversion/Eversion and 

Hip Abduction/Adduction maximum strength and rate of torque development) turned out 

to be valuable parameters for evaluating the effect of distal sensory and motor loss on 

frontal plane balance activities. For example, unipedal stance time and gait speed on 

uneven surface were both successfully predicted by lower limb physical capacities in 

subjects with and without peripheral neuropathy (Chapters 2 and 3).  

Among the lower limb physical capacity measures, hip  muscle strength was the single 

most important predictor for unipedal stance time (Chapter 2), a main contributor for gait 

speed and step efficiency on irregular surface (Chapter 3), and one of the two significant 

predictors for the delta step width of the second recovery step in the medially perturbed 

trials (Chapter 8).  

In order to better compare the relative efficacies of a hip response and an ankle response 

strategy, we assembled that data in Table 10-1 for three subjects.  For the ankle response 

it shows the measured peak maximum (mediolateral) horizontal component of foot 

ground reaction force in frontal plane during maximum ankle joint torque generation.  

For the hip response it shows the maximum theoretical mediolateral horizontal 

component of the foot-ground reaction force calculated by dividing the measured peak 

hip ab- and adduction strengths by the individual’s leg length.  The results show that the 

maximum ground reaction shear force developed by the hip muscles is, on average, 3.5 

times larger than corresponding shear force developed by during the maximum ankle rate 

of torque development test (Table 10-1).  This means the hip response strategy is nearly 

four times more effective than the ankle response strategy for both maintaining unipedal 

balance and recovering from an unexpected under foot perturbation.  This is because that 

shear force inclines the vertical ground reaction so that it can act to cause a moment to act 
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about the whole body center of mass so as to restore balance.  Developing a hip moment 

will also cause a LPD to occur, so this may explain why PN subjects tend to exhibit a 

LPD strategy in Chapter 7.  

Table 10-1. Comparison between the mediolateral ground reaction shear force developed 

by maximum ankle and hip muscle strengths. (Ankle: data are measured values during 

maximum rate of inversion/eversion torque development tests; Hip: direct calculation 

found by dividing measured maximum hip abduction/adduction strengths by leg length)  

Subject Gender 
BW 
(kg) 

BW 
(N) 

Max. Ankle on 
shear force (N) 

Hip Strength  
(Nm) Leg length 

(m) 

Max. Hip on 
shear force (N) 

Inv Ev. ABD ADD ABD ADD 

PN M 127 1246 40 30 117 100 0.71 165 141 

HO F 64 628 39 25 73 63 0.58 125 109 

PN M 70 687 22 29 48 48 0.82 59 59 

 

Therefore, maintaining hip strength is particularly important for the elderly to maintain 

frontal plane stability during unipedal stance and gait, especially those with distal sensory 

and motor loss.  

On the Responses of Healthy Young Adults 

This study showed for the first time that young adults take up to four recovery steps from 

an underfoot perturbation (Chapter 6). Especially, step lengths were significantly 

shortened in the first, third and fourth recovery steps. This is a surprising result given that 

the perturbation was only a 10 degree underfoot inclination.  But the immediate EMG 

responses seem to be evidence that healthy young adults were attempting to counter the 

perturbation distally, at its source, through the use of an ankle response strategy, whereas 

healthy older adults were more variable in whether they used an ankle or hip response, so 

their responses were less clear.  
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On the Development of a New Device for Measuring Manual Reaction Times  

The reaction time measurement apparatus was invented to test manual simple and go/no-

go reaction times (Chapter 4), and “ON” and “OFF” accuracies in recognition reaction 

time tasks.  Because the task is attentionally engaging, this device and method lends itself 

for testing eye-hand reaction times using less than a tenth of the trials required by 

computer-based methods.  It therefore provides a useful capacity measure to characterize 

neuromuscular performance and frontal lobe function in healthy individuals of different 

ages, as well as patients of various types.  For example, it could be used to quantify 

changes in reaction time in post-concussion patients, and those with sleep disorders.  It 

might even make a practical screening test for elderly drivers at Secretary of State’s 

offices.   

Strengths and Weaknesses of the Perturbing Shoe Approach 

Strengths of the general approach used in this thesis include the ability to challenge the 

robustness of gait with a discrete unexpected underfoot perturbation whose location can 

be varied under one foot, or between feet, as desired.  When these trials are embedded in 

sufficient dummy trials, it makes it difficult or impossible for a subject to guess when or 

where a perturbation will occur during a gait trial.  Obviously, the more dummy trials are 

prescribed, the more difficult it is to guess. Our use of 16 perturbation trials embedded in 

60 gait trials was a tradeoff between having enough trials for each of the four types of 

perturbations (i.e., medial, lateral, left foot, right foot) to be able to average responses 

across, while still retaining the element of surprise.  We could have used a single 

underfoot perturbation trial among the 60 trials in order to retain the element of complete 

surprise.  But we chose not to because outdoor surfaces typically involve more than one 

random perturbations, so they are a familiar form of perturbation during locomotion.  

Indeed, a strength of the approach is the very familiarity of the perturbation, meaning that 

the responses are overlearned and few practice effects were observed.  

A limitation was that we only used one height of flipper for each of the perturbing shoes, 

which ranged from size 8 in women to size 13 in men.  With male subjects ranging from 
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164 to 188 cm in height, and female subjects ranging from 150 to 186 cm in height, this 

seems reasonable.  But it does mean that the perturbation might have tended to be 

systematically larger for individuals with smaller feet.  The trend is for those with larger 

feet to be heavier, so the maximum shoe sole inclination induced by the fixed-height 

flipper would be less due to bending of the sole under body weight (i.e., an unloaded shoe 

sole inclination of 16 degrees was found to correspond to a body-weight loaded shoe 

inclination of 9 – 10 degrees during the stance phase). In the future, one might adjust the 

vertical height of the deployed flipper to be a fixed percentage of the height of the subject, 

or the width of their foot, in order to be able to titrate the magnitude of the perturbation it 

induces. This would be necessary in children, for example, just as it would be for very 

short or tall individuals.     

A second limitation was that the MP and LP were located at only one point along the foot 

in the sagittal plane.  Therefore one does not know how perturbations at other locations 

affect gait kinematics or dynamics.   It would be instructive to be able to vary this sagittal 

location and study the effect that this sagittal location has on the response.  Certainly, the 

more posterior a fixed height flipper is located, the more challenging it is likely to be 

because the foot is narrower, and the ground reaction force larger.  Indeed, the most 

challenging location would be a MP under the rearfoot because of the risk of an ankle 

sprain.  Indeed, because of this risk, such a test location is contraindicated from a safety 

point-of-view except for the use of very small flippers.  

A third limitation was that we only chose to deploy the perturbation under one foot in 

these studies.   We could have programmed the perturbation under a second foot 

immediately following the first perturbation or on a later step during gait.  We chose to 

study the effect of a single underfoot perturbation as a start.  But it would be worthwhile 

to study the effect of two and more successive perturbations on gait kinematics.  This 

should probably be carried out on healthy subjects first, so as not to place PN subjects at 

undue risk of injury, because it is likely more challenging to recover from.  

A fourth limitation was that we elected to use a thin natural rubber mat over the tiled 

floor to ensure that subjects did not slip during a perturbation.  We considered the use of 

a rubber tip on the metal flipper to prevent the foot slipping, but considered the rubber 
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mat would be safer because of less localized wear, given the high forces involved.  This 

would mean that a clinic would have to store the rubber mat when not in use.  Obviously, 

a non-skid flooring surface would solve this problem, but the more compliant the floor 

surface, the higher the flipper that would be needed in order to induce a given frontal 

plane perturbation of, say, 10 degrees. 

A last limitation was that we elected to only use a given flipper height for simplicity.  It 

would be interesting to systematically vary the height of the flipper in the same individual 

so that one could study the effect of perturbation magnitude on gait.   
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Chapter 11 

 

Conclusions 

 

1. In subjects with and without peripheral neuropathy, maximum hip muscle strength and 

ankle frontal plane ankle proprioception thresholds are strong predictors of unipedal 

balance time (Chapter 2).  

2.  In subjects with and without peripheral neuropathy, those in the lower tertile in the 

unipedal stance time test had significantly weaker hip muscle strength and larger ankle 

proprioception thresholds than those in the upper tertile (Chapter 2).  

3. In subjects with and without peripheral neuropathy, gait speed and step efficiency are 

strongly correlated to lower extremity muscle strengths, rate of strength developments, 

ankle proprioceptive thresholds when walking across uneven ground at a comfortable 

gait speed (Chapter 3).  

4. A novel manual test of simple and recognition reaction times showed significant age 

differences within eight trials (Chapter 4).  

5.  A novel test for perturbing gait using a single underfoot perturbation demonstrated 

acceptable test-retest reliability healthy in young adults. Reliabilities were better at the 

faster gait speed (Chapter 5).  

6. The single underfoot perturbation resulted in an alteration of step width and length for 

at least four steps beyond the perturbation in healthy young adults (Chapter 6).  
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7.  Healthy old adults failed to respond in the first step following an underfoot 

perturbation, instead often responding on the second and fourth steps (Chapter 6). 

8. Both single medial and lateral underfoot perturbations increased the step width of 

healthy young adults for up to two steps beyond the perturbations (Chapter 6)  

9.  During the first recovery step following an underfoot perturbation, healthy older 

adults responded by significantly increasing their torso lateral inclination and lateral 

pelvic displacement (Chapter 6).  

10.In a sample of subjects with and without peripheral neuropathy, those with peripheral 

neuropathy significantly unweighted the perturbed stance foot. For a medial or lateral 

underfoot perturbation, those with peripheral neuropathy significantly increased the 

width of the first recovery step and associated lateral pelvic displacement (Chapter 7).  

11. Following a medial underfoot perturbation, healthy older adults demonstrated a 

shorter latency and greater amplitude of their peroneal EMG responses. Following a 

lateral underfoot perturbation, healthy older adults demonstrated a longer latency and 

greater amplitude of their peroneal EMG responses, compared to subjects with 

peripheral neuropathy who showed no significant responses (Chapter 7). 

12. When subjects with and without peripheral neuropathy were divided into tertiles of 

neuropathy severity, those in the lower tertile exhibited no changes in the widths of the 

four recovery steps following the single underfoot perturbation. They did however 

display significant changes in peroneal latency and amplitude in the first recovery step. 

Those with mild and moderate peripheral neuropathy changed the second and 

sometimes later recovery step widths following both medial and lateral underfoot 

perturbations;  they displayed no significant changes in peroneal latency or amplitude 

in the first recovery step (Chapter 8).   

13. In healthy young adults walking at a comfortable gait speed, their vocal reaction time 

was significantly prolonged by an unexpected single underfoot perturbation compared 

to when standing still. In this dual task, the first recovery step width was unaffected by 

a distraction (Chapter 9).  
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14. Because a single underfoot perturbation can affect step kinematics for up to four 

recovery steps, carryover effects confound the interpretation of step kinematics on 

uneven surfaces (Chapters 3,6,8).  

15. Age and peripheral neuropathy preclude a step width change of the first recovery step 

following a single underfoot perturbation; the kinematic response first appears on the 

second recovery step. This appears to be partly due to an inability to organize the 

peroneal muscle activation in the time available before the next heel strike (Chapters 6 

and 8).  

16. A single underfoot perturbation which resulted in a 10 degree inversion or eversion 

forefoot inclination (in the frontal plane) proved to be a safe gait provocation test in 

adults with and without moderate peripheral neuropathy (Chapters 7 and 8).  
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APPENDIX A  

Patent Application Publication:  

Pub.No.: US 2010/0324443 A1 

Device and Method for Measuring Reaction Time 
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