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ABSTRACT 

Gait recovery is a major goal in rehabilitation programs for people with stroke 

and is very important in their ability to regain independence in activities of daily life. 

Recent research suggests that arm swing and walking performance are closely related and 

affect each other. Applying additional weights to the arms could be a possible 

intervention to facilitate hemiparetic gait. The purposes of this dissertation were to 

investigate the effects of adding weights to the arms on the arm swing amplitude, gait 

performance, and muscle activity in healthy people (study 1) and people with hemiparesis 

following stroke (study 2). 

In the first study, twenty-two healthy subjects (10 male, 12 female; M±SD age: 

23.5±2.1 years, height: 1.71±0.07 m, mass: 67.8±10.9 kg, BMI: 23.0±3.1) walked at their 

preferred speed across a level 6 m walkway under different weight carriage conditions 

(no weight, C1; weight (0.45 kg) on unilateral arm, C2; weights on bilateral arms, C3; 

waist weights, C4). When additional weights were added, subjects significantly increased 

gait speed (p=0.002, C1: 1.210.08 (MSD); C2: 1.250.11; C3: 1.240.11; C4: 

1.250.11 m/s) with an increase in cadence (p<0.001, C1: 106.14±5.05; C2: 

108.92±5.48; C3: 108.14±5.26; C4: 108.00±5.66 steps/min) and electromyographic 

(EMG) activity in the tibialis anterior (p=0.007, C1: 21.05±4.59; C2: 25.10±6.10; C3: 

23.93±4.75; C4: 24.33±6.32 μV) muscle. 

In the second study, nine hemiparetic stroke (8 male, 1 female; M±SD age: 

58.0±6.8 years, height: 1.74±0.07 m, mass: 78.9±12.0 kg, BMI: 25.9±3.8, stroke 



Texas Tech University Health Sciences Center, Hyung Suk Yang, August 2017 

 

vii 

duration: 91.4±67.9 months) and nine healthy (8 male, 1 female; M±SD age: 57.0±6.2 

years, height: 1.74±0.08 m, mass: 74.2±8.0 kg, BMI: 24.4±1.3) subjects participated in 

the study. All subjects walked at their preferred speed across a level 6 m walkway under 

different weight carriage conditions (stroke group: no weight, C1; weight on uninvolved 

arm, C2; weight on involved arm, C3; bilateral arm weights, C4; healthy group: no 

weight, C1; weight on dominant arm, C2; weight on non-dominant arm, C3; bilateral arm 

weights, C4). The effects of arm weights on gait performance in stroke patients and 

healthy subjects were statistically inconclusive (αadjusted<p<0.05) due to low statistical 

power caused by the small sample size and a large variability between subjects. In stroke 

patients, gait speed (p=0.048, C1: 0.640.26 (MSD); C2: 0.660.26; C3: 0.70.25; C4: 

0.690.27 m/s) and integrated EMG (iEMG) values from the tibialis anterior on the 

involved side (p=0.018, C1: 49.5913.3; C2: 45.0012.7; C3: 43.2914.0; C4: 

44.8813.9 μV) exhibited changes with the addition of arm weights that were not 

statistically detectable using the more stringent Hochberg correction. In healthy subjects, 

iEMG values from the posterior deltoid variable on the non-dominant side was also 

statistically inconclusive (p=0.022, C1: 24.9830.0; C2: 25.3728.5; C3: 30.1331.7; C4: 

28.8833.3 μV). Although no statistically conclusive findings were observed, several 

variables exhibited large and potentially clinically meaningful changes. When individual 

subject response patterns were explored using descriptive statistics (mean difference 

between weight carriage conditions) and effect sizes (Cohen’s d), 7 of 9 stroke subjects 

increased gait speed in the changes from C1 to C2 (M±SD increase: 0.060±0.029 m/s; 4 

subjects exhibiting large d effect sizes, where 0.8 is considered a large d effect size), 7 of 
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9 subjects increased gait speed from C1 to C3 (M±SD increase: 0.091±0.053 m/s; 6 

subjects exhibiting large d effect sizes), and 8 of 9 subjects increased gait speed from C1 

to C4 (M±SD increase: 0.056±0.052 m/s; 5 subjects exhibiting large d effect sizes). Five 

of 9 healthy subjects increased gait speed in the changes from C1 to C2 (M±SD increase: 

0.078±0.034 m/s; 5 subjects exhibiting large d effect sizes), 7 subjects increased gait 

speed from C1 to C3 (M±SD increase: 0.076±0.072 m/s; 4 subjects exhibiting large d 

effect sizes), and 6 subjects increased gait speed from C1 to C4 (M±SD increase: 

0.054±0.030 m/s; 5 subjects exhibiting large d effect sizes). 

These results indicate that additional weights can improve gait performance in 

some individuals. The observed increases in gait speed in the current study demonstrated 

encouraging results for higher functioning stroke patients who exhibit gait impairment 

and asymmetry. The addition of weights to the arms merits further investigation as a 

potential rehabilitation in people with stroke-related gait disturbances.  
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CHAPTER I 

INTRODUCTION 

1.1 Statement of the Problem 

Stroke is a leading cause of serious long-term disability with high mortality rates. 

Stroke is a brain injury, usually caused by a blocked artery (ischemic stroke) or an artery 

burst (hemorrhagic stroke) resulting in neurological deficits and impairments in verbal 

function and cognition, as well as contralateral motor and sensory dysfunction 

(O'Sullivan & Schmitz, 2007). Stroke ranks 4th among all causes of death in the United 

States, following diseases of the heart, lower respiratory system, and cancer (Mozaffarian 

et al., 2015). On average, someone dies of a stroke every four minutes in the United 

States (Murphy, Xu, & Kochanek, 2013). About 795,000 people experience a new or 

recurrent stroke each year; approximately 610,000 of these cases are first attacks 

(Mozaffarian et al., 2015). 

Among ischemic stroke survivors over 65 years of age at six months after stroke, 

50% had some hemiparesis, 46% had cognitive deficits, 30% were unable to walk 

without some assistance, and 26% were dependent in activities of daily living (Kelly-

Hayes et al., 2003). Hemiparesis following stroke usually causes asymmetrical gait 

patterns and a decrease in performance and energy efficiency during walking 

(Detrembleur, Dierick, Stoquart, Chantraine, & Lejeune, 2003; Schroeder, Coutts, Lyden, 

Billings, & Nickel, 1995; Waters & Mulroy, 1999). Gait recovery is a major goal in 

rehabilitation programs for people with stroke and is very important in their ability to 
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regain independence in activities of daily life. 

1.2 Background and Theory 

Two major and immediate barriers after stroke that prevent normal walking are 

muscle weakness and incoordination of muscle activation timing (Olney & Richards, 

1996). Possible causes of these motor impairment include disrupted recruitment order of 

motor units (Grimby & Hannerz, 1973), a reduced number of functioning motor units 

(McComas, Sica, Upton, & Aguilera, 1973) and reduced motor unit firing rates (Tang & 

Rymer, 1981). After a few weeks, people with stroke may also exhibit spasticity, 

presenting increased velocity-dependent resistance to passive stretch with exaggerated 

tendon jerks (Lance, 1980). Due to the above mentioned impairments, ambulatory people 

post-stroke usually demonstrate a decreased walking speed (0.23-0.73 m/s) as compared 

with age-matched healthy adults (ages 65-80: 0.81-1.51 m/s) (Ford, Wagenaar, & Newell, 

2007a). The decreased walking speed is associated with a decreased cadence, stride 

length, and limb movement amplitude (Bohannon, 1986; Ford, Wagenaar, & Newell, 

2007a; Olney & Richards, 1996; Suzuki et al., 1999). The decreased movements of the 

hip, knee, and ankle joints on the involved side lead to a shortened stride length, 

increased double support time, and decreased stance time on the involved side resulting 

in an asymmetrical gait pattern (Fugl-Meyer, Jääskö, & Norlin, 1975a; Olney & 

Richards, 1996; Suzuki et al., 1999; Wall & Turnbull, 1986). 

Although the primary reason for decreased gait performance is due to impaired 

lower extremity function, decreased performance has also been related to upper extremity 
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impairments (Ford, Wagenaar, & Newell, 2007a). Normal human walking involves 

rhythmic arm swing. Interlimb neural coupling between the upper and lower limbs 

through the spinal cord appears to coordinate muscle activation patterns during locomotor 

tasks. Researchers have demonstrated greater muscle activation in the lower limbs as 

muscle activation in the upper limbs increases during recumbent stepping (Ferris, Huang, 

& Kao, 2006). Additionally, a positive relationship between arm swing amplitude and 

stride length during walking has been reported (Eke-Okoro, Gregoric, & Larsson, 1997; 

Yang, Atkins, Jensen, & James, 2015). These results indicate that upper and lower limb 

movements may influence each other. 

One of the distinct characteristics of hemiparetic gait is an altered arm swing 

pattern. People with stroke often demonstrate limited arm swing on the involved side 

(Johansson, Frykberg, Grip, Broström, & Häger, 2014; Roth et al., 2001). The involved 

arm often swings about one-half the amplitude of the uninvolved side (Ford, Wagenaar, 

& Newell, 2007b; 2007a). Usually, the uninvolved arm swings in opposition to the 

ipsilateral lower extremity during walking (i.e., out-of-phase), but the involved arm often 

shows an asynchronous interlimb coordination (Ford, Wagenaar, & Newell, 2007a). 

There have been a few published attempts to improve gait performance in stroke 

patients via normalizing or enhancing arm swing. Gait training using a treadmill with 

sliding handrails (Stephenson, Lamontagne, & De Serres, 2009) and an auditory rhythmic 

beat with instruction to swing the arms and legs to it (Ford, Wagenaar, & Newell, 2007b) 

both increased arm swing amplitude and led to positive improvements in gait 
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performance in stroke patients. While the studies were limited to treadmill walking, the 

idea of moving the arms to promote improved movement patterns in the legs is a 

promising stroke rehabilitation intervention. 

Applying additional weights to the body (i.e., weight carriage) could be another 

possible intervention to facilitate an improved hemiparetic gait. Weight carriage during 

gait may result in a different adaptation response depending on the location of the 

weight’s application to the body and individual accommodation strategies (James, Atkins, 

Dufek, & Bates, 2014; James, Atkins, Yang, Dufek, & Bates, 2015). Gait changes usually 

reflect a general movement strategy shift involving the whole body rather than an isolated 

adaptation strategy limited to one particular location (Donker, Mulder, Nienhuis, & 

Duysens, 2002). A couple of studies have addressed arm swing responses when weights 

were applied to the arms. Donker et al. reported decreased arm swing amplitude but 

increased activities of the deltoid muscles with 1.8 kg additional weights in healthy 

subjects (Donker et al., 2002). Although they did not find a significant change in gait 

performance during treadmill walking, treadmill walking could have constrained the 

adaptation strategy. It is not clear if or how adding weights to the arms would affect 

lower limb muscle activities during overground walking. Another study reported that 

walking with weights (0.45 kg each) added to the arms resulted in increased arm swing 

amplitude in people with Parkinson’s disease, leading to improved gait performance 

including an increase in cadence, walking speed, stride length, and swing phase time 

(Yoon et al., 2015). Several possible reasons may explain the different adaptive response 

between the two studies such as different weights, gait speeds, and populations. Adding 
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heavier weights to the arms may result in a decreased arm swing amplitude because of 

the greater inertial characteristics of the weighted arms. However, lighter weights may 

facilitate arm swing. Yoon et al. postulated that lighter weights could act as an additional 

sensory input and affect the perception to activate the motor cortex during walking 

especially in people with Parkinson’s disease. While the responses in arm swing differed 

in the studies, it seems that added weights facilitated muscle activities that are related to 

arm swing. This could also act favorably for lower limb volitional activations due to 

neural coupling and eventually for rehabilitation purposes via neural plasticity. However, 

in stroke patients it has never been systematically confirmed how loading the involved, 

uninvolved or both arms would affect arm swing amplitude, gait performance, and 

muscle activities of upper and lower limbs. 

1.3 Need for the Study 

Previous research has investigated the effects of heavier weights on gait 

parameters during walking in healthy subjects (Donker et al., 2002). Lighter weights have 

been used to improve gait in people with Parkinson’s disease (Yoon et al., 2015). 

However, it is not clear how lighter weights affect arm swing amplitude, gait 

performance, and muscle activity in healthy individuals. It is important to understand 

normal responses in a healthy population so that clinical effects might be better 

understood. Additionally, while the addition of arm weights improves arm swing and 

general gait performance in a Parkinson’s population, it is not known if arm weights 

would benefit a hemiparetic stroke population in the same way. 
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1.4 Purposes 

The purposes of this dissertation were to investigate the effects of adding weights 

to the arms on the arm swing amplitude, gait performance, and muscle activity in (1) 

healthy people and (2) people with hemiparesis following stroke. 

1.5 Hypotheses 

It was hypothesized that walking with arm weights would increase the activation 

of muscles in the upper and lower limbs and improve gait performance due to the 

interlimb neural coupling mechanism in both (1) normal healthy individuals and (2) 

hemiparetic stroke patients.  
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CHAPTER II 

REVIEW OF LITERATURE 

Stroke, or cerebral vascular accident, is the fourth leading cause of death and a 

major source of disability in the United States (Mozaffarian et al., 2015). Most stroke 

survivors experience some level of recovery but hemiparesis persists in 50% of patients 

and 30-60% of them require assistance in some aspects of activities of daily living (ADL) 

(Dombovy, Basford, Whisnant, & Bergstralh, 1987). Although 50-80% of survivors 

regain their independence in walking, they still walk slowly and rarely venture outdoors 

(Wade, Wood, Heller, Maggs, & Langton-Hewer, 1987). Therefore, stroke-related 

disability is a matter of great concern and advancement in rehabilitation is still necessary. 

The purposes of this dissertation were to examine the effects of adding weights to the 

arms on the arm swing amplitude, gait performance, and muscle activity in (1) healthy 

people and (2) people with hemiparesis following stroke. 

The purpose of this chapter is to provide a focused review of the existing 

literature and current knowledge as it relates to stroke, arm swing, and gait performance. 

The following areas are addressed: 2.1. stroke physiology, recovery, and assessment; 2.2. 

hemiparetic gait; 2.3. gait rehabilitation protocols for stroke patients; 2.4. arm swing, 2.5. 

central pattern generator, 2.6. interlimb neural coupling, 2.7. stroke and arm swing, and 

2.8. weight carriage during gait. 
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2.1 Stroke Physiology, Recovery, and Assessment 

Physiology  

Stroke is a medical emergency due to a sudden alteration in blood supply to the 

brain leading to a focal neurological deficit that can cause mild to severe motor 

dysfunctions on the contralateral side of the body (Hendricks, van Limbeek, Geurts, & 

Zwarts, 2002). The alteration in blood supply can be caused by ischemic or hemorrhagic 

injury to the brain including the cerebrum, brainstem, or cerebellum. Of all strokes in the 

United States, 87% are ischemic, 10% are intracerebral hemorrhage, and 3% are 

subarachnoid hemorrhage (Mozaffarian et al., 2015). 

Brain tissue is highly vulnerable to an interruption in its blood supply. Normal 

cerebral blood flow is maintained from 50 to 54 mL/100 g of brain tissue per minute. 

Normal neuronal functioning is impaired when the blood flow falls below 20 mL/100 

g/min and when the blood supply falls below 8 to 10 mL/100 g/min neuronal death or 

infarction occurs (Goodman & Fuller, 2014). The initial hours after the onset of the initial 

stroke event are important because damage to the brain increases at an exponential rate. 

Following the unilateral damage to the cerebral hemisphere or brainstem, 

neurological symptoms may appear on the side contralateral to the damaged brain. A 

reduction in the signals from the central nervous system (CNS) to the muscles that 

produce movement leads to muscle weakness. Over time, this causes a progressive 

decrease in the number of Type 2 (fast twitch) muscle fibers and an increased proportion 

of Type 1 (slow twitch) muscle fibers due to disuse, resulting in a loss of skeletal muscle 
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cross-sectional area. Type 1 fibers produce sustained, low-load tension required by the 

postural muscles and Type 2 fibers provide faster contraction times and greater muscle 

tension required during quick bursts of movement. The change in the proportion alters 

how movements are controlled and the amount of force muscles can produce (Sions, 

Tyrell, Knarr, Jancosko, & Binder-Macleod, 2012). Additionally, spasticity may occur 

because of loss of cortical modulatory control on descending brainstem pathways and 

spinal segmental circuits (Krakauer, 2005). Spasticity is characterized by a velocity-

dependent increase in muscle tone due to the exaggeration of stretch reflex (Ozcakir & 

Sivrioglu, 2007). Upper and lower limb spasticity can impede activities of daily living 

including walking and result in loss of joint motion, leading to contractures (Botte, 

Nickel, & Akeson, 1988). Furthermore, up to 65% of stroke patients experience 

somatosensory impairments such as proprioception and cutaneous sensation problems 

(Lima et al., 2015; Winward, Halligan, & Wade, 2009). Any damage to cortical and 

subcortical structures may cause somatosensory impairments but it is usually due to the 

damage to primary somatosensory cortex situated in the postcentral gyrus (Carey, 1995). 

Both proprioception and cutaneous impairments can be present but impairment in 

cutaneous sensation is more common than impairment in proprioception. Also, cutaneous 

sensation in the lower limb appears to be affected more frequently than in the upper limb 

(Tyson, Hanley, Chillala, Selley, & Tallis, 2007). 

Recovery and assessment 

Within a few days from the onset of the initial stroke event, some spontaneous 

recovery occurs due to resolution of edema and recovery of function in tissues that were 
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ischemic but not destroyed. After this acute period, recovery occurs via brain plasticity 

(Hallett, 2001). Plastic changes in the brain constantly occur during learning and similar 

changes can be helpful in recovery from injury (Hallett, 2001). The cellular mechanisms 

that are likely responsible for plasticity in humans and that may facilitate recovery 

include the unmasking of latent synapses, facilitation of alternative networks, synaptic 

remodeling, and axonal sprouting (Krakauer, 2005). Brain reorganization can occur 

anywhere in cortical regions close to or distant from the infarct, both in the same and 

opposite hemisphere (Krakauer, 2005). 

After stroke, only about 50% of patients with significant arm paresis recover 

useful function (Sunderland, Tinson, Bradley, & Hewer, 1989; Wade, Langton-Hewer, 

Wood, Skilbeck, & Ismail, 1983) and approximately 65% of the hospitalized patients 

with initial motor deficits recover some degree of lower extremity function (Hendricks et 

al., 2002). Brunnström categorizes the general process of recovery into six stages 

(Brunnström, 1970). In stage 1, immediately after the onset, patients experience flaccidity 

in muscles and are not able to initiate limb movements. As stage 2 recovery begins, the 

patients begin to regain a small amount of movements but these movements are mostly 

involuntary. The basic synergy patterns within the muscles may appear as associated 

reactions, meaning multiple muscles are working together toward a common goal, and 

spasticity begins to develop. In stage 3, voluntary control of movement and muscle 

synergies increase, although they are still small and abnormal. Spasticity increases and 

reaches its peak. Stage 4 is reached when patients make some voluntary movement 

combinations that are outside the realm of flexor and extensor muscle synergies. 
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Spasticity begins to decline. In stage 5, more difficult movement combinations are 

learned as the basic synergies lose their dominance over motor acts. Spasticity continues 

to decline. Finally, in stage 6, patients are able to move individual joints and their 

coordination approaches normal. Spasticity has disappeared completely. A patient can 

plateau at any of these stages and the process may vary depending on the location and 

severity of the lesion, but will generally follow this sequence through recovery. 

Accurate and appropriate assessment of disability in post-stroke patients is 

important for quality care and for measuring the outcomes of stroke treatment. The Fugl-

Meyer Assessment (FMA) of stroke and the capacity to perform ADLs as measured by 

the Barthel Index or the motor component of the Functional Independence Measures (M-

FIM) have been widely used to assess stroke recovery. The FMA is a 226-point scoring 

system with 5 domains that include range of motion, joint pain, sensation, motor function 

of the upper and lower extremities, and balance (Fugl-Meyer, Jääskö, Leyman, Olsson, & 

Steglind, 1975b). The Barthel Index does not directly assess motor recovery but assesses 

15 items related to self-care and mobility including ADLs, bowel and bladder control, 

and ambulation activities (Mahoney & Barthel, 1954). Scores for walking provide three 

classifications: no walking function (0 or 5 points), walks with assistance (10 points) and 

independent walking function (15 points) (Mahoney & Barthel, 1954). Similarly, the M-

FIM consists of 13 items including eating, grooming, bathing, dressing upper body, 

dressing lower body, toileting, bladder management, bowel management, transferring to 

bed/chair/wheelchair, transferring to toilet, transferring to tub/shower, locomotion by 

walk/wheelchair, and locomotion on stairs. Each item is rated on a 7-level scale to 
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describe stages from complete dependence to complete independence in performing basic 

ADLs (Granger, 1998). 

The three methods provide valid and reliable measures of motor function or 

disability and they are somewhat parallel to each other (Duncan, Goldstein, Matchar, 

Divine, & Feussner, 1992). Some argue that activities of daily living scales (i.e., Barthel 

Index or M-FIM) have practical and prognostic value but they may not fully account for 

neurological recovery. It is possible for some patients to show improvement in ADL 

assessment but not in motor recovery because the patients can compensate for their 

neurological deficit with their uninvolved side, thus improving functional performance 

without achieving actual motor recovery (Duncan et al., 1992). 

Stroke recovery generally starts early, with the most prominent improvement 

often occurring over the first month (Fugl-Meyer et al., 1975b; Wade et al., 1983). 

Recovery tends to plateau after six months (Bard & Hirschberg, 1965; Fugl-Meyer et al., 

1975b; Taub et al., 1993). Recovery may be affected by multiple factors including 

biological and environmental factors. For example, patient age, lesion size and location, 

visuospatial defects, prior stroke, prior functional status, and various social characteristics 

may influence recovery and function outcomes (Duncan et al., 1992). Because of these 

multiple factors affecting stroke recovery, it is challenging to isolate and assess the effect 

of therapeutic intervention on recovery from natural recovery. However, the best 

prognosis for predicting the extent of recovery seems to be the magnitude of the initial 

motor deficit (Duncan et al., 1992; Wade et al., 1983). Assessing recovery with the FMA 
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score after 5 and 30 days of the onset predicted 74 and 86%, respectively, of the variance 

in motor function at 6 months (Duncan et al., 1992). 

2.2 Hemiparetic Gait 

Gait performance: Spatiotemporal parameters 

Spatiotemporal parameters can be clinically useful indicators of gait performance 

and for monitoring of functional recovery in hemiparetic stroke patients (Holden, Gill, & 

Magliozzi, 1986; Knutsson & Richards, 1979; Wall & Ashburn, 1979). Although the 

manifestations of post-stroke disability vary, people with hemiparesis walk slower than 

age-matched healthy normal people. The severity of the stroke, the time since its 

occurrence, and the age of the subjects are reflected in walking speed (Olney & Richards, 

1996). The reported average gait speed of stroke patients ranges from 0.23±0.11 (Burdett, 

Borello-France, Blatchly, & Potter, 1988) to 0.73±0.38 m/s (Schroeder et al., 1995). In 

stroke patients, gait speed is positively correlated with cadence and stride length as it is in 

normal healthy people (Nakamura, Handa, Watanabe, & Morohashi, 1988). A study 

reported that an increase in walking speed after gait training was related to increases in 

cadence and stride length in a slower walking group but only correlated with an increase 

in stride length in a fast walking stroke population (Nakamura et al., 1988). This suggests 

that impaired stride length may be the primary factor limiting walking speed in the higher 

functioning fast walking group. 

However, Suzuki et al. observed an invariant ratio of stride length to cadence in 

stroke patients with the mean value being 0.0068 m/steps/min, which is approximately 
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one-half that of healthy normal people even after maximum walking speed was increased 

after gait training in the stroke patients (Suzuki et al., 1999). The study suggested that the 

ratio could be used as an index for gait performance (Suzuki et al., 1999). Previous 

studies argued that an invariant ratio of stride length to cadence observed in healthy 

adults is caused by a minimization of energy consumption during walking per distance 

traveled (Sekiya, Nagasaki, Ito, & Furuna, 1997; Zarrugh, Todd, & Ralston, 1974). 

Normally, people prefer to walk at the particular combination of step length, step 

frequency, and step width that is energetically optimal (Kuo, Donelan, & Ruina, 2005). 

Large increases in either step length or step frequency from the optimal combination 

would result in a significant increase in energy cost of walking (Doke, Donelan, & Kuo, 

2005; Kuo et al., 2005). This may account for the invariant ratio for both healthy and 

pathological populations because an optimal combination of step length and frequency is 

preferred at a given walking speed. 

Most of the differences in spatiotemporal parameters between stroke patients and 

normal healthy people are related to the stroke patients’ slow walking speed, but other 

differences are related to altered biomechanics due to hemiparesis. Stroke patients walk 

with longer stance time on the uninvolved side and shorter stance time on the involved 

side when compared with normal healthy people walking at similar speeds (Olney & 

Richards, 1996). That is, step time on one side is less than half of the stride time on the 

other side in stroke patients. Especially, stance time on the uninvolved side occupies a 

greater proportion of the gait cycle than the involved side (Olney & Richards, 1996). Peat 

et al. reported that the average stance and swing proportions of the involved limb were 
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about 67% and 33%, respectively, while the proportions for the uninvolved limb were 80% 

and 20%, respectively (Peat et al., 1976). The uninvolved limb contacts the ground at 

about 45% of the gait cycle and the involved side contacts the ground at about 55% 

during its gait cycle. This leads to an unbalanced gait pattern between the involved and 

uninvolved sides and is unique to hemiparetic gait (Lehmann, Condon, Price, & deLateur, 

1987; Olney & Richards, 1996). 

Kinematics 

Neurological impairment caused by stroke, such as altered muscle tone or 

weakness, may directly affect the patterns of hemiparetic gait. It is also possible that 

stroke patients adapt and compensate for any impairments and this may cause additional 

deviations from the normal gait pattern (Olney & Richards, 1996). Although wide 

variations in gait patterns occur in stroke patients, hemiparetic gait has been described as 

slow and stiff, with poorly coordinated movements of the involved limbs requiring 

compensatory actions by the uninvolved limbs (Brunnström, 1964). Some of the reported 

major differences in sagittal plane joint angles of the involved side in stroke patients 

compared with normal healthy people during walking include 1) decreased hip flexion at 

initial contact, increased hip flexion at toe off, and decreased hip flexion during mid 

swing; 2) increased knee flexion at initial contact and decreased knee flexion at toe off 

and mid swing; and 3) increased ankle plantar flexion at initial contact and mid swing 

and decreased ankle plantar flexion at toe off (Burdett et al., 1988). Others have observed 

additional kinematic characteristics, such as decreased knee flexion at initial contact, 

knee hyperextension in the stance phase, and flat-footed initial contact (Knutsson & 
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Richards, 1979). 

The increased hip flexion and decreased ankle plantar flexion at toe off 

corresponds with the study that reported especially lower hip flexion and plantar flexion 

strength of the involved limb (C. M. Kim & Eng, 2003). Kim et al. reported that ankle 

plantar flexor strength of the involved limb as the single most important variable in 

predicting gait speed and alone explained 67% to 72% of the variance in gait speed (C. 

M. Kim & Eng, 2003). The role of the ankle plantar flexors to provide “push-off” has 

been identified as an important factor to efficiently supply energy needed for walking in 

normal healthy people as well (Kuo & Donelan, 2010). 

Vertical center of mass displacement in hemiparetic gait is up to 3 times greater 

than normal probably due to excessive lifting strategies adapted to provide toe clearance 

on the involved side (Chen, Patten, Kothari, & Zajac, 2005; Daly, Roenigk, Butler, & 

Gansen, 2004; Detrembleur et al., 2003; Massaad, Lejeune, & Detrembleur, 2010) and 

reduced arm swing (Yang et al., 2015). This excessive vertical center of mass motion, 

which requires substantial muscle work by the uninvolved limb, largely accounts for the 

increased energy cost in hemiparetic gait (Detrembleur et al., 2003). Excessive vertical 

center of mass motion simulated by normal healthy people similarly increases energy cost 

(Massaad, Lejeune, & Detrembleur, 2007). 

Muscle activity 

During walking, lower extremity muscles in stroke patients exhibit a low degree 

of activity in general both in the involved and the uninvolved limbs (Knutsson & 
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Richards, 1979). However, it is challenging to describe typical muscle activity patterns 

from stroke patients due to large inter-individual variability. Furthermore, different 

walking speeds are known to affect the amplitude and timing of muscle activities (Otter, 

Geurts, Mulder, & Duysens, 2004). Nevertheless, there are some distinctive 

characteristics that have been reported. 

Knutsson et al. characterized muscle activity patterns of the involved lower 

extremity in the hip abductors, hip adductors, quadriceps, hamstrings, triceps surae, and 

tibialis anterior into three types (Knutsson & Richards, 1979). In a group of 26 

hemiparetic patients, nine patients demonstrated premature triceps surae activation in the 

stance phase (Type 1). Onset of the triceps surae occurred at about 5 to 10 percent of the 

gait cycle in hemiparetic patients, compared with 15 to 20 percent in normal healthy 

people. Additionally, a lower peak amplitude occurred at about 35 percent of the cycle in 

hemiparetic patients compared with 45 percent in normal healthy subjects. In another 9 

patients, electromyographic (EMG) amplitude was extremely low in 2 or more of the 

muscles of the involved side (Type 2). In 4 patients, there were abnormal co-activation 

patterns in several or all of the muscles with no significant decreases in muscle 

amplitudes (Type 3). No common pattern could be discerned in the remaining 4 patients. 

Electromyographic studies have revealed that hemiparetic patients do not have 

selective muscle control during gait (Lehmann et al., 1987). The muscle activity of the 

uninvolved limb differs from normal because of the compensations that have to be made 

for the disturbed control of the involved limb. On the uninvolved side, longer co-
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activation of the medial gastrocnemius and tibialis anterior muscles during the stance 

phase has been observed while the involved side showed shorter duration of the co-

activation when compared with speed-matched normal healthy people (Lamontagne, 

Richards, & Malouin, 2000). Peat et al. reported that peak EMG activity in tibialis 

anterior, triceps surae, medial hamstrings and vastus lateralis of the involved limb all 

occurred during mid-stance (Peat et al., 1976). The altered timing of co-activations of 

both limbs were correlated with dynamic joint strength, postural stability, gait speed, and 

energy consumption during walking and seemed to be one of the factors that negatively 

affected gait performance (Lamontagne et al., 2000; Shiavi, Bugle, & Limbird, 1987). 

Recently, Den Otter et al. reported that stroke patients may achieve functional gait 

recovery as determined by the level of walking independence, body mobility, and 

maximum walking speed without improvement in their abnormally long muscle co-

contraction, thus indicating that normalization of the temporal muscle activity pattern is 

not a prerequisite for functional recovery of gait (Otter, Geurts, Mulder, & Duysens, 

2006). 

2.3 Gait Rehabilitation Protocols for Stroke Patients 

One of the most desired outcomes of stroke rehabilitation is an improvement in 

walking ability. Researchers have been investigating various approaches to improve 

hemiparetic gait. An important aspect of stroke rehabilitation is that abnormal movement 

is not only due to muscle weakness but also due to impaired motor control (Good, 1994). 

Therefore, effective rehabilitation should address both factors to bring about more 
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improvement than just natural recovery. 

Traditionally, therapists have focused on strengthening and practicing single 

movements or various neurofacilitation techniques but these do not necessarily restore 

gait function (Dewald, 1987; Hesse et al., 1995). Researchers argue that gait training 

through actual walking promotes better recovery of walking abilities than traditional 

approaches that focus on control of isolated components of movement (Visintin, Barbeau, 

Korner-Bitensky, & Mayo, 1998; Winstein, Gardner, McNeal, Barto, & Nicholson, 1989; 

Zorowitz, 2015). More direct attempts to improve gait function in a task-oriented fashion 

often utilize assistive devices due to the patient’s inability to walk independently, 

especially during the early phase of recovery. 

Treadmill training with partial body weight support (BWS) provides symmetrical 

removal of weight from the lower extremities and allows practice of complete gait cycles 

with many repetitions (Visintin et al., 1998). Using BWS can be implemented very early 

in the rehabilitation process and has been shown to facilitate functional changes with 

improved relative movement timing of the involved limb during both stance and swing, 

leading to better gait symmetry (Hesse, Konrad, & Uhlenbrock, 1999a), faster walking 

speed, and better lower limb motor recovery (Visintin et al., 1998). However, BWS with 

treadmill training can only be used in a clinic setting. 

Some additional assistive devices such as an ankle-foot orthosis (AFO) and 

functional electrical stimulation (FES) can be utilized in combination with gait training to 

cope with foot drop. Foot drop affects approximately 20% of all stroke survivors and 
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results in a slower and less efficient gait and increases fall risk (Hyndman, Ashburn, & 

Stack, 2002). Ankle-foot orthoses help improve the gait pattern of stroke patients. 

Researchers have demonstrated the effectiveness of AFOs including improved speed 

(Ferreira et al., 2013), stability (H. Abe, Michimata, Sugawara, Sugaya, & Izumi, 2009; 

Hesse, Werner, Matthias, Stephen, & Berteanu, 1999b), and symmetry (Esquenazi, 

Ofluoglu, Hirai, & Kim, 2009; Hesse et al., 1999b) during walking. However, limiting 

ankle mobility (Vistamehr, Kautz, & Neptune, 2014) and decreasing muscle activity 

especially tibialis anterior (Hesse et al., 1999b; Lairamore, Garrison, Bandy, & Zabel, 

2011) are the disadvantages. Using FES can be an alternative to the AFO. Functional 

electrical stimulation uses neuromuscular electrical stimulation to the peroneal nerve 

during the swing phase and provides active dorsiflexion and foot clearance (Everaert, 

Thompson, Chong, & Stein, 2010; Hausdorff & Ring, 2008). It has been shown to 

improve gait speed (Everaert et al., 2010) and symmetry (Hausdorff & Ring, 2008; Ring, 

Treger, Gruendlinger, & Hausdorff, 2009) and decrease energy expenditure during 

walking (Hausdorff & Ring, 2008; Stein et al., 2006). However, using FES may cause 

skin irritation (Taylor et al., 1999) and stimulus discomfort (van Swigchem, Vloothuis, 

Boer, Weerdesteyn, & Geurts, 2010). 

There are many robotic devices commercially available to improve walking 

ability (e.g., Lokomat, Rex Bionics, Electromechanical Gait Trainer, LOPES, ALEX, and 

Rutgers Ankle Rehabilitation System). Although the types of robotic devices vary from 

minimally interacting devices to more comprehensive ones, they reduce the amount of 

burden for therapists to conduct gait training but still facilitate task-oriented and 
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repetitive gait motion during training (Freivogel, Schmalohr, & Mehrholz, 2009). 

Appropriately designed robotic devices are reported to mitigate gait impairments in 

stroke patients (Krishnan, Ranganathan, Kantak, Dhaher, & Rymer, 2012). However, 

they are usually costly and may provide too much guidance of the movement regardless 

of the patient’s effort, and potentially interfere with motor relearning (Krishnan et al., 

2012; Reinkensmeyer, Akoner, Ferris, & Gordon, 2009). 

As a patient becomes more functional and independent, external assistive devices 

need to be gradually removed to promote normal walking. There have been attempts to 

utilize external auditory rhythms in gait training. When gait training was performed with 

external auditory cues from a metronome and patients were instructed to step to the beat, 

the patients improved stride length, walking speed (Thaut, McIntosh, & Rice, 1997), and 

EMG amplitude variability (Thaut, McIntosh, Prassas, & Rice, 1993) relative to gait 

training without the auditory rhythm. Rhythmic facilitation may enhance more regular 

motor unit recruitment patterns and improve gait performance. When external auditory 

rhythms were directed at arm swing as well as leg swing, it led to greater arm swing 

amplitude (i.e., mean amplitude between involved and uninvolved), horizontal thoracic 

and pelvic rotation, and stride length (Ford, Wagenaar, & Newell, 2007b). However, the 

use of an external auditory rhythm did not improve frequency coordination between 

upper and lower limbs on the involved side. 

2.4 Arm Swing 

The importance of arm swing during walking has been previously reported. 
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During normal walking the arms swing in opposition to the legs (i.e., out-of-phase) 

(Elftman, 1939; Murray, Sepic, & Barnard, 1967). This out-of-phase pattern allows the 

arms to counteract the angular momentum created by the swinging legs about the vertical 

axis (Collins, Adamczyk, & Kuo, 2009; Elftman, 1939; Ortega, Fehlman, & Farley, 

2008). Although actively swinging the arms might cost metabolic energy, studies have 

reported greater energy efficiency during walking with arm swing compared with without 

arm swing (Collins et al., 2009; Ortega et al., 2008; Yizhar, Boulos, Inbar, & Carmeli, 

2009). Various studies have demonstrated that an increased arm swing amplitude can 

increase stride length and walking velocity (Eke-Okoro et al., 1997; Meyns, Bruijn, & 

Duysens, 2013; Yang et al., 2015). Restoring proper arm swing may help patients who 

suffer from abnormal arm swing and therefore may improve their walking performance. 

Hemiparetic arm swing 

It has been reported that stroke patients have a limited arm swing amplitude and 

asynchronous pattern on the involved side (Johansson et al., 2014; Roth et al., 2001). The 

involved arm swings about half the amplitude of the uninvolved side (Ford, Wagenaar, & 

Newell, 2007a; 2007b). Spasticity develops more commonly in the arms than the legs and 

patients may express a flexed posture of the upper extremity (Carmo, Kleiner, Costa, & 

Barros, 2012). There are many ways of improving the gait of stroke patients but arm 

movements should also be addressed during gait rehabilitation. 

2.5 Central Pattern Generator 

Motions of the arms and legs affect each other mechanically during walking, but 
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there are neuroscientific principles that could also explain their interaction. Walking is a 

voluntary movement and its components can be adjusted voluntarily according to 

environmental conditions. However, a large part of walking is controlled by a network of 

spinal neurons generally referred to as the central pattern generator (CPG). The CPG in 

the spinal cord is thought to be responsible for producing the rhythmic movement during 

rhythmic activities such as walking in the absence of sensory or descending inputs that 

carry specific timing information (Haghpanah, Farahmand, & Zohoor, 2017; Marder & 

Bucher, 2001). Through the CPG the complexity of signals that are required to specify 

routines for the movement is reduced. The large number of muscles involved in a 

rhythmic movement such as walking are organized into a limited number of muscle 

synergies or modules and the CPG controls each of these modules (Haghpanah et al., 

2017). 

Early studies in cats after complete transection of the spinal cord in the midbrain 

revealed that the basic motor pattern can be initiated by a stimulus from the higher center 

in the midbrain and afferent input from the limbs (Shik & Orlovsky, 1976; Shik, 

Orlovsky, & Severin, 1968). In the mesencephalic (midbrain) preparation, the 

deafferented cat was unable to perform voluntary movements below the level of the cut. 

With the cat placed on a treadmill with postural support, an electrical or chemical 

stimulation at the level of the cut initiated stepping movements. Using the same apparatus, 

when the treadmill was turned on, the cat initiated stepping motion as well. These results 

suggest that the basic motor pattern of the CPG can be initiated by a supraspinal 
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command or sensory input from the limbs. 

2.6 Interlimb Neural Coupling 

During normal human locomotor tasks, neuromotor control of the upper and 

lower limbs are interdependent (Ferris et al., 2006). Researchers have reported a positive 

relationship between arm swing amplitude and stride length in healthy people during 

walking (Eke-Okoro et al., 1997; Yang et al., 2015). Normally, as arm swing amplitude 

increases or decreases, stride length also increases or decreases, and vice versa (Eke-

Okoro et al., 1997; Yang et al., 2015). During recumbent stepping tasks with handles and 

pedals that are contralaterally coupled so that upper limb motion can drive lower limb 

stepping motion of the contralateral side allowing lower limb to passively go along for 

the ride, it has been shown that greater upper limb muscle activation leads to an increased 

lower limb muscle recruitment (Ferris et al., 2006). When the subjects actively used their 

upper limbs to drive lower limb stepping motion, EMG amplitude was greater for lower 

limb muscles when compared with upper limb motion that was passively driven by 

another person (Ferris et al., 2006). Similarly, Kawashima et al. examined the effect of 

resting, passive, and active arm swing on lower limb muscle activation during a passive 

locomotor-like leg movement (Kawashima, Nozaki, Abe, & Nakazawa, 2008). They 

found that passive or active arm swing increased locomotor-like soleus activation when 

compared with resting arm swing in patients who had incomplete cervical spinal cord 

injury and there was no significant difference in the EMG amplitudes between the 

passive and active arm swings. This study suggests that it is not descending motor 

commands, but rather sensory afferent signals to the spinal cord induced by upper limb 
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movements that affect the muscle activation of lower limb. Interlimb neural coupling 

could also be facilitated by mechanical displacement of the arms. Although it is very 

likely that lower limb activation can be enhanced by additional supraspinal descending 

motor commands, neural connections within the spinal cord play a significant role in the 

coordination of upper and lower limb motion. The spinospinal (propriospinal) tracts are a 

likely pathway for this neural coupling (Dietz, 2002; Zehr, Hundza, & Vasudevan, 2009). 

These studies demonstrate that there is a flexible and task-specific connection between 

the upper and lower limbs, and they suggest that greater arm swing could enhance lower 

limb muscle activation in a stroke population during walking. 

2.7 Stroke and Arm Swing 

During gait training for people with hemiparesis, more arm swing could be 

desirable in order to facilitate the coordination between the movements of the upper and 

lower body, and to improve gait performance. In an effort to restore natural arm swing, 

Botulinum toxin (BTX) has been commonly used for the treatment of spasticity of the 

involved arm (Hirsch et al., 2005). The BTX inhibits the neuromuscular junction 

affecting subsequent muscular contraction, and decreases reflexive muscular tone in the 

muscles targeted (Filippi, Errico, Santarelli, Bagolini, & Manni, 2009; Rosales, Arimura, 

Takenaga, & Osame, 1996). Multiple injections can be administered at the same time and 

the muscles targeted for injection can vary according to individual need. Injecting BTX 

into the involved arm muscles of people with hemiparesis led to an increase in walking 

speed (Esquenazi, Mayer, & Garreta, 2008), a decrease in stride time (Hirsch et al., 

2005), and an improved knee and ankle range of motion of the paretic leg (Hirsch et al., 
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2005). However, BTX therapy is costly, the effect is transient in nature (about 3-6 

months), and the number of possible injections is limited (Jankovic, Schwartz, & 

Donovan, 1990; Ozcakir & Sivrioglu, 2007). A specially designed treadmill with sliding 

handrails may also help people with stroke increase the arm swing. Using the treadmill 

has been shown to allow the subjects to swing the arms more horizontally and walk at a 

faster speed than they normally would without the support (Stephenson et al., 2009). 

With higher functioning stroke patients, instruction to move the arms and legs to the 

auditory rhythms increased arm swing and stride length during treadmill walking (Ford, 

Wagenaar, & Newell, 2007b). 

2.8 Weight Carriage 

Similar to the neural coupling observed between upper and lower limbs (non- 

homologous limbs), neural coupling may exist between right and left arms (homologous 

limbs). Donker et al. found in healthy people that carrying 1.8 kg on one arm increased 

arm swing amplitude on the opposite unweighted arm while decreasing arm swing 

amplitude of the weighted arm (Donker et al., 2002). The additional weight carriage 

condition also resulted in a significant increase in the EMG activity of the deltoid 

muscles on the unweighted side as well as on the weighted side (Donker et al., 2002). 

However, the additional weight did not affect the relative frequency between the arms 

and legs when compared with walking without weights. The increased EMG signal might 

be explained by interlimb neural coupling. The authors suggested that when one arm was 

loaded it required more force to move the weighted arm, but a strong motor command 

seemed to be sent to both arms leading to increased neural drive to and consequently arm 
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swing amplitude of unweighted arm (Donker et al., 2002). Additionally, the deltoid 

muscles of the weighted arm exhibited the greatest muscle activation. It is therefore 

plausible that loading an arm could decrease its movement amplitude but increase its 

muscle activity. This could act favorably for lower limb volitional activations and 

eventually for rehabilitation purposes via neural plasticity. However, in stroke patients it 

has never been systematically confirmed how loading the involved, uninvolved or both 

arms might affect arm swing amplitude, gait performance, and muscle activities of the 

upper and lower limbs. 

Recently, improvements in upper and lower body movements have been observed 

in people with Parkinson’s disease with the addition of 0.45 kg arm weights (Yoon et al., 

2015). The additional weights appeared to facilitate sensory input and increase arm swing 

amplitude. In turn, improvements in arm swing resulted in improved gait performance 

including an increase in cadence, walking speed, stride length, and swing phase time 

(Yoon et al., 2015). However, Donker et al. reported decreased arm swing amplitude with 

the addition of 1.8 kg arm weights in healthy subjects (Donker et al., 2002). Yoon et al. 

attributed the differences in arm swing amplitude and gait speed to the added weight, and 

they suggested that lighter arm weights be used for effective arm swing facilitation in 

people with Parkinson’s disease (Yoon et al., 2015). The Yoon et al. study provides a 

conceptual foundation for how using additional weights on the arms during gait might be 

valuable in a gait rehabilitation protocol for clinical populations with impaired arm swing 

and gait performance. It is unknown whether arm weights would have the same effect in 
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other neurological populations. 

Normal arm swing is not completely passive as it is partially driven by muscle 

activation in the shoulder (Elftman, 1939; Pontzer, Holloway, Raichlen, & Lieberman, 

2009). Mechanically, additional arm weights could change the inertial properties of the 

arms and their natural swinging frequency (Yoon et al., 2015). From a motor control 

perspective, it is rather difficult to make a direct assessment of the load-compensating 

response during walking. Altered sensory afferents of the arms with additional weights 

would continuously interact with central networks in a complex fashion. Additionally, 

increased total body weight could also affect lower extremity control. These changes 

would perhaps elicit broad adaptations to the additional weights throughout the walking 

movement. Therefore, to investigate the effect of additional weights, it is important to 

incorporate those performance outcomes most relevant to the perceived clinical problem 

as well as relevant muscle activities. Additionally, in order to differentiate the effects on 

gait of adding weights to the arms from simply increasing total system weight, these 

effects must be examined. The ideal amount of weight to add to the arms is also 

unknown. The weight should be heavy enough to facilitate the desired response, but not 

so heavy that the patient cannot hold the weight, perform adequate arm swing, or so the 

energy cost of gait is substantially increased. Therefore, for people with stroke it would 

be more appropriate to use lighter weights, especially considering their already higher 

metabolic energy cost during walking and their strength and motor control limitations. 
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2.7 Summary and Conclusion 

Gait performance is reduced in individuals with stroke although there is wide 

variation in preferred speed, cadence, and stride length. Recent evidence suggests that 

arm swing is closely related to gait performance and adding arm weights could help 

facilitate arm muscle activation and improve gait. However, the effect of adding lighter 

weights on arm swing, gait performance, and muscle activity in the upper and lower 

limbs is unknown. Additional research is needed to understand the effects of adding arm 

weights on gait performance in healthy subjects and stroke patients.  
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CHAPTER III 

METHODS 

Gait performance is reduced in individuals with stroke. Recent evidence suggests 

that arm swing is closely related to gait performance and adding arm weights could help 

facilitate upper extremity muscle activity. However, the effects of adding lighter weights 

on arm swing, gait performance, and muscle activity in the upper and lower limbs are 

unknown in both stroke patients and healthy people. Therefore, the purposes of this 

dissertation were to investigate the effects of adding weights to the arms on the arm 

swing amplitude, gait performance, and muscle activity in (1) healthy people and (2) 

people with hemiparesis following stroke. This chapter describes the methodology used 

for the two studies within this dissertation. Methods common to both studies are 

described together, while unique aspects to each study are described separately. 

3.1 Operational Definitions 

1. Hemiparesis – Abnormal movement on one side of the body that results in a decreased 

gait performance and asymmetrical gait pattern. 

2. Preferred walking speed – Freely chosen walking speed. 

3. Dominant hand – Preferred hand used for writing. 

3.2 Assumptions 

1. Subjects chose to walk at their preferred walking speed with comfortable arm swing. 
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2. The reflective marker and EMG electrode placements were consistent between subjects, 

ensured by having the primary investigator apply all markers to the subjects. 

3. The motion capture and EMG systems provided reliable and valid data. 

3.3 Experimental Design 

Study 1 

The first study incorporated a one-factor repeated measures design. All subjects 

walked at their preferred speed under different weight carriage conditions while the same 

dependent variables were measured. The main effect of weight carriage conditions was 

examined. 

The first study had four conditions (no weight, weight on unilateral arm, weights 

on bilateral arms, waist weights) with healthy subjects. In the unilateral arm weight 

condition, the side of the arm (right or left) was randomly selected. The waist weights 

condition was included to determine if any observed effects could be attributed to the 

addition of arm weights only or were a more general consequence of an increase in the 

total system weight. The order in which the conditions were tested was randomly 

assigned. 

Study 2 

The second study incorporated two one-factor repeated measures design. All 

subjects walked at their preferred speed under different weight carriage conditions while 

the same dependent variables were measured. The two separate main effects of weight 
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carriage conditions were examined in healthy and stroke patient groups. 

The second study had four conditions (no weight, weight on the uninvolved arm, 

weight on the involved arm, weights on bilateral arms) in stroke patients, and four 

conditions (no weight, weight on dominant arm, weight on non-dominant arm, weights 

on bilateral arms) in healthy subjects. 

3.4 Subjects 

Sample size 

The sample size needed in study 1 to achieve 80% statistical power was estimated 

from the data of a previous study that examined the effect of heavier weight (1.8 kg) on 

arm swing amplitude in healthy people (Donker et al., 2002). Effect sizes ranged from 2.9 

to 5.58 (Cohen’s d). This effect size was calculated using the formula: 

𝑑 =
X̅1 −  X̅2

√SD1
2 +  SD2

2

2

 

where X̅=group mean and SD=standard deviation. The effect sizes were then converted to 

f scores (1.03-1.97) using the formula: 

𝑓 =  
𝑑

√2𝑘
 

where k=number of groups (Cohen, 1988). Based on a desired statistical power of 0.8, 

alpha level of 0.05, and f score of 1.03, the required sample size was estimated to be three 

subjects (G*Power, 3.1.9.2, Franz Faul, Universitat Kiel, Germany). The sample size 
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needed in study 2 was estimated from the data of a previous study that examined the 

effect of lighter weight (0.45 kg) on arm swing amplitude and walking speed in patients 

with Parkinson’s disease (Yoon et al., 2015). Effect sizes were estimated to be from 0.55 

to 1.02 (Cohen’s d). They were then converted to f scores (0.19-0.36). Based on desired 

statistical power of 0.8, alpha level of 0.05, and f score of 0.19, the required sample size 

was estimated to be 17 subjects per group (G*Power, 3.1.9.2, Franz Faul, Universitat 

Kiel, Germany). Since the required sample size for the study 1 was very small, a similar 

sample size from the study 2 was used for the study 1. This improved statistical power 

and reduced the risk of Type 2 error for study 1 in the event of a smaller than expected 

effect size. 

Inclusion and exclusion criteria 

The first study included healthy male and female subjects from the Texas Tech 

University System and general public. Subjects were from 20 to 30 years of age. 

The second study included male and female healthy and hemiparetic post-stroke 

patients between 40 and 70 years of age. To help control for the potential confounding 

effects of sex and age in the study 2, each healthy subject was sex- and age-matched 

within ±5 years of each stroke patient. Subjects with a history of cerebrovascular accident 

(unilateral) discharged from acute care and who were medically stable were recruited 

from the general community and local clinics. The subjects needed to be able to walk 

without a walking aid for a minimum of 6 m at a time, for multiple times with rest 

intervals in between and were able to tolerate the addition of 0.45 kg weight bilaterally to 
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each arm during walking. 

Potential subjects were excluded from participation for the following reasons: 1) 

history of shoulder subluxation, 2) inability to follow verbal instructions, 3) history of 

any major upper or lower limb joint pathology such as peripheral neurological diseases, 

rheumatic, orthopedic or cardiovascular conditions that could have interfered with 

walking, 4) recent recipient of a BTX injection to the upper or lower limb in the three 

months preceding testing, 5) obesity (body mass index>30), and 7) pregnancy by self-

report. Additionally, stroke subjects were excluded for the following reasons: 8) gait 

speed>1.0 m/s and 9) normal bilateral gait symmetry (step length, swing time, stance 

time). 

3.5 On-site Screening for Stroke Patients 

Gait screening test 

For stroke patients, gait speed and symmetry were measured using GAITRite 

Electronic Walkway (CIR Systems Inc., Peekskill, NY). The walkway mat was 6 m in 

length and 0.6 m in width. Data were sampled at 100 Hz. The subject was asked to walk 

across the 6 m pressure sensitive mat and gait speed and symmetry were measured. If gait 

speed was greater than 1.0 m/s, the subject was excluded from the study to help control 

for the ceiling effect in gait performance as part of the screening process. Simultaneously, 

gait symmetry was assessed using the symmetry ratio as calculated in the following 

formula: 
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Symmetry ratio = Vone side / Vthe other side 

where V=spatiotemporal parameters including step length, swing time, and stance time. 

These measures were previously recommended to assess gait symmetry in stroke patients 

(Patterson, Gage, Brooks, Black, & McIlroy, 2010). The numerator was the greater of the 

two values so that the results were always greater than 1.0. Information about the 

direction of asymmetry was retained with a sign convention (+/- indicates greater value 

of the involved/uninvolved side, respectively). A value of 1.0 would indicate perfect 

symmetry and a value of 2.0 would suggest that the selected spatiotemporal parameter of 

the involved side was twice greater than the uninvolved side. Reported 95% confidence 

intervals of symmetry ratio in healthy individuals are 1.08, 1.06, and 1.05 for step length 

ratio, swing time ratio, and stance time ratio, respectively (Patterson et al., 2010). These 

values were used as threshold criteria for exclusion. Unlike other exclusion criteria, if any 

of the three measures did not exceed the threshold, gait was considered symmetrical and 

the subject was excluded. 

Somatosensory test 

After the gait performance screening test, somatosensory impairments were 

measured to exclude from the study subjects with peripheral neuropathy. Somatosensory 

screening was performed using a Weinstein enhanced sensory test monofilament (5.07 

gauge wire; Semmes Weinstein Corp., Riverdale, NY) using 10 grams of force applied 

until buckling. The measurements were made at locations in the hands (palmar surface of 

the index finger and thumb to evaluate median nerve function, little finger and 
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hypothenar eminence to evaluate the ulnar nerve, and dorsal surface between the 2nd and 

3rd metacarpal heads to evaluate the radial nerve) and foot (plantar surface of the 1st toe to 

evaluate medial plantar nerve, plantar surface of the 5th toe to evaluate the lateral plantar 

nerve, dorsal surface between the 1st and 2nd metatarsal heads to evaluate the deep 

peroneal nerve, 3rd metatarsal head to evaluate the superficial peroneal nerve, and the 

base of 5th metatarsal to evaluate the sural nerve) (Kemler, Schouten, & Gracely, 2000). 

The selected threshold is more than 50 times greater than normal detectable sensation and 

indicates that approximately 98% of the sensory ability has been lost (Jeng, Michelson, & 

Mizel, 2000). If the subjects could not feel the touch in any location, the subjects were 

excluded from the study. 

3.6 Instruments 

Motion capture data 

Kinematics were recorded in three dimensions using an eight-camera motion 

capture system (Vicon, 2.2.3, Denver, CO) sampling at 100 Hz. The data collection 

volume within the walkway was 6 m long, 2 m wide, and 2 m tall. The three-dimensional 

global coordinate system was defined as follows: the positive x-axis was the direction the 

subject faces, the positive y-axis was to the left of the subject, and the positive z-axis was 

directed upward. The root mean square (RMS) error tolerance for reproducing a fixed 

target length in three-dimensional space within the laboratory was 1 mm or less. 

Thirty nine reflective markers (14 mm diameter) as described by Vicon’s Full 

Body Plug-in-Gait marker set (Vicon Nexus) were placed bilaterally on the following 
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anatomical landmarks: ventral and dorsal head, spinous process of the 7th cervical 

vertebra, spinous process of the 10th thoracic vertebra, jugular notch, sternum, right 

scapula, acromio-clavicular joints, lateral upper arms, lateral humeral epicondyles, lateral 

forearms, radial styloids, ulnar styloids, middle knuckle on hands, anterior and posterior 

superior iliac spines, lateral thighs, femoral epicondyles, lateral legs, lateral malleoli, 

heels, and the second metatarsal heads (Figure 3.1). The markers allowed for the 

definition of a 15-segment whole body model that included the pelvis, trunk, head and 

foot, leg, thigh, arm, forearm, and hand segments bilaterally. 

 
Figure 3.1 Reflective marker and EMG electrode placement. 
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EMG 

Surface electromyograms (Delsys Bagnoli, Boston, MA) were recorded 

simultaneously at 1,000 Hz from the anterior and posterior deltoid (ADEL and PDEL), 

rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and medial 

gastrocnemius (MG) muscles. These muscles were chosen because of their role in arm 

swing and walking, and their activities are measureable using surface electrodes. Other 

muscles may also contribute to arm swing, such as the latissimus dorsi, teres major, 

middle deltoid, and trapezius but the PDEL muscles specifically have been shown to be 

greatly involved in shoulder extension during walking (Ballesteros, Buchthal, & 

Rosenfalck, 1965). When arm swing range of motion is within 20-30°, ADEL activity 

may be absent and forward swing occurs primarily due to passive forces. However, some 

studies have reported weak ADEL activity during normal walking (Kuhtz-Buschbeck & 

Jing, 2012; Pontzer et al., 2009) and this activity could increase as a result of adding arm 

weight (Donker et al., 2002). 

Preamplified double differential surface electrodes (dimensions=41 x 20 x 5 mm; 

interelectrode distance=10 mm; pre-amplification 10 V/V, common-mode rejection 

ratio=-92 dB, Noise=1.2uV, Input Impedance>1015 Ω//0.2 pF) were secured to the skin 

superficial to the muscles with double-sided tape and medical tape. The skin area where 

the electrodes were placed was shaved to remove excessive hair and cleaned using 

isopropyl alcohol to reduce impedance of the EMG signal. Electrodes were placed on the 

skin over the bellies of the muscles avoiding the innervation zone and tendons as 

described in a previous study (Hermens, Communautés européennes, & Programme, 
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1999). A reference electrode was placed over the tibial tuberosity to reduce the effects of 

common noise in the body. 

The input modules that host the electrode cables were fastened at the waist with a 

belt clip and the signals were passed to the main amplifier unit, amplified by a factor of 

1000, and bandwidth filtered between 20 and 450 Hz. The signals were then digitized 

within the analog-to-digital conversion interface box and passed to the MX Giganet for 

synchronization with the optical motion capture data. Finally, the data were sent to Vicon 

Nexus software on the host computer for recording and processing. 

Weights 

In the arm weight condition, subjects carried a 0.45 kg sand bag on the wrist 

(Figure 3.2). The weight was placed on the anterior/palmer side of the wrist (distal one-

third portion of the forearm). In the waist weights condition, subjects carried two 0.45 kg 

weights positioned in the front and back, near the body’s center of mass, and above the 

pelvis reflective markers. The weights were secured closely around the locations with 

SuperWrap (Fabrifoam, Exton, PA). Reflective markers on the wrist were placed on top 

of the SuperWrap for the arm weight conditions. 
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Figure 3.2 Placement of the weights on the arms and waist. 

 

3.7 Procedures 

Subject preparation 

Data were collected in the Clinical Biomechanics Research Laboratory in the 

Center for Rehabilitation Research at TTUHSC. Upon arrival, informed consent and 

medical history were obtained. Each subject’s anthropometric data were measured 

including height, weight, and bilateral leg lengths, knee widths, ankle widths, shoulder 

offsets, elbow widths, wrist widths, and hand thicknesses. Subjects were provided with 

proper attire (i.e., sports top, spandex shorts, and standard lab shoes) to control for the 

confounding effects from their clothing. Then, the reflective markers and EMG 

electrodes were placed. Prior to testing, reference measurements were recorded with the 
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subject standing still with his or her arms hanging freely alongside the body. The marker 

placement, subject’s posture and background muscle activity were recorded for reference. 

Walking trials 

Subjects walked at their preferred speed across a level 6 m walkway in each 

condition. Practice trials were performed when necessary to ensure the subject was 

comfortable with the experimental procedure. The verbal cue to initiate walking was 

“walk normally at your usual speed” and no instruction or feedback regarding arm swing 

was provided for any condition. The order of conditions was randomized. 

3.8 Data Reduction and Analyses 

Kinematic and EMG data from the Vicon Nexus software were exported to 

Matlab (The Mathworks, Inc., Natick, MA) for further data processing. The three-

dimensional marker coordinates were filtered using a fourth order, zero lag, Butterworth 

low pass digital filter with a cutoff frequency of 6 Hz. From the three-dimensional 

coordinates, spatiotemporal parameters including gait speed, cadence, step length, step 

width, and arm swing amplitude were calculated using the following methods: 

1. Step length was determined from the displacement of the ankle joint centers along 

the global X-axis between two consecutive foot contacts from each side. Foot 

contact was detected using the algorithm recommended by Desailly et al. 

(Desailly, Daniel, Sardain, & Lacouture, 2009). The ankle joint center was 

calculated based on the method described by Vaughan et al. (Vaughan, Davis, & 

O'Connor, 1992) but accounting for marker size (14 mm). 



Texas Tech University Health Sciences Center, Hyung Suk Yang, August 2017 

 

42 

2. Cadence refers to steps per minute. Step time was calculated from the instant of 

foot contact on one side to the instant of foot contact on the opposite side. Step 

frequency was calculated by dividing 1 by the step time and then step frequency 

was multiplied by 60 to determine cadence. 

3. Gait speed was calculated from the displacement of the virtual center position of 

the four pelvis markers (i.e., right and left ASISs and PSISs) in the global X 

(anterior) direction, starting from the frame of the first right foot contact in the 

stride to the frame of the last toe off, divided by the elapsed time between these 

events. 

4. Step width was calculated from the difference between the position data along the 

global Y-axis (medial-lateral) of the right and left ankle joint centers at each foot 

contact. 

Arm swing amplitude 

Arm swing amplitude was quantified using the hand and pelvis markers using a 

method similar to one previously described in the literature (Lewek, Poole, Johnson, 

Halawa, & Huang, 2010; Meyns et al., 2011). First, the displacement of the hand marker 

along the global anterior-posterior axis was obtained. Then, the maximum and minimum 

positions of the hand marker relative to the virtual center position of the four pelvis 

markers were used to calculate total arm swing linear displacement during each stride. 

This method permitted the calculation of arm swing displacement relative to the body 

without the influence of total body displacement due to forward progression. 
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Muscle activity 

The total accumulated muscle activity for each task was quantified using 

integrated EMG (iEMG). The activity of each muscle was calculated as the integral 

(trapezoid method) of the full-wave rectified data (Fey, Silverman, & Neptune, 2010), 

after first removing any DC offset. The iEMG values were calculated for each gait cycle, 

normalized to the time of each gait cycle and presented in microvolts as measured at the 

skin-electrode interface. The amplitudes of the iEMG signal were not normalized since 

normalization is not necessary when comparing amplitudes from the same muscle within 

an individual in the same session/day without changes to the EMG electrode set-up 

(Kamen, 2013). All dependent variables were averaged across four to eight strides over 

four trials (two round trips of the 6 m walkway) per condition for each individual and 

then the averaged data were used for statistical analyses. 

3.9 Variables and Statistical Analyses 

Variables for study 1 

The first study incorporated one independent variable (weight carried) with four 

levels (experimental conditions): no weight, weight on unilateral arm, weights on 

bilateral arms, and waist weights. Twenty biomechanical and neuromuscular dependent 

variables were examined: gait speed, bilateral step length and cadence, step width, 

bilateral arm swing amplitude, and bilateral iEMG amplitude values from the anterior and 

posterior deltoid, rectus femoris, biceps femoris, tibialis anterior, and medial 

gastrocnemius. 
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Variables for study 2 

The second study included one independent variable (weight carried) with four 

levels of weight carriage condition in each of two subject groups analyzed separately (no 

weight, arm weight on the uninvolved side, arm weight on the involved side, and bilateral 

arm weights in stroke patients; and no weight, weight on dominant arm, weight on non-

dominant arm, and bilateral arm weights in healthy subjects), as described below. Twenty 

dependent variables included gait speed, bilateral step length and cadence, step width, 

bilateral arm swing amplitude, and iEMG amplitude values the anterior and posterior 

deltoid, rectus femoris, biceps femoris, tibialis anterior and medial gastrocnemius of the 

involved/non-dominant and uninvolved/dominant side. 

Statistical analyses 

Descriptive statistics (mean±SD) were reported for age, weight, and height as 

well as post-stroke duration for the patient population. Statistical analyses were 

performed using SPSS software (version 21.0, Chicago, Illinois). Data were tested for 

normality (visual assessment of the frequency plots, Shapiro-Wilk test, and Kolmogorov-

Smirnov test), skewness, kurtosis, and assumption of sphericity (Mauchly’s Test of 

Sphericity). Variables were considered non-normal when two of the three tests indicated 

non-normality. 

Multiple one-way repeated measures analysis of variance (ANOVA) tests were 

used to examine the differences in arm swing amplitude, muscle activity, and gait 

performance across weight carriage conditions. Multiple Friedman ANOVAs were used 
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if the parametric assumptions were violated. The Greenhouse-Geisser adjustment to the 

degrees of freedom was used in the case of a sphericity violation. The initial alpha level 

was set at 0.05 and Hochberg’s step-up procedure was utilized within each of several 

groups of dependent variables to correct the alpha level for multiple tests. The dependent 

variables were grouped by similar characteristics into statistical families, and these 

groups consisted of primary gait performance variables (gait speed, arm swing amplitude), 

secondary gait performance variables (cadence, step length, step width), upper and lower 

limb iEMG variables from the weighted side, and upper and lower limb iEMG variables 

from the unweighted side. Arm swing amplitude, cadence, and step length were 

examined on weighted and unweighted sides separately. When the ANOVAs were 

significant, Bonferroni or Wilcoxon signed rank tests were used to identify significant 

pairwise differences within each analysis. Tests resulting in p values between 0.05 and 

the more stringent corrected alpha level were operationally defined to be inconclusive. 

For study 2, multiple two factor mixed design ANOVAs were planned to examine 

the differences in each dependent variable across groups and weight carriage conditions. 

However, violations of the parametric assumption of normality prevented use of a mixed 

model analysis, therefore the same statistical analyses as in study 1 (i.e., one-way 

repeated measures ANOVA) were performed in each group separately. Additionally, 

single subject effects were explored using descriptive statistics and effect sizes to provide 

additional insight about the potential effects of arm weights on gait speed because 

extreme variability in the stroke group was anticipated.  
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CHAPTER IV 

EFFECTS OF ADDING ARM WEIGHT ON GAIT PERFORMANCE 

IN HEALTHY SUBJECTS (STUDY 1) 

4.1 Abstract 

Recent research suggests that arm swing and walking performance are closely related and 

affect each other. However, how the addition of arm weights might change one’s natural 

gait performance has not been thoroughly investigated. The purpose of this study was to 

investigate the effects of adding weights to the arms on arm swing amplitude, gait 

performance, and muscle activity in healthy people. Twenty-two healthy subjects (10 

male, 12 female; M±SD age: 23.5±2.1 years, height: 1.71±0.07 m, mass: 67.8±10.9 kg, 

BMI: 23.0±3.1) were recruited from the general community. All subjects walked at their 

preferred speed across a level 6 m walkway under different weight carriage conditions 

(no weight, C1; weight (0.45 kg) on unilateral arm, C2; weights on bilateral arms, C3; 

waist weights, C4). When additional weights were added, subjects significantly increased 

gait speed (p=0.002, C1: 1.210.08 (MSD); C2: 1.250.11; C3: 1.240.11; C4: 

1.250.11 m/s) with an increase in cadence (p<0.001, C1: 106.14±5.05; C2: 

108.92±5.48; C3: 108.14±5.26; C4: 108.00±5.66 steps/min) and electromyographic 

activity in the tibialis anterior (p=0.007, C1: 21.05±4.59; C2: 25.10±6.10; C3: 

23.93±4.75; C4: 24.33±6.32 μV) muscle. The results suggest that the addition of 0.45 kg 

weights do not impose mechanical or physiological constraints to the arms but rather may 

cause neuromuscular, psychological, or cognitive changes that may facilitate a faster 
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walking speed. These results indicate that additional weights improve gait performance 

rather than an isolated adaptation limited to one particular location. Adding arm weights 

should be investigated as a potential intervention to improve performance in individuals 

with gait impartments. Further study is warranted in patient populations, such as stroke 

patients, who might benefit from this intervention to improve gait performance. 

4.2 Introduction 

During normal human locomotor tasks, neuromotor control of the upper and 

lower limbs are interdependent (Ferris, Huang, & Kao, 2006). The underlying mechanism 

responsible for the coordination between upper and lower limb movements has been 

called interlimb neural coupling, which is defined as a flexible, task-specific, 

physiologically meaningful linkage of the limbs during complex movements (Dietz & 

Schrafl-Altermatt, 2016). Researchers have reported a positive relationship between arm 

swing amplitude and stride length in healthy people during walking (Eke-Okoro, 

Gregoric, & Larsson, 1997; Yang, Atkins, Jensen, & James, 2015). Normally, as arm 

swing amplitude increases or decreases, stride length also increases or decreases (Eke-

Okoro et al., 1997; Yang et al., 2015). Investigators demonstrated that greater upper limb 

muscle activation leads to an increased lower limb muscle recruitment during recumbent 

stepping tasks using hands and pedals that are contralaterally coupled so that upper limb 

motion can drive lower limb stepping motion of the contralateral side that allows the 

lower limb to passively go along for the ride (Ferris et al., 2006). Previous research 

reported that when subjects actively used their upper limbs to drive lower limb stepping 

motion, electromyography (EMG) amplitude was higher for lower limb muscles when 
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compared with upper limb motion that was passively driven by another person (Ferris et 

al., 2006). Similarly, Kawashima et al. examined the effect of resting, passive, and active 

arm swing on lower limb muscle activation during a passive locomotor-like leg 

movement (Kawashima, Nozaki, Abe, & Nakazawa, 2008). They found that passive or 

active arm swing increased locomotor-like soleus activation when compared with resting 

arm swing in patients who had incomplete cervical spinal cord injury and there was no 

significant difference in the EMG amplitudes between the passive and active arm swings. 

This study suggests that it is not descending motor commands, but rather sensory afferent 

signals to the spinal cord induced by upper limb movements that affect the muscle 

activation of lower limb. Additionally, interlimb neural coupling could be facilitated by 

mechanical displacement of the arms. Although it is very likely that lower limb activation 

can be enhanced by additional supraspinal descending motor commands, neural 

connections within the spinal cord seem to play a significant role in the coordination of 

upper and lower limb motion. The spinospinal (propriospinal) tracts are a likely pathway 

for this neural coupling (Dietz, 2002; Zehr, Hundza, & Vasudevan, 2009). 

Similar to the neural coupling observed between upper and lower limbs (non- 

homologous limbs), neural coupling may exist between right and left arms (homologous 

limbs). Donker et al. found in healthy people that carrying 1.8 kg on one arm increased 

arm swing amplitude on the opposite unweighted arm while decreasing arm swing 

amplitude of the weighted arm (Donker, Mulder, Nienhuis, & Duysens, 2002). The 

additional weight carriage condition resulted in a significant increase in the EMG activity 

of the deltoid muscles on the unweighted side as well as the weighted side (Donker et al., 
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2002). However, the additional weight did not affect the relative frequency between the 

arms and legs when compared with walking without weights. The increased EMG signal 

might be explained by interlimb neural coupling. The authors suggested that when one 

arm was loaded it required more force to move the weighted arm, but a strong motor 

command seemed to be sent to both arms leading to increased neural drive to and 

consequently arm swing amplitude of the unweighted arm (Donker et al., 2002). 

Additionally, the deltoid muscles of the weighted arm exhibited the greatest muscle 

activation. It is therefore plausible that loading an arm could decrease its movement 

amplitude but increase its muscle activity. 

Applying additional weights to the body could be a possible intervention to 

facilitate improvements in gait performance via an interlimb neural coupling mechanism. 

In addition to the increased muscle activation observed in homologous limbs (Donker et 

al., 2002), a previous study in Parkinson’s patients reported that walking with weights 

(0.45 kg each) added to the arms resulted in increased arm swing amplitude leading to 

improved gait performance including an increase in cadence, walking speed, stride 

length, and swing phase time (Yoon et al., 2015). 

Additional knowledge about the effects of adding weight to the body, especially 

the arms, could provide the information necessary to facilitate the development of new 

intervention strategies for improving gait performance in patient populations that have 

neuromuscular recruitment and control impairments. However, to better understand how 

a weight carriage intervention might affect a patient population, it is necessary to first 
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understand how weight carriage affects normal healthy individuals. Therefore, the 

purpose of this study was to investigate the effects of adding weights to the arms on arm 

swing amplitude, gait performance, and muscle activity in healthy people. It was 

hypothesized that walking with arm weights would increase the activation of muscles in 

the upper and lower limbs and improve gait performance due to the interlimb neural 

coupling mechanism. 

4.3 Methods 

Subjects 

Twenty-two healthy subjects (10 male, 12 female; M±SD age: 23.5±2.1 years, 

height: 1.71±0.07 m, mass: 67.8±10.9 kg, BMI: 23.0±3.1) participated in the study. 

Volunteers were excluded from participation for the following reasons: 1) history of 

shoulder subluxation, 2) inability to follow verbal instructions, 3) history of any major 

upper or lower limb joint pathology such as peripheral neurological diseases, rheumatic, 

orthopedic or cardiovascular conditions that could interfere with walking, 4) recent 

recipient of a Botulinum toxin injection to the upper or lower limb in the three months 

prior to testing, 5) obesity (body mass index>30), and 7) pregnancy by self-report. Prior 

to participation, all subjects signed an informed consent form approved by the 

Institutional Review Board at the affiliated university. 

Protocol 

Subjects walked at their preferred speed across a level 6 m walkway under 

different weight carriage conditions while the arm swing amplitude, muscle activity, and 



Texas Tech University Health Sciences Center, Hyung Suk Yang, August 2017 

 

51 

gait performance dependent variables were measured. Four weight carriage conditions 

(no weight, C1; weight on unilateral arm, C2; weights on bilateral arms, C3; waist 

weights, C4, Figure 4.1) were used to assess the effects of added weight. The order in 

which the conditions were tested was randomly assigned. The verbal cue to initiate 

walking was “walk normally at your usual speed” and no instruction or feedback 

regarding arm swing was provided for any condition. In the arm weight conditions, 

subjects carried a 0.45 kg sand bag on the wrist. The weight was placed on the 

anterior/palmer side of the wrist (distal one-third portion of the forearm). In the waist 

weights condition, subjects carried two 0.45 kg weights positioned in the front and back 

of the abdomen, near the body’s center of mass, and above the pelvis reflective markers. 

The weights were secured using SuperWrap (Fabrifoam, Exton, PA). In the unilateral 

arm weight condition, the side of weight carriage (right or left) was randomly selected. 

The waist weights condition was included to determine if any observed effects could be 

attributed to the addition of arm weights only or were a more general consequence of an 

increase in the total weight of the system. Subjects were provided with proper attire (i.e., 

sports top, spandex shorts, and standard lab shoes) to control for the confounding effects 

from their clothing. 

Instrumentation 

Kinematics were recorded in three dimensions using an eight-camera motion 

capture system (Vicon, 2.2.3, Denver, CO) sampling at 100 Hz. Thirty-nine reflective 

markers (14 mm diameter) were placed on the body at locations specified by Vicon’s Full 

Body Plug-in-Gait marker set. Surface electromyograms (Delsys Bagnoli, Boston, MA) 
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were recorded simultaneously at 1,000 Hz from the anterior and posterior deltoid (ADEL 

and PDEL), rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and medial 

gastrocnemius (MG) muscles. These muscles were chosen because of their role in arm 

swing and walking, and their activities are measureable using surface electrodes. Other 

muscles may contribute to arm swing, such as the latissimus dorsi, teres major, middle 

deltoid, and trapezius but the PDEL muscles specifically have been shown to be greatly 

involved in shoulder extension during walking (Ballesteros, Buchthal, & Rosenfalck, 

1965).When arm swing range of motion is within 20-30°, ADEL activity may be absent 

and forward swing occurs primarily due to passive forces. However, selected studies have 

reported weak ADEL activity during normal walking (Kuhtz-Buschbeck & Jing, 2012; 

Pontzer, Holloway, Raichlen, & Lieberman, 2009) and this activity could increase as a 

result of adding arm weight (Donker et al., 2002). Preamplified double differential 

surface electrodes (dimensions=41 x 20 x 5 mm; interelectrode distance=10 mm; pre-

amplification=10 V/V, common-mode rejection ratio=-92 dB, Noise=1.2 uV, Input 

Impedance>1015 Ω//0.2 pF) were secured to the skin superficial to the muscles with 

double-sided tape and medical tape. The skin area where the electrodes were placed was 

shaved to remove excessive hair and cleaned using isopropyl alcohol to reduce 

impedance of the EMG signal. Electrodes were placed on the skin over the muscle bellies, 

avoiding the innervation zone and tendons as described in a previous study (Hermens, 

Communautés européennes, & Programme, 1999). A reference electrode was placed over 

the tibial tuberosity to reduce the effects of common noise in the body. The input 

modules that host the electrode cables were fastened at the waist with a belt clip and the 
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signals were passed to the main amplifier unit, amplified by a factor of 1000, and 

bandwidth filtered between 20 and 450 Hz. The signals were then digitized within the 

analog-to-digital conversion interface box and passed to the MX Giganet for 

synchronization with the optical motion capture data. Finally, the data were sent to Vicon 

Nexus software on the host computer for recording and processing. 

Data Reduction and Analyses 

Kinematic and EMG data from the Vicon Nexus software were exported to 

Matlab (The Mathworks, Inc., Natick, MA) for further data processing. The three-

dimensional marker coordinates were filtered using a fourth order, zero lag, Butterworth 

low pass digital filter with a cutoff frequency of 6 Hz. From the three-dimensional 

coordinates, spatiotemporal parameters including gait speed, cadence, step length, step 

width, and arm swing amplitude were calculated. Arm swing amplitude was quantified 

using the hand and pelvis markers via a method similar to one previously described in the 

literature (Lewek, Poole, Johnson, Halawa, & Huang, 2010; Meyns et al., 2011). First, 

hand marker displacement along the global anterior-posterior axis was obtained. Then, 

the maximum and minimum hand marker positions relative to the virtual center position 

of the four pelvis markers were used to calculate total arm swing linear displacement 

during each stride. This method permitted the calculation of arm swing displacement 

relative to the body without the influence of total body displacement due to forward 

progression. 

The total accumulated muscle activity for each task was quantified using 
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integrated EMG (iEMG). The activity of each muscle was calculated as the integral 

(trapezoid method) of the full-wave rectified data (Fey, Silverman, & Neptune, 2010), 

after first removing any DC offset. The iEMG values were calculated for each gait cycle, 

normalized to the time of each gait cycle and presented in microvolts as measured at the 

skin-electrode interface. The amplitudes of the iEMG signal were not normalized since 

normalization is not necessary when comparing amplitudes from the same muscle within 

an individual in the same session/day without changes to the EMG electrode set-up 

(Kamen, 2013). All dependent variables were averaged across four to eight strides over 

four trials (two round trips of the 6 m walkway) per condition for each individual and 

then the averaged data were used for statistical analyses. 

Variables and Statistical Analyses 

Multiple one-way repeated measures analysis of variance (ANOVA) tests were 

used to examine the differences in arm swing amplitude, muscle activity, and gait 

performance across weight carriage conditions. The parametric statistical assumption of 

normality was assessed by examining frequency plots and by calculating Shapiro-Wilk 

and Kolmogorov-Smirnov tests. Variables were considered non-normal when two of the 

three tests indicated non-normality. Multiple Friedman ANOVAs were used if the 

parametric assumptions were violated. The Greenhouse-Geisser adjustment to the degrees 

of freedom was used in the case of a sphericity violation. The initial alpha level was set at 

0.05 and Hochberg’s step-up procedure was utilized within each of several groups of 

dependent variables to correct the alpha level for multiple tests. The dependent variables 

were grouped by similar characteristics into statistical families, and these groups 
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consisted of primary gait performance variables (gait speed, arm swing amplitude), 

secondary gait performance variables (cadence, step length, step width), upper and lower 

limb iEMG variables from the weighted side, and upper and lower limb iEMG variables 

from the unweighted side. Arm swing amplitude, cadence, and step length were 

examined on weighted and unweighted sides separately. When the ANOVAs were 

significant, Bonferroni or Wilcoxon signed rank tests were used to identify significant 

pairwise differences within each analysis. Tests resulting in p values between 0.05 and 

the more stringent Hochberg-corrected alpha level were operationally defined to be 

inconclusive. Statistical analyses were performed using SPSS software (version 21.0, 

Chicago, Illinois). 

4.4 Results 

The normality assumption was violated in multiple variables. Step length, 

cadence, and iEMG from the ADEL, PDEL, RF, and BF on the weighted side, as well as 

iEMG from the ADEL, PDEL, RF, BF, and MG on the unweighted side all violated the 

assumption of normality. Analysis of these variables proceeded using the Friedman 

ANOVA, as appropriate. 

Gait performance was altered by weight carriage. Gait speed (p=0.002), cadence 

(p<0.001), and iEMG values from the TA (p=0.007) on the unweighted side were 

significantly different among conditions (Tables 4.1 and 4.2). Cadence (p=0.016), step 

length (p=0.037), and iEMG values from the BF (p=0.034) on the weighted side were not 

significantly different using Hochberg’s step-up procedure, but their p values were less 
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than 0.05, thus changes in these variables were considered inconclusive. No other 

variables exhibited significant (p>0.05) changes with weight carriage. 

Pairwise tests further supported the effects of weight carriage on gait 

performance. Gait speed significantly increased in C2 (p=0.018) and C4 (p=0.013) when 

compared with the C1 control condition (C1: 1.21±0.08 (M±SD); C2: 1.25±0.11; C3: 

1.24±0.11; C4: 1.25±0.11 m/s; Table 4.3). Additionally, cadence during C2 (p<0.001), 

C3 (p=0.008), and C4 (p<0.001) measured on the unweighted side during the weighted 

conditions significantly increased relative to the C1 control condition (C1: 106.14±5.05; 

C2: 108.92±5.48; C3: 108.14±5.26; C4: 108.00±5.66 steps/min; Table 4.3). 

Electromyographic activity in the TA muscle on the unweighted side was significantly 

(p=0.048) greater in C2 when compared with the control condition but it was not 

significantly different from C1 in the other conditions (C1: 21.05±4.59; C2: 25.10±6.10; 

C3: 23.93±4.75; C4: 24.33±6.32 μV). 

4.5 Discussion 

The purpose of this study was to investigate the effects of adding weights to the 

arms on the arm swing amplitude, gait performance, and muscle activity in healthy 

people. The findings demonstrated that when additional weight (0.45 kg) was added 

unilaterally to one arm (C2), subjects significantly increased gait speed with an increase 

in cadence and TA activity on the unweighted side. In addition, gait speed and cadence 

increased when weights were added to the waist (C4). Cadence increased without a 

change in gait speed when weights were added bilaterally to both arms (C3). 
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The increase in gait speed observed in the current study agrees with the results 

found by Yoon et al. (Yoon et al., 2015). Their study reported that walking with weights 

(0.45 kg each) on the arms resulted in increased gait speed in people with Parkinson’s 

disease, leading to an increase in arm swing amplitude, cadence, stride length, and swing 

phase time. Although it has been suggested that adding heavier weights may decrease gait 

speed due to greater inertia (Donker et al., 2002), walking with lighter arm weights seems 

to result in an increase in gait speed even in healthy subjects. Yoon et al. postulated that 

lighter weights could act as an additional sensory input and affect the perception to 

activate the motor cortex during walking (Yoon et al., 2015). In the current study, the 

ceiling effect in gait speed when testing healthy subjects was a possible concern because 

of their expected high/optimal gait speed, but our results showed that even young healthy 

subjects may increase gait speed when walking with additional weights. However, in the 

current study the average gait speed was 1.21±0.08 m/s in the unweighted control 

condition, which is slightly slower than the typical average speed of about 1.34 m/s 

(Neumann, 2010). It is not clear if subjects were naturally slower walkers or whether they 

just walked more slowly than normal during testing. Either way, the initially slower gait 

speed might have constrained gait less and permitted subjects a greater opportunity to 

walk faster. Although unknown, knowing the reason for the slower than typical gait 

speed could provide additional insight about the influence of added weight on gait 

performance and whether or not the mechanism that caused faster walking was 

neurophysiological, perceptual, or due to some other unknown factor. Since our study 

utilized consistent verbal cues and a randomized condition order, the observed increase in 



Texas Tech University Health Sciences Center, Hyung Suk Yang, August 2017 

 

58 

gait speed cannot be attributed to a confounding learning or training effect. 

The increase in cadence on the unweighted side primarily explains the increase in 

gait speed, but cadence and step length on the weighted side tended to increase with 

additional weight as well suggesting a system-wide effect. It was hypothesized that the 

additional weight would increase muscle activation related to arm swing and in turn 

increase lower extremity muscle activation through the interlimb neural coupling 

mechanism. However, no significant difference in ADEL and PDEL muscle activities or 

arm swing amplitudes were observed. Furthermore, gait speed increased in the waist 

weights condition when compared with the control condition suggesting that additional 

light weight added to the body may cause neuromotor, psychological, cognitive or other 

changes that may stimulate subjects to walk faster and does not appear to impose 

mechanical or physiological constraints that would impair gait performance. A previous 

study reported similar results with a lighter (0.34-1.25 kg) weight vest. The study 

observed an increase in gait speed in people with multiple sclerosis and healthy controls 

(Gorgas, Widener, Gibson-Horn, & Allen, 2014). They suggested that the weight vest 

may improve stability and allow people to feel more stable during walking, leading them 

to spend a greater proportion of the gait cycle in single limb support versus double limb 

support. It is not clear if people rely on the same mechanism in response to arm weights 

and waist weights. The results of the current study indicate that additional weights affect 

whole body movement rather than an isolated adaptation limited to one particular 

location. However, it is still not clear why walking with additional weights results in an 
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increase in gait speed. 

During data collection, it was qualitatively observed that the relative movement 

frequency between arms and legs was maintained regardless of the weight carriage 

conditions. Since cadence increased as gait speed increased but the arm swing amplitude 

did not change between the conditions, it can be inferred that the arm swing frequency 

might have increased in a similar fashion. However, no difference in iEMG values related 

to arm swing were observed. Several factors may account for the lack of observed 

difference in arm iEMG values. Firstly, iEMG variables may not be sensitive enough to 

detect small changes in muscle activation because iEMG represents the total activity over 

a stride. A small increase in muscle activity at one time during the stride could be masked 

by a small decrease in activity at another time. Secondly, arm swing could have remained 

largely dependent on passive mechanisms, such as a transfer of momentum from the 

trunk, which would have likely increased with an increase in gait speed. Lastly, increases 

in muscle activation that could account for the increase in arm swing frequency may have 

occurred in muscles that were not measured in the current study, such as the latissimus 

dorsi, teres major, and trapezius. 

Changes in measured lower limb muscle activation did not fully explain the 

observed increases in gait speed. Only TA activity on the unweighted side during C2 

exhibited a significant increase with additional weight and as gait speed increased, 

although there was a tendency for BF and TA activity to increase in other conditions, as 

well. Similar reasons as explained previously for the arm muscles may account for the 
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lack of observed differences in the lower limb. Furthermore, the difference in gait speed 

was less than 0.1 m/s and this small increase in speed may not have resulted in a 

measurable increase in muscle activation using the current method. These explanations 

remain speculative and require further investigation. 

In conclusion, an increase in gait speed was observed when healthy subjects 

walked with additional unilateral arm and waist weights. The observed effect may be 

minimally important in healthy young adults because of their already high/optimal gait 

speed, but this effect could have important implications for some pathological 

populations that have significantly slower than normal gait speeds. Future research 

should investigate the effects of adding arm weights on gait performance in individuals 

with gait impairments.  
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Table 4.1 Descriptive (meanstandard deviation) and ANOVA test results. 

Dependent Variable C1 C2 C3 C4 p value 

Gait Speed (m/s)a 1.210.08 1.250.11 1.240.11 1.250.11 0.002 

Arm Swing W (m)a 0.360.11 0.350.10 0.340.10 0.360.11 0.358 

Arm Swing UW (m)a 0.330.10 0.340.09 0.320.09 0.330.08 0.169 

Cadence W (steps/min) 106.145.05 108.925.48 108.145.26 108.005.66 0.016 

Cadence UW (steps/min)a 105.535.24 108.485.55 107.915.57 108.535.29 <0.001 

Step Length W(m) 0.680.03 0.690.04 0.690.04 0.690.04 0.037 

Step Length UW (m)a 0.680.04 0.690.04 0.690.04 0.690.04 0.188 

Step Width (m)a 0.130.03 0.130.03 0.130.03 0.120.02 0.172 

iEMG ADEL W(μV) 19.868.32 19.417.89 21.005.66 18.198.20 0.263 

iEMG ADEL UW (μV) 20.966.71 19.608.39 22.887.73 19.748.43 0.099 

iEMG PEDL W (μV) 23.439.90 21.889.70 22.118.71 22.908.78 0.615 

iEMG PDELUW (μV) 22.288.21 24.238.26 23.138.02 23.6310.33 0.819 

iEMG RF W (μV) 20.7410.50 22.1610.26 19.726.56 19.389.34 0.152 

iEMG RF UW (μV) 18.566.93 17.756.63 20.617.15 19.2710.59 0.454 

iEMG BF W (μV) 18.447.12 22.099.14 20.816.03 17.778.47 0.034 

iEMG BF UW (μV) 23.019.13 22.819.70 20.675.65 20.058.66 0.288 

iEMG TA W (μV)a 22.108.67 22.176.28 23.896.21 23.935.50 0.565 

iEMG TA UW (μV)a 21.054.59 25.106.10 23.934.75 24.336.32 0.007 

iEMG MG W (μV)a 20.766.16 21.227.39 20.886.54 17.936.62 0.116 

iEMG MG UW (μV) 21.478.07 19.517.57 20.875.89 21.155.00 0.427 
a Variables were tested parametrically. ** Significantly different between the conditions 

after Hochberg’s correction. * p<0.05, but not significant after Hochberg’s correction. 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on unilateral arm; C3, weights on 

bilateral arms; C4, waist weights. W, weighted side; UW, unweighted side; ADEL, 

anterior deltoid; PDEL, posterior deltoid; RF, rectus femoris; BF, biceps femoris; TA, 

tibialis anterior; MG, medial gastrocnemius.  
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Table 4.2 Hochberg’s step-up procedure applied to ANOVA. 

Family Group Dependent Variable Adjusted  p value Effect Size# 

Primary Gait 

Performance 

Arm Swing Wa 0.05 0.358 0.048E 

Arm Swing UWa 0.025 0.169 0.080E 

Gait Speeda 0.0167 0.002 0.258E# 

Secondary Gait 

Performance 

Step Length UWa 0.05 0.188 0.073E 

Step Widtha 0.025 0.172 0.076E 

Step Length W 0.0167 0.037 0.114W 

Cadence W 0.0125 0.016 0.140W 

Cadence UWa 0.01 <0.001 0.404E# 

iEMG of 

Weighted Side 

iEMG PDEL W  0.05 0.615 0.027W 

iEMG TA Wa 0.025 0.565 0.032E 

iEMG ADEL W 0.0167 0.263 0.060W 

iEMG RF W 0.0125 0.152 0.080W 

iEMG MG Wa 0.01 0.116 0.091E 

iEMG BF W 0.008 0.034 0.131W 

iEMG of 

Unweighted Side 

iEMG PDEL UW 0.05 0.819 0.014W 

iEMG RF UW 0.025 0.454 0.040W 

iEMG MG UW 0.0167 0.427 0.042W 

iEMG BF UW 0.0125 0.288 0.057W 

iEMG ADEL UW 0.01 0.099 0.095W 

iEMG TA UWa 0.008 0.007 0.202E# 

a Variables were tested parametrically. ** Significantly different between the conditions 

after Hochberg’s correction. * p<0.05, but not significant after Hochberg’s correction. 
E Partial η2 was used for parametrically tested variables (ηp

2: small=0.01, medium=0.06, 

large=0.14) and W Kendall’s W was used for nonparametric variables (W: 

small<0.30<medium<0.50<large). # Effect sizes are considered large using the respective 

method. 

Abbreviations: W, weighted side; UW, unweighted side; ADEL, anterior deltoid; PDEL, 

posterior deltoid; RF, rectus femoris; BF, biceps femoris; TA, tibialis anterior; MG, 

medial gastrocnemius. 

 

Table 4.3 Bonferroni test results. 

Dependent Variable C1-C2 C1-C3 C1-C4 C2-C3 C2-C4 C3-C4 

Gait Speed 0.018 0.201 0.013 0.194 1.00 1.00 

Cadence UW <0.001 0.008 <0.001 1.00 1.00 1.00 

iEMG TA UW 0.048 0.173 0.094 0.802 1.00 1.00 

All values are p values. * Significantly different between the conditions.  
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Figure 4.1 Reflective marker, EMG electrode, and the weight placement on the arms and 

waist.  
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CHAPTER V 

EFFECTS OF ADDING ARM WEIGHTS ON GAIT 

PERFORMANCE IN HEMIPARETIC STROKE AND HEALTHY 

SUBJECTS (STUDY 2) 

5.1 Abstract 

Recent research suggests that arm swing and walking performance are closely related and 

affect each other. Applying additional weights to the arms could be a possible 

intervention to facilitate hemiparetic gait. The purpose of this study was to investigate the 

effects of adding weights to the arms on arm swing amplitude, gait performance, and 

muscle activity in stroke patients and healthy subjects. Nine hemiparetic stroke (8 male, 1 

female; M±SD age: 58.0±6.8 years, height: 1.74±0.07 m, mass: 78.9±12.0 kg, BMI: 

25.9±3.8, stroke duration: 91.4±67.9 months) and nine healthy (8 male, 1 female; M±SD 

age: 57.0±6.2 years, height: 1.74±0.08 m, mass: 74.2±8.0 kg, BMI: 24.4±1.3) subjects 

participated in the study. All subjects walked at their preferred speed across a level 6 m 

walkway under different weight carriage conditions (stroke group: no weight, C1; weight 

on uninvolved arm, C2; weight on involved arm, C3; bilateral arm weights, C4; healthy 

group: no weight, C1; weight on dominant arm, C2; weight on non-dominant arm, C3; 

bilateral arm weights, C4). The effects of arm weights on gait performance in stroke 

patients and healthy subjects were statistically inconclusive (αadjusted<p<0.05) due to low 

statistical power caused by the small sample size and a large variability between subjects. 

In stroke patients, gait speed (p=0.048, C1: 0.6390.259 (MSD); C2: 0.6620.259; C3: 
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0.700.246; C4: 0.6890.267 m/s) and integrated EMG values from the tibialis anterior 

on the involved side (p=0.018, C1: 49.58813.300; C2: 44.99812.713; C3: 

43.29113.961; C4: 44.87613.892 μV) exhibited changes with the addition of arm 

weights that were not statistically detectable using the more stringent Hochberg 

correction. In healthy subjects, iEMG values from the posterior deltoid variable on the 

non-dominant side was also statistically inconclusive (p=0.022, C1: 24.98529.955; C2: 

25.37428.518; C3: 30.12631.652; C4: 28.87733.346 μV). Although no statistically 

conclusive findings were observed, several variables exhibited large and potentially 

clinically meaningful changes. When individual subject response patterns were explored 

using descriptive statistics (mean difference between weight carriage conditions) and 

effect sizes (Cohen’s d), 7 of 9 stroke subjects increased gait speed in the changes from 

C1 to C2 (M±SD increase: 0.060±0.029 m/s; 4 subjects exhibiting large d effect sizes, 

where 0.8 is considered a large d effect size), 7 of 9 subjects increased gait speed from 

C1 to C3 (M±SD increase: 0.091±0.053 m/s; 6 subjects exhibiting large d effect sizes), 

and 8 of 9 subjects increased gait speed from C1 to C4 (M±SD increase: 0.056±0.052 

m/s; 5 subjects exhibiting large d effect sizes). Of 9 healthy subjects, 5 healthy subjects 

increased gait speed in the changes from C1 to C2 (M±SD increase: 0.078±0.034 m/s; 5 

subjects exhibiting large d effect sizes), 7 subjects increased gait speed from C1 to C3 

(M±SD increase: 0.076±0.072 m/s; 4 subjects exhibiting large d effect sizes), and 6 

subjects increased gait speed from C1 to C4 (M±SD increase: 0.054±0.030 m/s; 5 

subjects exhibiting large d effect sizes). The effects of adding arm weights on gait 

performance and arm swing amplitude in stroke patients and healthy adults were 
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statistically inconclusive but potentially clinically meaningful. The observed increases in 

gait speed in the current study demonstrated encouraging results for higher functioning 

stroke patients who exhibit gait impairment and asymmetry. The addition of weights to 

the arms merits further investigation as a potential rehabilitation in people with stroke-

related gait disturbances. 

5.2 Introduction 

Stroke is a leading cause of serious long-term disability with high mortality rates. 

Stroke is a brain injury, usually caused by a blocked artery (ischemic stroke) or an artery 

burst (hemorrhagic stroke) resulting in neurological deficits and impairments in verbal 

function and cognition, as well as contralateral motor and sensory dysfunction 

(O'Sullivan & Schmitz, 2007). Among ischemic stroke survivors over 65 years of age at 

six months after stroke, 50% had some hemiparesis, 46% had cognitive deficits, 30% 

were unable to walk without some assistance, and 26% were dependent in activities of 

daily living (Kelly-Hayes et al., 2003). Hemiparesis following stroke causes 

asymmetrical gait patterns and a decrease in performance and energy efficiency during 

walking (Detrembleur, Dierick, Stoquart, Chantraine, & Lejeune, 2003; Schroeder, 

Coutts, Lyden, Billings, & Nickel, 1995; Waters & Mulroy, 1999). Gait recovery is a 

major goal in rehabilitation programs for people with stroke and is very important in their 

ability to regain independence in activities of daily life. 

Although the primary reason for decreased gait performance is due to impaired 

lower extremity function, decreased performance has additionally been related to upper 
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extremity impairments (Ford, Wagenaar, & Newell, 2007a). It has been reported that 

stroke patients have a limited arm swing amplitude and asynchronous pattern on the 

involved side (Johansson, Frykberg, Grip, Broström, & Häger, 2014; Roth et al., 2001). 

The involved arm swings about half the amplitude of the uninvolved side (Ford, 

Wagenaar, & Newell, 2007b; 2007a). Spasticity develops more commonly in the arms 

than the legs and patients may express a flexed posture of the upper extremity (Carmo, 

Kleiner, Costa, & Barros, 2012). 

Motions of the arms and legs affect each other during walking. Researchers have 

shown greater muscle activation in the lower limbs as muscle activation in the upper 

limbs increases during recumbent stepping (Ferris, Huang, & Kao, 2006). Additionally, a 

positive relationship between arm swing amplitude and stride length during walking has 

been reported (Eke-Okoro, Gregoric, & Larsson, 1997; Yang, Atkins, Jensen, & James, 

2015). The research suggests that greater arm swing could enhance lower limb muscle 

activation in a stroke population during walking. These studies demonstrate that there is a 

soft and task-specific connection between the upper and lower limbs and the neural 

coordination between the limbs has been referred to as interlimb neural coupling (Dietz 

& Schrafl-Altermatt, 2016). 

There have been a few published attempts to improve gait performance in stroke 

patients via normalizing or enhancing arm swing. Gait training using a treadmill with 

sliding handrails (Stephenson, Lamontagne, & De Serres, 2009) and using an auditory 

rhythmic beat with instructions to swing the arms and legs to it (Ford, Wagenaar, & 
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Newell, 2007b) both increased arm swing amplitude and led to positive improvements in 

gait performance in stroke patients. While the studies were limited to treadmill walking, 

the idea of moving the arms to promote improved movement patterns in the legs is very 

promising. 

Applying additional weights to the body (i.e., weight carriage) could be another 

possible intervention to facilitate hemiparetic gait. Weight carriage during gait may result 

in a different adaptation response depending on the location of the weight’s application to 

the body and individual accommodation strategies (James, Atkins, Dufek, & Bates, 2014; 

James, Atkins, Yang, Dufek, & Bates, 2015). Gait changes usually reflect a general 

movement strategy shift involving the whole body rather than an isolated adaptation 

strategy limited to one particular location (Donker, Mulder, Nienhuis, & Duysens, 2002). 

A few studies have addressed arm swing responses when weights were applied to the 

arms. Donker et al. reported decreased arm swing amplitude but increased activities of 

the deltoid muscles with 1.8 kg additional weights in healthy subjects (Donker et al., 

2002). Although they did not find a significant change in gait performance during 

treadmill walking, treadmill walking could have constrained the adaptation strategy. 

Yoon et al. reported that walking with weights (0.45 kg each) added to the arms resulted 

in increased arm swing amplitude in people with Parkinson’s disease, leading to 

improved gait performance including an increase in cadence, walking speed, stride 

length, and swing phase time (Yoon et al., 2015). In our previous study (see Chapter 4), 

walking with weights (0.45 kg each) resulted in increased gait speed, cadence, and 

electromyographic activity in the tibialis anterior muscle in healthy younger people. 
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Several possible reasons may explain the different adaptive response among the three 

studies such as different weights, gait speeds, and populations. Adding heavier weights to 

the arms may result in a decreased arm swing amplitude because of the greater inertial 

characteristics of the weighted arms. However, lighter weights may facilitate arm swing. 

Yoon et al. postulated that lighter weights could act as an additional sensory input and 

affect the perception to activate the motor cortex during walking especially in people 

with Parkinson’s disease. Our previous study suggests that the addition of 0.45 kg 

weights facilitate a faster walking speed in younger healthy people but may not increase 

arm swing amplitude. While the responses in arm swing differ in the studies, it seems that 

added weights facilitated sensory input from arms. This could act favorably for lower 

limb volitional activations due to neural coupling and eventually for rehabilitation 

purposes via neural plasticity. However, in stroke patients it has never been 

systematically confirmed how loading the arms would affect gait. Therefore, the purpose 

of this study was to investigate the effects of adding weights to the arms on arm swing 

amplitude, gait performance, and muscle activity in stroke patients and older healthy 

subjects. It was hypothesized that walking with arm weights would increase the 

activation of muscles in the upper and lower limbs and improve gait performance due to 

the interlimb neural coupling mechanism in both normal healthy individuals and 

hemiparetic stroke patients. 

5.3 Methods 

Subjects 

Nine hemiparetic stroke (8 male, 1 female; M±SD age: 58.0±6.8 years, height: 
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1.74±0.07 m, mass: 78.9±12.0 kg, BMI: 25.9±3.8, stroke duration: 91.4±67.9 months) 

and nine healthy (8 male, 1 female; M±SD age: 57.0±6.2 years, height: 1.74±0.08 m, 

mass: 74.2±8.0 kg, BMI: 24.4±1.3) subjects participated in the study. Each healthy 

subject was sex- and age-matched within ±5 years of each stroke patient. 

Volunteers were excluded from participation for the following reasons: 1) history 

of shoulder subluxation, 2) inability to follow verbal instructions, 3) history of any major 

upper or lower limb joint pathology such as peripheral neurological diseases, rheumatic, 

orthopedic or cardiovascular conditions that could interfere with walking, 4) recent 

recipient of a Botulinum toxin injection to the upper or lower limb in the three months 

prior to testing, 5) obesity (body mass index>30), and 7) pregnancy by self-report. 

Additionally, stroke subjects were excluded for the following reasons: 8) gait speed>1.0 

m/s and 9) normal bilateral gait symmetry (step length, swing time, stance time). Prior to 

participation, all subjects signed an informed consent form approved by the Institutional 

Review Board at the affiliated university. 

On-site Screening for Stroke Patients 

Gait screening test 

Stroke patients were screened for gait speed and symmetry using a GAITRite 

Electronic Walkway (CIR Systems Inc., Peekskill, NY; 100 Hz). Gait screening was 

incorporated to help control for a potential ceiling effect in gait performance. The subject 

was asked to walk across the 6 m pressure sensitive mat and gait speed and symmetry 

were measured. If gait speed was greater than 1.0 m/s, the subject was excluded from the 
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study. Gait symmetry was assessed using the symmetry ratio as calculated using the 

following formula: 

Symmetry ratio = Vone side / Vthe other side 

where V=spatiotemporal parameters including step length, swing time, and stance time. 

These measures were previously recommended to assess gait symmetry in stroke patients 

(Patterson, Gage, Brooks, Black, & McIlroy, 2010). The numerator was the greater of the 

two values so that the results were always greater than 1.0. Information about the 

direction of asymmetry was retained with a sign convention (+/- indicates greater value 

of the involved/uninvolved side, respectively). A value of 1.0 would indicate perfect 

symmetry and a value of 2.0 would suggest that the selected spatiotemporal parameter of 

the involved side was twice greater than the uninvolved side. Reported 95% confidence 

intervals of symmetry ratio in healthy individuals are 1.08, 1.06, and 1.05 for step length 

ratio, swing time ratio, and stance time ratio, respectively (Patterson et al., 2010). These 

values were used as threshold criteria for exclusion. Unlike other exclusion criteria, if any 

of the three measures did not exceed the threshold, gait was considered symmetrical and 

the subject was excluded. 

Somatosensory test 

After the gait performance screening test, somatosensory impairments were 

measured to exclude from the study subjects with peripheral neuropathy. Somatosensory 

screening was performed using a Weinstein enhanced sensory test monofilament (5.07 

gauge wire; Semmes Weinstein Corp., Riverdale, NY) using 10 grams of force applied 
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until buckling. The measurements were made at locations in the hands (palmar surface of 

the index finger and thumb to evaluate median nerve function, little finger and 

hypothenar eminence to evaluate the ulnar nerve, and dorsal surface between the 2nd and 

3rd metacarpal heads to evaluate the radial nerve) and foot (plantar surface of the 1st toe to 

evaluate medial plantar nerve, plantar surface of the 5th toe to evaluate the lateral plantar 

nerve, dorsal surface between the 1st and 2nd metatarsal heads to evaluate the deep 

peroneal nerve, 3rd metatarsal head to evaluate the superficial peroneal nerve, and the 

base of 5th metatarsal to evaluate the sural nerve) (Kemler, Schouten, & Gracely, 2000). 

The selected threshold is more than 50 times greater than normal detectable sensation and 

indicates that approximately 98% of the sensory ability has been lost (Jeng, Michelson, & 

Mizel, 2000). If the subjects could not feel the touch in any location, the subjects were 

excluded from the study. 

Protocol 

Subjects walked at their preferred speed across a level 6 m walkway under 

different weight carriage conditions while arm swing amplitude, muscle activity, and gait 

performance dependent variables were measured. Four weight carriage conditions (stroke 

group: no weight, C1; weight on uninvolved arm, C2; weight on involved arm, C3; 

bilateral arm weights, C4; healthy group: no weight, C1; weight on dominant arm, C2; 

weight on non-dominant arm, C3; bilateral arm weights, C4) were used to assess the 

effects of added weight. The verbal cue to initiate walking was “walk normally at your 

usual speed” and no instruction or feedback regarding arm swing was provided for any 

condition. In the arm weight conditions, subjects carried a 0.45 kg sand bag on the wrist. 
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The weight was placed on the anterior/palmer side of the wrist (distal one-third portion of 

the forearm). The weights were secured using SuperWrap (Fabrifoam, Exton, PA). The 

order in which the conditions were tested was randomly assigned. Subjects were provided 

with proper attire (i.e., sports top, spandex shorts, and standard lab shoes) to control for 

the confounding effects from their clothing. 

Instrumentation 

Kinematics were recorded in three dimensions using an eight-camera motion 

capture system (Vicon, 2.2.3, Denver, CO) sampling at 100 Hz. Thirty-nine reflective 

markers (14 mm diameter) were placed on the body at locations specified by Vicon’s Full 

Body Plug-in-Gait marker set. Surface electromyograms (Delsys Bagnoli, Boston, MA) 

were recorded simultaneously at 1,000 Hz from the anterior and posterior deltoid (ADEL 

and PDEL), rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA), and medial 

gastrocnemius (MG) muscles. These muscles were chosen because of their role in arm 

swing and walking, and their activities are measureable using surface electrodes. Other 

muscles may contribute to arm swing, such as the latissimus dorsi, teres major, middle 

deltoid, and trapezius but the PDEL muscles specifically have been shown to be greatly 

involved in shoulder extension during walking (Ballesteros, Buchthal, & Rosenfalck, 

1965).When arm swing range of motion is within 20-30°, ADEL activity may be absent 

and forward swing occurs primarily due to passive forces. However, selected studies have 

reported weak ADEL activity during normal walking (Kuhtz-Buschbeck & Jing, 2012; 

Pontzer, Holloway, Raichlen, & Lieberman, 2009) and this activity could increase as a 

result of adding arm weight (Donker et al., 2002). Preamplified double differential 
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surface electrodes (dimensions=41 x 20 x 5 mm; interelectrode distance=10 mm; pre-

amplification 10 V/V, common-mode rejection ratio=-92 dB, Noise=1.2uV, Input 

Impedance>1015 Ω//0.2 pF) were secured to the skin superficial to the muscles with 

double-sided tape and medical tape. The skin area where the electrodes were placed was 

shaved to remove excessive hair and cleaned using isopropyl alcohol to reduce 

impedance of the EMG signal. Electrodes were placed on the skin over the muscle bellies, 

avoiding the innervation zone and tendons as described in a previous study (Hermens, 

Communautés européennes, & Programme, 1999). A reference electrode was placed over 

the tibial tuberosity to reduce the effects of common noise in the body. The input 

modules that host the electrode cables were fastened at the waist with a belt clip and the 

signals were passed to the main amplifier unit, amplified by a factor of 1000, and 

bandwidth filtered between 20 and 450 Hz. The signals were then digitized within the 

analog-to-digital conversion interface box and passed to the MX Giganet for 

synchronization with the optical motion capture data. Finally, the data were sent to Vicon 

Nexus software on the host computer for recording and processing. 

Data Reduction and Analyses 

Kinematic and EMG data from the Vicon Nexus software were exported to 

Matlab (The Mathworks, Inc., Natick, MA) for further data processing. The three-

dimensional marker coordinates were filtered using a fourth order, zero lag, Butterworth 

low pass digital filter with a cutoff frequency of 6 Hz. From the three-dimensional 

coordinates, spatiotemporal parameters including gait speed, cadence, step length, step 

width, and arm swing amplitude were calculated. Arm swing amplitude was quantified 
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using the hand and pelvis markers using a method similar to one previously described in 

the literature (Lewek, Poole, Johnson, Halawa, & Huang, 2010; Meyns et al., 2011). First, 

hand marker displacement along the global anterior-posterior axis was obtained. Then, 

the maximum and minimum hand marker positions relative to the virtual center position 

of the four pelvis markers were used to calculate total arm swing linear displacement 

during each stride. This method permitted the calculation of arm swing displacement 

relative to the body without the influence of total body displacement due to forward 

progression. 

The total accumulated muscle activity for each task was quantified using 

integrated EMG (iEMG). The activity of each muscle was calculated as the integral 

(trapezoid method) of the full-wave rectified data (Fey, Silverman, & Neptune, 2010), 

after first removing any DC offset. The iEMG values were calculated for each gait cycle, 

normalized to each gait cycle’s time and presented in microvolts as measured at the skin-

electrode interface. The iEMG signal amplitudes were not normalized since 

normalization is not necessary when comparing amplitudes from the same muscle within 

an individual in the same session/day without changes to the EMG electrode set-up 

(Kamen, 2013). All dependent variables were averaged across four to eight strides over 

four trials (two round trips of the 6 m walkway) per condition for each individual and 

then the averaged data were used for statistical analyses. 

Variables and Statistical Analyses 

Multiple one-way repeated measures analysis of variance (ANOVA) tests were 
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used to examine the differences in arm swing amplitude, muscle activity, and gait 

performance across weight carriage conditions in each group separately. A mixed design 

analysis was not performed because the parametric assumption of normality was violated 

in some variables, and the stroke and healthy groups were expected to be different. The 

parametric statistical assumption of normality was assessed by examining frequency plots 

and by calculating Shapiro-Wilk and Kolmogorov-Smirnov tests. Variables were 

considered non-normal when two of the three tests indicated non-normality. Multiple 

Friedman ANOVAs were used if the parametric assumptions were violated. The 

Greenhouse-Geisser adjustment to the degrees of freedom was used in the case of a 

sphericity violation. The initial alpha level was set at 0.05 and Hochberg’s step-up 

procedure was utilized within each of several groups of dependent variables to correct the 

alpha level for multiple tests. The dependent variables were grouped by similar 

characteristics into statistical families, and these groups consisted of primary gait 

performance variables (gait speed, arm swing amplitude; αadjusted: 0.0167, 0.025, 0.05), 

secondary gait performance variables (cadence, step length, step width; αadjusted: 0.01, 

0.0125, 0.0167, 0.025, 0.05), upper and lower limb iEMG variables from the 

dominant/uninvolved side (αadjusted: 0.008, 0.01, 0.0125, 0.0167, 0.025, 0.05), and upper 

and lower limb iEMG variables from the non-dominant/involved side (αadjusted: 0.008, 

0.01, 0.0125, 0.0167, 0.025, 0.05). Except for gait speed and step width, all other 

variables were examined on dominant/uninvolved and non-dominant/involved sides 

separately. Tests resulting in p values between 0.05 and the more stringent Hochberg-

corrected alpha level were operationally defined to be inconclusive. Additionally, single 
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subject effects were explored using descriptive statistics because extreme variability 

within the stroke group was anticipated. Statistical analyses were performed using SPSS 

software (version 21.0, Chicago, Illinois). 

5.4 Results 

The normality assumption was violated in multiple variables. In the stroke group 

iEMG from the ADEL, PDEL, and MG on the involved side and iEMG from the ADEL, 

RF, TA, and MG on the uninvolved side all violated the assumption of normality. In the 

healthy group arm swing amplitude and iEMG values from the PDEL, RF, and BF on the 

dominant side and iEMG values from the PDEL, RF, and BF on the non-dominant side 

violated the assumption of normality. Analysis of these variables proceeded using the 

Friedman ANOVA. 

The effects of arm weights on gait performance in stroke patients were 

statistically inconclusive (αadjusted<p<0.05) due to low statistical power caused by the 

small sample size and a large variability between subjects. Gait speed (p=0.048) 

exhibited an increase and iEMG values from the TA on the involved side (p=0.018) 

exhibited a decrease with the addition of arm weights that were not statistically detectable 

using the more stringent Hochberg correction. However, p values for these variables were 

less than the traditional alpha level of 0.05 and they exhibited large partial eta-squared 

(ηp
2) effect sizes (Table 5.1), where a large ηp

2 effect size was considered greater than 

0.14, and thus the observed changes may have important clinical meaning. Several other 

variables in the stroke group exhibited large effect sizes, including an increase in cadence 
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and step length on the involved side and a decrease in RF iEMG activity on the involved 

side (Table 5.1). In healthy subjects the PDEL variable on the non-dominant side 

(p=0.022) was also statistically inconclusive while exhibiting an increase with a medium 

Kendall’s W effect size (Table 5.2), where a medium effect size was between 0.30 and 

0.50. Additionally, several variables in the healthy group exhibited large ηp
2 effect sizes, 

including an increase in gait speed, cadence, step length, and TA iEMG activity on the 

dominant side and step length and arm swing amplitude on the non-dominant side and a 

decrease in step width and TA iEMG activity on the non-dominant side (Table 5.2). 

Due to the apparent discrepancy between the inferential and effect size statistics 

observed in the group analysis, individual subject response patterns were explored using 

descriptive statistics and effect sizes to provide additional insight about the potential 

effects of arm weights on gait speed in individual subjects. In the change from no weight 

(C1) to weight on the uninvolved side (C2) in stroke patients, 7 of 9 subjects increased 

gait speed (Mean, M±Standard Deviation, SD increase: 0.060±0.029 m/s) and 4 of these 

subjects exhibited large Cohen’s d effect sizes, where 0.8 is considered a large d effect 

size (Tables 5.3 and 5.4; Figure 5.1). In the change from no weight to weight on the 

involved side (C3), 7 of 9 subjects increased gait speed (M±SD increase: 0.091±0.053 

m/s) and 6 of these subjects exhibited large d effect sizes. In the change from no weight 

to weight carried bilaterally (C4), 8 of 9 subjects increased gait speed (M±SD increase: 

0.056±0.052 m/s) and 5 of these subjects exhibited large d effect sizes.  

Five of 9 healthy subjects increased gait speed from C1 to C2 (M±SD increase: 
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0.078±0.034 m/s; 5 subjects exhibiting large d effect sizes), 7 subjects increased gait 

speed in the changes from C1 to C3 (M±SD increase: 0.076±0.072 m/s; 4 subjects 

exhibiting large d effect sizes), and 6 subjects increased gait speed from C1 to C4 (M±SD 

increase: 0.054±0.030 m/s; 5 subjects exhibiting large d effect sizes; Table 5.5 and 5.6; 

Figure 5.1). 

5.5 Discussion 

The purpose of this study was to investigate the effects of adding weights to the 

arms on arm swing amplitude, gait performance, and muscle activity in stroke patients 

and healthy people. Although no statistically conclusive findings were observed, several 

variables exhibited large and potentially clinically meaningful changes. The study lacked 

statistical power due to the small sample size, high variability among subjects, and the 

conservative alpha level utilized. However, both group and single subject results revealed 

the presence of large effect sizes in many variables and subjects suggesting that walking 

with additional arm weights could result in better gait performance in some people. 

Although the overall outcome was masked by a few subjects who did not demonstrate 

positive motor adaptations, the results are encouraging especially for stroke patients and 

older healthy individuals who suffer from decreased gait performance. Adding arm 

weight during walking is a simple and affordable technique that could be utilized for 

these populations to improve gait performance, although potential changes in balance and 

fall risk are unknown and should be considered. Future research should be conducted 

with a larger sample size and using a randomized controlled design so that the results can 
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be generalized. 

Fewer subjects in the healthy group demonstrated an increase in gait speed with 

additional weights when compared with stroke patients. This result could be due to the 

already faster gait speed in the healthy subjects. The average gait speed of older healthy 

subjects in the current study was 1.260.20 m/s in the unweighted control condition, 

which is slightly faster than the younger healthy subjects (1.210.08 m/s) tested using the 

same protocol in a previous study (see Chapter 4). This result suggests that there may be 

a ceiling effect in gait performance improvement when normal walking speed is 

relatively fast. Subjects in the current study were instructed to walk normally across 

different weight carriage conditions. However, if the task was changed to walk faster than 

normal, the weight might have influenced walking performance differently and the 

observed result might have been different. The weight may have provided additional 

sensory input and perhaps acted to facilitate a faster walking speed up to an unknown 

limit. Then, beyond this potential limiting speed the weight might act as a resistive 

inertial force that must be overcome. 

The results of the current study are in agreement with a previous study, which 

observed an increase in gait speed with the use of weight in patients with Parkinson’s 

disease (gait speed without arm weight: 0.62±0.19; gait speed with arm weight 

0.73±0.22, p<0.001) (Yoon et al., 2015). Adding weight to improve gait performance 

could be especially useful for stroke survivors and Parkinson’s patients who have a 

problem in the higher center because a large part of the interlimb neural coupling is 
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controlled by a network of spinal neurons and does not require descending inputs. 

Although afferent input processing may be partially impaired, neural drive from the arms 

could be sufficient to facilitate lower limb movements. This is supported by a previous 

study that demonstrated an increased soleus activation with passive or active arm swing 

when compared with resting arm swing in patients who had incomplete cervical spinal 

cord injury during a passive locomotor-like leg movement (Kawashima, Nozaki, Abe, & 

Nakazawa, 2008). The large effect size observed in stroke patients for uninvolved side 

arm swing amplitude suggests that the weight facilitated larger arm swing on this side. 

This might have invoked the interlimb neural coupling mechanism and could be an 

explanation for the increased step length on both sides. However, the TA muscle on the 

involved side, which demonstrated a tendency to decrease, as well as the minimal 

differences in the other muscles do not fully explain the changes in movement and gait 

speed. The healthy subjects exhibited similar minimal differences in muscle activity 

except for the TA muscles that had large effect sizes and the PDEL on the non-dominant 

side which demonstrated a tendency to increase. 

Minimal differences in the other gait performance and iEMG variables suggest 

that 0.45 kg arm weights impose minimal demand on the body and can be considered safe 

for most people. It is difficult to compare the current results with the findings observed 

by Yoon et al. who found increased gait performance variables such as arm swing 

amplitude, cadence, and stride length with weight carriage (0.45 kg) (Yoon et al., 2015) 

and Donker et al. who found increased deltoid muscle activity with heavier weight 

carriage (1.8 kg) (Donker et al., 2002) due to the limited statistical power in the current 
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study. However, due to the nature of stroke, large individual variability was expected. 

Additionally, iEMG as a method to quantify muscle activation might have not been 

sensitive enough to detect small neural drive changes and muscle activation increases that 

may have occurred in muscles that were not measured in the current study. Alternatively, 

in addition to the previously described statistical power limitations, minimal observed 

changes in iEMG might be explained by a greater reliance on passive mechanisms during 

walking. Although arm swing is not completely passive as it is partially driven by muscle 

activation in the shoulder, movements of the trunk, gravity, and inertia may assist arm 

movements during walking (Meyns, Bruijn, & Duysens, 2013). It is possible that as gait 

speed increases from a relatively slower to a normal gait speed, one can rely more on the 

mechanical energy transfer between gravitational potential energy and kinetic energy for 

the swinging arms, as well as on trunk rotation to lead the arm swing. These would result 

in minimal increases in muscle activity related to arm swing as measured in the current 

study. Similarly, less active energy input from the lower limbs is achievable with the 

transition from slower to normal walking speed, as walking is more governed by passive 

dynamics utilizing the mechanical energy transfer of the whole body center of mass (Kuo 

& Donelan, 2010) rather than relying on muscle-driven mechanisms. However, it is 

difficult to determine from the current data which explanation is more likely. 

In conclusion, the effects of adding arm weights on gait performance and arm 

swing amplitude in stroke patients and healthy older adults were statistically inconclusive 

but potentially clinically meaningful. The observed increases in gait speed in the current 

study demonstrated encouraging results for higher functioning stroke patients who exhibit 
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gait impairment and asymmetry. The addition of weights to the arms should be 

investigated further as a potentially important intervention.  
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Table 5.1 Descriptive (meanstandard deviation), ANOVA results, and effect sizes for 

stroke patients. 

Dependent 

Variable 
C1 C2 C3 C4 

p 

value 

Effect 

Size 

Gait Speed (m/s) 0.6390.259 0.6620.259 0.7000.246 0.6890.267 0.048* 0.276E# 

Arm Swing I (m) 0.1280.078 0.1330.086 0.1330.086 0.1410.086 0.509 0.090E 

Arm Swing UI (m) 0.2450.142 0.2890.158 0.2910.156 0.3000.156 0.214 0.179E# 

Cadence I (steps/min) 78.71213.609 80.37913.137 80.82013.417 83.06310.229 0.099 0.226E# 

Cadence UI (steps/min) 97.68615.613 96.36918.355 97.99517.535 98.27016.384 0.730 0.023E 

Step Length I (m) 0.4510.151 0.4570.134 0.4710.138 0.4710.139 0.111 0.218E# 

Step Length UI (m) 0.4180.161 0.4260.146 0.4560.126 0.4350.158 0.058 0.263E# 

Step Width (m) 0.1910.054 0.1900.057 0.1840.059 0.1850.059 0.456 0.101E 

iEMG ADEL I (μV)a 14.88812.318 12.91611.998 12.93810.659 12.72510.369 0.172 0.185W 

iEMG ADEL UI (μV)a 18.43422.927 16.43017.367 16.99919.396 22.95736.549 0.586 0.072W 

iEMG PDEL I (μV)a 43.51640.679 38.86038.488 36.08634.892 37.09135.150 0.115 0.220W 

iEMG PDEL UI (μV) 21.40413.320 21.13713.584 20.93213.415 21.26011.694 0.907 0.015E 

iEMG RF I (μV) 16.81410.366 15.6638.588 16.3499.113 15.7428.863 0.289 0.142E# 

iEMG RF UI (μV)a 108.177249.496 87.563193.637 72.604146.071 77.449161.156 0.115 0.220W 

iEMG BF I (μV) 33.62616.104 32.64016.115 31.88016.045 32.09315.596 0.739 0.020E 

iEMG BF UI (μV) 25.13814.055 25.05814.261 27.60513.725 26.17313.021 0.637 0.067E 

iEMG TA I (μV) 49.58813.300 44.99812.713 43.29113.961 44.87613.892 0.018* 0.336E# 

iEMG TA UI (μV)a 56.12023.984 52.76120.825 50.26319.797 49.53122.743 0.228 0.160W 

iEMG MG I (μV)a 34.41540.863 32.61040.078 33.38041.699 31.39436.982 0.316 0.131W 

iEMG MG UI (μV)a 50.98235.416 48.15036.882 45.07433.828 43.94032.496 0.532 0.081W 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. I, involved side; UI, uninvolved side; ADEL, anterior 

deltoid; PDEL, posterior deltoid; RF, rectus femoris; BF, biceps femoris; TA, tibialis 

anterior; MG, medial gastrocnemius. 

a Variables were tested non-parametrically. * p<0.05, but not significant after Hochberg’s 

correction. E Partial η2 was used for parametrically tested variables (ηp
2: small=0.01, 

medium=0.06, large=0.14) and W Kendall’s W was used for nonparametric variables (W: 

small<0.30<medium<0.50<large). # Effect sizes are considered large using the respective 

method.  
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Table 5.2 Descriptive (meanstandard deviation), ANOVA results, and effect sizes for 

healthy subjects. 

Dependent 

Variable 
C1 C2 C3 C4 

p 

value 

Effect 

Size# 

Gait Speed (m/s) 1.2630.197 1.2800.148 1.3060.157 1.2780.164 0.292 0.141E# 

Arm Swing D (m)a 0.3970.162 0.3900.147 0.4270.137 0.3910.132 0.269 0.146W 

Arm Swing ND (m) 0.4060.162 0.4190.133 0.3940.128 0.3960.130 0.258 0.152E# 

Cadence D (steps/min) 106.3518.543 107.0675.671 109.1025.947 107.2146.078 0.114 0.216E# 

Cadence ND (steps/min) 107.5787.956 107.5094.319 109.1193.748 107.3113.908 0.643 0.066E 

Step Length D (m) 0.7030.075 0.7140.075 0.7210.078 0.7140.074 0.058 0.263E# 

Step Length ND (m) 0.7100.091 0.7190.086 0.7200.885 0.7160.091 0.289 0.142E# 

Step Width (m) 0.1300.051 0.1180.046 0.1290.044 0.1250.039 0.227 0.162E# 

iEMG ADEL D (μV) 7.877.4.742 7.9204.596 8.0705.009 7.2893.793 0.372 0.110E 

iEMG ADEL ND (μV) 9.9205.880 9.9085.777 9.8945.793 10.0285.936 0.976 0.009E 

iEMG PDEL D (μV)a 15.31817.624 15.36116.122 15.07116.054 15.13516.627 0.413 0.106W 

iEMG PDEL ND (μV)a 24.98529.955 25.37428.518 30.12631.652 28.87733.346 0.022* 0.358W 

iEMG RF D (μV)a 21.67321.655 21.31122.854 23.17227.686 22.45624.395 0.284 0.141W 

iEMG RF ND (μV)a 28.41727.714 27.21225.408 25.62226.240 27.23527.401 0.896 0.022W 

iEMG BF D (μV)a 22.86817.160 21.76314.289 21.09813.679 21.87114.584 0.865 0.027W 

iEMG BF ND (μV)a 23.87721.131 28.49730.950 25.74822.682 23.56420.936 0.706 0.052W 

iEMG TA D (μV) 34.97916.098 36.58917.951 38.37421.128 36.18617.976 0.224 0.163E# 

iEMG TA ND (μV) 40.59319.805 41.29021.544 37.07518.900 38.97620.795 0.233 0.172E# 

iEMG MG D (μV) 32.52213.144 31.30514.502 32.25613.879 30.95315.100 0.527 0.065E 

iEMG MG ND (μV) 41.58426.436 42.74825.825 41.91225.027 41.93225.328 0.392 0.115E 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on dominant arm; C3, on non-

dominant arm; C4, weights on bilateral arms. D, dominant side; ND, non-dominant side; 

ADEL, anterior deltoid; PDEL, posterior deltoid; RF, rectus femoris; BF, biceps femoris; 

TA, tibialis anterior; MG, medial gastrocnemius. 
a Variables were tested non-parametrically. * p<0.05, but not significant after Hochberg’s 

correction. E Partial η2 was used for parametrically tested variables (ηp
2: small = 0.01, 

medium=0.06, large=0.14) and W Kendall’s W was used for nonparametric variables (W: 

small<0.30<medium<0.50<large). # Effect sizes are considered large using the respective 

method.  
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Table 5.3 Gait speed results from the stroke group summarized by subject 

(meanstandard deviation). 

Subject Mass (kg) C1 (m/s) C2 (m/s) C3 (m/s) C4 (m/s) 

1 96.6 0.2910.024 0.3210.051 0.3490.028 0.3120.050 

2 75.4 0.4300.078 0.5330.030 0.6050.045 0.5920.042 

3 73.9 0.7940.019 0.8740.029 0.8860.018 0.8850.027 

4 86.0 0.5820.025 0.5010.055 0.5720.033 0.5800.024 

5 75.0 0.8970.083 0.9690.038 1.0390.026 0.9650.015 

6 81.0 0.6850.033 0.7530.035 0.7730.038 0.7460.029 

7 60.8 0.8350.078 0.7030.100 0.8490.044 0.8460.048 

8 95.0 0.9640.022 0.9890.046 0.8770.033 0.9960.027 

9 66.7 0.2730.078 0.3140.031 0.3440.036 0.2760.012 

All subjects  78.9±12.0 0.6390.259 0.6620.259 0.7000.246 0.6890.267 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table 5.4 Condition differences and effect sizes by subject from the stroke group. 

 Mean Difference (m/s) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.029 0.058 0.021 0.742 2.246 0.540 

2 0.103 0.175 0.162 1.735 2.747 2.572 

3 0.080 0.092 0.091 3.294 4.964 3.954 

4 -0.081 -0.009 -0.001 -1.903 -0.322 -0.057 

5 0.072 0.142 0.068 1.113 2.311 1.139 

6 0.068 0.088 0.062 2.015 2.485 1.992 

7 -0.132 0.014 0.012 -1.473 0.227 0.178 

8 0.026 -0.086 0.032 0.717 -3.119 1.312 

9 0.041 0.071 0.003 0.689 1.168 0.058 

All 

subjects  0.0230.078 0.0600.079 0.0500.052 0.7701.626 1.4122.293 1.2991.341 

Increase 

Only 

Subjects  0.0600.029 0.0910.053 0.0560.052 1.4720.960 2.3071.467 1.4681.326 

Decrease 

Only 

Subjects -0.1060.036 -0.0480.054 -0.001NA -1.6880.304 -1.7201.978 -0.057NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table 5.5 Gait speed results from the healthy group summarized by subject 

(meanstandard deviation). 

Subject Mass (kg) C1 (m/s) C2 (m/s) C3 (m/s) C4 (m/s) 

1 75.3 1.0600.024 1.1510.008 1.1750.054 1.1400.043 

2 79.4 1.2200.022 1.1360.060 1.1340.043 1.1470.034 

3 86.2 1.3470.027 1.3020.069 1.3490.035 1.3640.028 

4 62.2 1.0190.052 1.1080.034 1.2250.048 1.0970.031 

5 74.4 1.0300.020 1.1500.030 1.1410.051 1.1130.038 

6 83.9 1.5860.103 1.5210.087 1.6220.015 1.5830.038 

7 70.5 1.3200.032 1.3790.013 1.3340.014 1.3430.012 

8 71.2 1.4430.066 1.3970.014 1.3780.053 1.3300.043 

9 64.8 1.3450.005 1.3750.031 1.3960.009 1.3860.027 

All subjects  74.2±8.0 1.2630.197 1.2800.148 1.3060.157 1.2780.164 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on dominant arm; C3, on non-

dominant arm; C4, weights on bilateral arms. 

 

Table 5.6 Condition differences and effect sizes by subject from the healthy group. 

 Mean Difference (m/s) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.091 0.115 0.080 5.175 2.767 2.303 

2 -0.084 -0.085 -0.072 -1.860 -2.491 -2.509 

3 -0.045 0.002 0.017 -0.860 0.067 0.621 

4 0.089 0.206 0.078 2.037 4.134 1.833 

5 0.120 0.111 0.083 4.697 2.888 2.723 

6 -0.065 0.036 -0.003 -0.683 0.487 -0.037 

7 0.059 0.013 0.022 2.422 0.550 0.924 

8 -0.045 -0.065 -0.113 -0.955 -1.077 -2.036 

9 0.030 0.051 0.041 1.370 6.745 2.135 

All 

subjects  0.0170.077 0.0430.092 0.0150.069 1.2602.550 1.5632.839 0.6621.883 

Increase 

Only 

Subjects  0.0780.034 0.0760.072 0.0540.030 3.1401.690 2.2512.404 1.7560.820 

Decrease 

Only 

Subjects -0.0600.019 -0.0750.015 -0.0630.056 -1.0900.526 -1.7841.000 -1.5271.312 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on dominant arm; C3, on non-

dominant arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Figure 5.1 Individual average gait speed of stroke (S) and healthy (H) subjects. Error bars 

represent one standard deviation.  
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CHAPTER VI 

DISCUSSION AND CONCLUSION 

Stroke is a leading cause of serious long-term disability. Hemiparesis following 

stroke causes asymmetrical gait patterns and a decrease in performance and energy 

efficiency during walking (Detrembleur et al., 2003; Schroeder et al., 1995; Waters & 

Mulroy, 1999). Gait recovery is a major goal in rehabilitation programs for people with 

stroke and is very important in their ability to regain independence in activities of daily 

life. 

Previous research has investigated the effects of heavier weights on gait 

parameters during walking in healthy subjects (Donker et al., 2002). Lighter weights have 

been used to improve gait in people with Parkinson’s disease (Yoon et al., 2015). 

However, it was not clear how lighter weights would affect arm swing amplitude, gait 

performance, and muscle activity in healthy individuals. It was important to understand 

normal responses in a healthy population so that clinical effects might be better 

understood. Additionally, while the addition of arm weights improves arm swing and 

general gait performance in a Parkinson’s population, it was not known if arm weights 

would benefit a hemiparetic stroke population in the same way. Therefore, the purposes 

of this dissertation were to investigate the effects of adding weights to the arms on the 

arm swing amplitude, gait performance, and muscle activity in (1) healthy people and (2) 

people with hemiparesis following stroke. 
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6.1 Discussion 

Gait performance is reduced in individuals with stroke although there is wide 

variation in gait pattern. Recent evidence suggests that arm swing is closely related to 

gait performance. There have been a few published attempts to improve gait performance 

in stroke patients via normalizing or enhancing arm swing. Injecting BTX into the 

involved arm muscles of people with hemiparesis led to an increase in walking speed 

(Esquenazi et al., 2008), a decrease in stride time (Hirsch et al., 2005), and an improved 

knee and ankle range of motion of the paretic leg (Hirsch et al., 2005). Using a specially 

designed treadmill with sliding handrails has been shown to allow stroke patients to 

swing the arms more horizontally and walk at a faster speed than they normally would 

without the support (Stephenson et al., 2009). With higher functioning stroke patients, 

instruction to move the arms and legs to the auditory rhythms increased arm swing and 

stride length during treadmill walking (Ford, Wagenaar, & Newell, 2007b). 

Applying additional weights to the body was hypothesized to be another possible 

intervention to facilitate hemiparetic gait. A couple of studies have addressed arm swing 

responses when weights were applied to the arms. Donker et al. reported decreased arm 

swing amplitude but increased activities of the deltoid muscles with 1.8 kg additional 

weights in healthy subjects (Donker et al., 2002). Another study reported that walking 

with weights (0.45 kg each) added to the arms resulted in increased arm swing amplitude 

in people with Parkinson’s disease, leading to improved gait performance including an 

increase in cadence, walking speed, stride length, and swing phase time (Yoon et al., 
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2015). 

This dissertation was the first experimental study attempting to systematically 

confirm how loading the arms would affect arm swing amplitude, gait performance, and 

muscle activation in younger healthy, older healthy, and stroke patients. The main goal of 

this dissertation was to understand the practical effects of weight carriage and establish 

weight carriage as a potential clinical intervention for pathological populations who 

experience decreased gait performance. It was hypothesized that walking with lighter arm 

weights (0.45 kg) would increase muscle activation in the upper and lower limbs and 

improve gait performance due to the interlimb neural coupling mechanism in both normal 

healthy individuals and hemiparetic stroke patients. 

The increase in gait speed observed in study 1 and 2 agrees with the results of 

Yoon et al. (Yoon et al., 2015). Walking with lighter arm weights seems to result in an 

increase in gait speed in healthy and stroke subjects and the increase is associated with an 

increase in cadence and step length. However, the current study failed to find a consistent 

pattern of muscle activity quantified by iEMG although a few muscles exhibited 

significant changes. It was speculated that iEMG was not sensitive enough to detect 

subtle changes and individual variability was likely too high. A larger sample size may 

help detect subtle differences in muscle activation. Alternatively, single subject analyses, 

as partially performed for gait speed in study 2, may provide better insights especially 

when dealing with a population with large variability because the overall outcome was 

masked by a few subjects who did not demonstrate positive motor adaptations. It is 
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suggested for practical purposes that clinicians should consider subject specific responses 

to weights carriage. 

It seems counterintuitive to think that an increase in total body weight results in 

an increase in gait speed. Weight itself certainly does not force people to walk faster yet 

people seem to choose to walk faster when the weight is not too heavy. In the current 

study, a ceiling effect in gait speed was a possible concern for healthy subjects but studies 

1 and 2 demonstrated that even young healthy subjects and some older healthy subjects 

may increase gait speed when walking with additional weights. Surprisingly, younger 

healthy subjects increased gait speed even in the waist weight condition. It is unknown if 

stroke patients would respond in the same way to waist weights. 

The interlimb neural coupling mechanism may not fully explain the current 

results. Gorgas et al. suggested that lighter weight around waist using a weight vest may 

improve stability and allow people to feel more stable during walking, leading them to 

spend a greater proportional time of the gait cycle in single limb support than double limb 

support, leading to faster gait speed (Gorgas, Widener, Gibson-Horn, & Allen, 2014). It 

is not clear if people rely on the same mechanism in response to arm weights and waist 

weights. From a motor control perspective, it is rather difficult to make a direct 

assessment of the load-compensating response during walking because altered sensory 

afferents with additional weights continuously interact with central networks in a 

complex fashion and elicit broad adaptations throughout the walking movement. It is 

likely that regardless of the locations of weight, weight could still send similar additional 
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sensory inputs and affect the perception to activate the motor cortex to walk faster. While 

multiple factors affect the final system-wide effect, the interlimb neural coupling 

mechanism may be one factor that contributes to this process. 

People can still voluntarily decide on their gait speed even with weight carriage. 

In order to understand whether weight carriage truly provides a mechanical advantage 

such as improved stability or extra neural drive or whether it simply affects perception, 

future research should incorporate faster walking or even maximum walking speed to rule 

out the psychological aspects. 

6.2 Conclusion 

This dissertation revealed that weight carriage in younger healthy, older healthy, 

and stroke patients may result in increased gait speed. These results have potential 

implications for rehabilitation after stroke. The observed increases in gait speed are 

encouraging for higher functioning stroke patients who exhibit gait impairment and 

asymmetry. The addition of weights to the arms merits further investigation as a potential 

rehabilitation in people with stroke-related gait disturbances. 

6.3 Limitations 

This dissertation had several limitations. Some of the variables in study 1 and 2 

lacked statistical power. Although some significance differences and large effect sizes 

were observed with some variables, a larger sample size would have resulted in a greater 

number of significant results providing better statistical confidence to generalize to the 
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population. Another limitation was that the weight utilized in this study was the same 

(0.45 kg) for all the subjects and the optimal weight specific to each subject could not be 

investigated. The weight could have been too light or heavy for some subjects and it 

might have possibly contributed to the variability between subjects. 

6.4 Delimitations 

Since the subjects that participated in this study included younger and older 

healthy and stroke subjects, findings of this study may not be generalizable to other age 

groups such as adolescents and people older than 70 years. Additionally, stroke patients 

who participated in this study were relatively functional, mobile, and independent 

walkers. As a result, the findings should not be generalized to populations with different 

levels of disability or other pathological conditions. 

6.5 Recommendations for Future Research 

The results of the current work introduce several possible directions for future 

research. Future studies should consider investigating the optimal weight for individuals 

and factors that determine optimal weight. In addition to gait speed, energy expenditure 

and balance during walking are other important factors in the rehabilitation of stroke 

patients that should be investigated. These multiple factors affect overall quality of 

functional performance, as well as injury risk. Future studies should investigate waist 

weights such as a weight vest as a possible intervention and compare effectiveness 

between arm and waist weights. Finally, long-term effects of weight carriage should be 

investigated. It is unknown whether the findings would be persistent or transient, or 
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whether they would affect neural reorganization and rehabilitation for stroke patients.  
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APPENDIX A 

SINGLE SUBJECT DATA FROM STROKE GROUP IN STUDY 2 

 
Figure A.1.1 Mean differences in dependent variables between conditions. Subjects were 

stratified into ‘increase only subjects (I)’ and ‘decrease only subjects (D)’ based on gait 

speed mean differences between conditions.  
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Figure A.1.2 Mean differences in dependent variables between conditions (zoomed-in 

vertical axis). Subjects were stratified into ‘increase only subjects (I)’ and ‘decrease only 

subjects (D)’ based on gait speed mean differences between conditions.  
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Table A.1.1 Gait speed results from the stroke group summarized by subject 

(meanstandard deviation; m/s). 

Subject C1 C2 C3 C4 

1 0.291±0.024 0.321±0.051 0.349±0.028 0.312±0.050 

2 0.430±0.078 0.533±0.030 0.605±0.045 0.592±0.042 

3 0.794±0.019 0.874±0.029 0.886±0.018 0.885±0.027 

4 0.582±0.025 0.501±0.055 0.572±0.033 0.580±0.024 

5 0.897±0.083 0.969±0.038 1.039±0.026 0.965±0.015 

6 0.685±0.033 0.753±0.035 0.773±0.038 0.746±0.029 

7 0.835±0.078 0.703±0.100 0.849±0.044 0.846±0.048 

8 0.964±0.022 0.989±0.046 0.877±0.033 0.996±0.027 

9 0.273±0.078 0.314±0.031 0.344±0.036 0.276±0.012 

All subjects 0.639±0.259 0.662±0.259 0.700±0.246 0.689±0.267 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.1.2 Gait speed condition differences and effect sizes by subject from the stroke 

group. 
 Mean Difference (m/s) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.029 0.058 0.021 0.742 2.246 0.540 

2 0.103 0.175 0.162 1.735 2.747 2.572 

3 0.080 0.092 0.091 3.294 4.964 3.954 

4 -0.081 -0.009 -0.001 -1.903 -0.322 -0.057 

5 0.072 0.142 0.068 1.113 2.311 1.139 

6 0.068 0.088 0.062 2.015 2.485 1.992 

7 -0.132 0.014 0.012 -1.473 0.227 0.178 

8 0.026 -0.086 0.032 0.717 -3.119 1.312 

9 0.041 0.071 0.003 0.689 1.168 0.058 

All subjects 0.023±0.078 0.060±0.079 0.050±0.052 0.770±1.626 1.412±2.293 1.299±1.341 

Increase Only 

Subjects 
0.060±0.029 0.091±0.053 0.056±0.052 1.472±0.960 2.307±1.467 1.468±1.326 

Decrease Only 

Subjects 
-0.106±0.036 -0.048±0.054 -0.001± NA -1.688±0.304 -1.720±1.978 -0.057± NA 

Stratified by Gait speed 

Increase Only 

Subjects 
0.060±0.029 0.091±0.053 0.056±0.052 1.472±0.960 2.307±1.467 1.468±1.326 

Decrease Only 

Subjects 
-0.106±0.036 -0.048±0.054 -0.001±NA -1.688±0.304 -1.720±1.978 -0.057±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.2.1 Involved side arm swing amplitude results from the stroke group 

summarized by subject (meanstandard deviation; m). 

Subject C1 C2 C3 C4 

1 0.161±0.017 0.256±0.049 0.179±0.016 0.236±0.086 

2 0.059±0.010 0.067±0.011 0.097±0.012 0.110±0.027 

3 0.128±0.016 0.092±0.015 0.137±0.047 0.123±0.034 

4 0.063±0.017 0.061±0.019 0.059±0.018 0.062±0.020 

5 0.136±0.014 0.142±0.015 0.144±0.008 0.111±0.039 

6 0.062±0.009 0.065±0.010 0.065±0.009 0.081±0.025 

7 0.215±0.033 0.189±0.053 0.289±0.136 0.250±0.025 

8 0.276±0.030 0.273±0.042 0.240±0.038 0.279±0.011 

9 0.056±0.006 0.058±0.008 0.062±0.004 0.054±0.006 

All subjects  0.128±0.078 0.134±0.086 0.141±0.082 0.145±0.086 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.2.2 Involved side arm swing amplitude condition differences and effect sizes by 

subject from the stroke group. 
 Mean Difference (m) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.095 0.018 0.075 2.600 1.080 1.213 

2 0.008 0.037 0.051 0.786 3.406 2.469 

3 -0.036 0.009 -0.005 -2.323 0.248 -0.205 

4 -0.002 -0.004 -0.001 -0.126 -0.245 -0.059 

5 0.006 0.008 -0.025 0.425 0.703 -0.863 

6 0.003 0.003 0.019 0.335 0.299 1.013 

7 -0.027 0.074 0.035 -0.601 0.744 1.183 

8 -0.003 -0.036 0.004 -0.086 -1.050 0.161 

9 0.002 0.007 -0.002 0.312 1.322 -0.291 

All subjects 0.005±0.037 0.013±0.030 0.017±0.032 0.147±1.292 0.723±1.234 0.513±1.032 

Increase Only 

Subjects 
0.023±0.040 0.022±0.026 0.037±0.028 0.892±0.974 1.114±1.082 1.208±0.825 

Decrease Only 

Subjects 
-0.017±0.017 -0.020±0.022 -0.008±0.011 -0.784±1.052 -0.648±0.569 -0.355±0.352 

Stratified by Gait speed 

Increase Only 

Subjects 
0.011±0.040 0.022±0.026 0.019±0.033 0.293±1.447 1.114±1.082 0.585±1.079 

Decrease Only 

Subjects 
-0.014±0.017 -0.02±0.022 -0.001±NA -0.363±0.335 -0.648±0.569 -0.059±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.3.1 Uninvolved side arm swing amplitude results from the stroke group 

summarized by subject (meanstandard deviation; m). 

Subject C1 C2 C3 C4 

1 0.168±0.042 0.478±0.170 0.330±0.056 0.432±0.114 

2 0.281±0.042 0.312±0.036 0.341±0.034 0.328±0.051 

3 0.085±0.023 0.082±0.011 0.073±0.013 0.075±0.016 

4 0.106±0.023 0.071±0.012 0.093±0.018 0.115±0.019 

5 0.471±0.079 0.413±0.048 0.546±0.036 0.477±0.046 

6 0.468±0.017 0.510±0.020 0.473±0.076 0.520±0.056 

7 0.215±0.017 0.204±0.031 0.285±0.119 0.193±0.012 

8 0.262±0.023 0.303±0.017 0.201±0.037 0.292±0.030 

9 0.151±0.069 0.232±0.031 0.279±0.012 0.270±0.098 

All subjects 0.245±0.143 0.289±0.159 0.291±0.157 0.300±0.156 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.3.2 Uninvolved side arm swing amplitude condition differences and effect sizes 

by subject from the stroke group. 
 Mean Difference (m) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.311 0.162 0.264 2.513 3.276 3.077 

2 0.031 0.060 0.046 0.784 1.567 0.984 

3 -0.003 -0.011 -0.010 -0.142 -0.626 -0.496 

4 -0.036 -0.014 0.009 -1.948 -0.658 0.426 

5 -0.058 0.075 0.007 -0.880 1.225 0.103 

6 0.043 0.006 0.052 2.359 0.100 1.261 

7 -0.011 0.070 -0.021 -0.447 0.825 -1.442 

8 0.042 -0.060 0.030 2.055 -1.952 1.139 

9 0.081 0.128 0.119 1.503 2.583 1.405 

All subjects 0.044±0.109 0.046±0.072 0.055±0.089 0.644±1.582 0.705±1.667 0.717±1.284 

Increase Only 

Subjects 
0.101±0.119 0.084±0.055 0.075±0.091 1.843±0.707 1.596±1.163 1.199±0.951 

Decrease Only 

Subjects 
-0.027±0.025 -0.029±0.028 -0.015±0.008 -0.854±0.789 -1.078±0.757 -0.969±0.669 

Stratified by Gait speed 

Increase Only 

Subjects 
0.064±0.117 0.070±0.062 0.061±0.093 1.170±1.303 1.279±1.354 0.754±1.367 

Decrease Only 

Subjects 
-0.023±0.017 -0.037±0.033 0.009±NA -1.197±1.061 -1.305±0.915 0.426±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.4.1 Involved side step length results from the stroke group summarized by 

subject (meanstandard deviation; m). 

Subject C1 C2 C3 C4 

1 0.440±0.032 0.429±0.033 0.444±0.028 0.440±0.029 

2 0.284±0.045 0.336±0.026 0.364±0.027 0.357±0.026 

3 0.587±0.011 0.591±0.027 0.592±0.021 0.594±0.018 

4 0.415±0.023 0.384±0.017 0.410±0.026 0.422±0.017 

5 0.586±0.037 0.603±0.021 0.626±0.026 0.599±0.020 

6 0.426±0.033 0.448±0.016 0.448±0.020 0.437±0.013 

7 0.600±0.078 0.561±0.017 0.633±0.087 0.624±0.045 

8 0.557±0.019 0.557±0.025 0.513±0.024 0.565±0.029 

9 0.165±0.045 0.205±0.014 0.206±0.037 0.200±0.013 

All subjects 0.451±0.151 0.457±0.134 0.471±0.138 0.471±0.139 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.4.2 Involved side step length condition differences and effect sizes by subject 

from the stroke group. 
 Mean Difference (m) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -0.011 0.004 0.000 -0.344 0.125 -0.006 

2 0.052 0.080 0.073 1.411 2.142 1.969 

3 0.004 0.005 0.007 0.211 0.310 0.485 

4 -0.031 -0.006 0.006 -1.558 -0.238 0.323 

5 0.016 0.039 0.012 0.543 1.231 0.420 

6 0.021 0.022 0.010 0.830 0.810 0.423 

7 -0.039 0.033 0.024 -0.696 0.397 0.376 

8 -0.001 -0.045 0.008 -0.026 -2.052 0.313 

9 0.040 0.041 0.035 1.200 0.990 1.058 

All subjects 0.006±0.030 0.019±0.035 0.020±0.023 0.175±0.950 0.413±1.159 0.596±0.585 

Increase Only 

Subjects 
0.027±0.019 0.032±0.026 0.022±0.023 0.839±0.485 0.858±0.690 0.671±0.577 

Decrease Only 

Subjects 
-0.021±0.018 -0.025±0.028 NA±NA -0.656±0.660 -1.145±1.282 -0.006±NA 

Stratified by Gait speed 

Increase Only 

Subjects 
0.017±0.023 0.032±0.026 0.021±0.024 0.546±0.644 0.858±0.690 0.630±0.616 

Decrease Only 

Subjects 
-0.035±0.006 -0.025±0.028 0.006±NA -1.127±0.609 -1.145±1.282 0.323±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.5.1 Uninvolved side step length results from the stroke group summarized by 

subject (meanstandard deviation; m). 

Subject C1 C2 C3 C4 

1 0.150±0.035 0.161±0.021 0.237±0.019 0.157±0.064 

2 0.306±0.084 0.364±0.055 0.433±0.038 0.403±0.041 

3 0.509±0.012 0.533±0.020 0.535±0.010 0.541±0.020 

4 0.387±0.017 0.341±0.026 0.371±0.026 0.368±0.018 

5 0.546±0.032 0.568±0.034 0.608±0.018 0.586±0.017 

6 0.432±0.014 0.454±0.023 0.470±0.018 0.448±0.030 

7 0.582±0.033 0.516±0.039 0.577±0.041 0.562±0.036 

8 0.609±0.009 0.600±0.018 0.551±0.022 0.610±0.019 

9 0.237±0.115 0.292±0.043 0.326±0.043 0.243±0.016 

All subjects 0.418±0.161 0.426±0.146 0.456±0.126 0.435±0.158 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.5.2 Uninvolved side step length condition differences and effect sizes by subject 

from the stroke group. 
 Mean Difference (m) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.011 0.087 0.007 0.363 3.062 0.130 

2 0.059 0.127 0.097 0.822 1.949 1.465 

3 0.024 0.026 0.032 1.461 2.311 1.951 

4 -0.046 -0.017 -0.019 -2.088 -0.771 -1.100 

5 0.022 0.062 0.040 0.680 2.396 1.572 

6 0.022 0.038 0.016 1.130 2.334 0.664 

7 -0.066 -0.005 -0.020 -1.823 -0.130 -0.590 

8 -0.009 -0.058 0.001 -0.654 -3.526 0.070 

9 0.055 0.089 0.006 0.636 1.023 0.076 

All subjects 0.008±0.042 0.039±0.059 0.018±0.036 0.058±1.283 0.961±2.106 0.471±1.028 

Increase Only 

Subjects 
0.032±0.020 0.072±0.037 0.028±0.034 0.849±0.391 2.179±0.672 0.847±0.803 

Decrease Only 

Subjects 
-0.040±0.029 -0.027±0.028 -0.020±0.001 -1.522±0.763 -1.475±1.804 -0.845±0.360 

Stratified by Gait speed 

Increase Only 

Subjects 
0.026±0.024 0.061±0.045 0.022±0.036 0.634±0.671 1.849±1.067 0.667±0.901 

Decrease Only 

Subjects 
-0.056±0.014 -0.037±0.029 -0.019±NA -1.956±0.187 -2.148±1.948 -1.100±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.6.1 Involved side cadence results from the stroke group summarized by subject 

(meanstandard deviation; steps/min). 

Subject C1 C2 C3 C4 

1 51.206±2.529 58.684±3.386 53.843±1.502 70.465±48.986 

2 76.090±3.496 75.044±5.064 75.066±2.417 75.986±3.884 

3 74.760±2.518 82.583±1.182 81.592±1.912 81.677±2.080 

4 79.829±3.000 77.946±4.602 80.197±4.220 81.379±3.906 

5 91.398±4.198 97.990±1.991 98.378±1.613 95.574±1.943 

6 81.617±3.383 85.445±3.745 84.904±3.059 85.517±3.876 

7 87.235±1.664 78.495±5.995 85.765±2.382 89.223±0.658 

8 97.631±3.001 99.590±0.820 96.287±1.869 98.393±2.009 

9 68.645±11.747 67.635±4.421 71.351±3.529 69.350±4.200 

All subjects 78.712±13.609 80.379±13.137 80.820±13.417 83.063±10.229 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.6.2 Involved side cadence condition differences and effect sizes by subject from 

the stroke group. 
 Mean Difference (steps/min) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 7.478 2.637 19.259 2.502 1.268 0.555 

2 -1.046 -1.024 -0.104 -0.240 -0.341 -0.028 

3 7.823 6.831 6.917 3.977 3.055 2.995 

4 -1.883 0.368 1.550 -0.485 0.101 0.445 

5 6.592 6.981 4.176 2.007 2.195 1.277 

6 3.827 3.287 3.900 1.073 1.019 1.072 

7 -8.740 -1.469 1.988 -1.987 -0.715 1.572 

8 1.959 -1.344 0.762 0.891 -0.538 0.298 

9 -1.010 2.705 0.705 -0.114 0.312 0.080 

All subjects 1.667±5.433 2.108±3.272 4.350±6.005 0.847±1.797 0.706±1.291 0.918±0.951 

Increase Only 

Subjects 
5.536±2.541 3.802±2.604 4.907±6.167 2.090±1.246 1.325±1.129 1.037±0.943 

Decrease Only 

Subjects 
-3.170±3.735 -1.279±0.230 -0.104±NA -0.706±0.867 -0.531±0.187 -0.028±NA 

Stratified by Gait speed 

Increase Only 

Subjects 
3.660±3.816 2.850±3.338 4.700±6.321 1.442±1.503 0.971±1.350 0.978±0.998 

Decrease Only 

Subjects 
-5.311±4.848 -0.488±1.211 1.550±NA -1.236±1.062 -0.219±0.451 0.445±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.7.1 Uninvolved side cadence results from the stroke group summarized by 

subject (meanstandard deviation; steps/min). 

Subject C1 C2 C3 C4 

1 65.045±2.977 66.176±9.750 67.351±5.431 72.484±6.738 

2 104.874±10.151 113.290±10.531 112.098±8.837 115.247±8.284 

3 105.004±2.461 110.475±2.461 112.044±2.399 109.526±3.712 

4 95.720±5.772 87.539±9.800 95.331±5.472 94.954±5.367 

5 100.042±2.398 100.095±3.531 104.680±2.133 102.420±2.003 

6 113.406±5.025 120.065±3.085 121.605±3.451 119.852±5.174 

7 80.360±3.922 76.205±7.669 81.490±3.873 82.261±2.764 

8 103.149±4.488 107.647±1.835 103.814±2.930 105.639±0.841 

9 111.575±32.908 85.830±6.237 83.542±4.732 82.047±6.818 

All subjects 97.686±15.613 96.369±18.355 97.995±17.535 98.270±16.384 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.7.2 Uninvolved side cadence condition differences and effect sizes by subject 

from the stroke group. 
 Mean Difference (steps/min) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 1.130 2.306 7.438 0.157 0.526 1.428 

2 8.415 7.224 10.372 0.814 0.759 1.120 

3 5.471 7.040 4.522 2.223 2.897 1.436 

4 -8.181 -0.389 -0.766 -1.017 -0.069 -0.137 

5 0.053 4.637 2.378 0.018 2.043 1.076 

6 6.659 8.199 6.446 1.597 1.902 1.264 

7 -4.155 1.130 1.901 -0.682 0.290 0.560 

8 4.498 0.665 2.490 1.312 0.176 0.771 

9 -25.745 -28.032 -29.527 -1.087 -1.192 -1.243 

All 

subjects 
-1.317±10.595 0.309±11.083 0.584±11.778 0.370±1.191 0.815±1.255 0.697±0.881 

Increase 

Only 

Subjects 

4.371±3.224 4.457±3.121 5.078±3.159 1.020±0.855 1.228±1.049 1.094±0.328 

Decrease 

Only 

Subjects 

-12.694±11.480 -14.211±19.547 -15.147±20.338 -0.929±0.216 -0.631±0.794 -0.690±0.781 

Stratified by Gait speed 

Increase 

Only 

Subjects 

0.069±11.757 0.358±12.793 0.753±12.580 0.719±1.115 1.032±1.359 0.802±0.880 

Decrease 

Only 

Subjects 

-6.168±2.847 0.138±0.745 -0.766±NA -0.850±0.237 0.053±0.173 -0.137±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.8.1 Step width results from the stroke group summarized by subject 

(meanstandard deviation; m). 

Subject C1 C2 C3 C4 

1 0.226±0.028 0.232±0.024 0.215±0.017 0.210±0.017 

2 0.267±0.012 0.271±0.009 0.277±0.016 0.271±0.023 

3 0.202±0.029 0.183±0.014 0.172±0.035 0.182±0.020 

4 0.208±0.015 0.200±0.016 0.200±0.013 0.190±0.006 

5 0.140±0.021 0.148±0.025 0.106±0.025 0.118±0.043 

6 0.217±0.018 0.206±0.020 0.206±0.015 0.219±0.014 

7 0.087±0.051 0.073±0.032 0.085±0.058 0.080±0.039 

8 0.160±0.019 0.171±0.019 0.179±0.018 0.163±0.017 

9 0.210±0.025 0.227±0.042 0.218±0.031 0.235±0.024 

All subjects 0.191±0.054 0.190±0.057 0.184±0.059 0.185±0.059 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.8.2 Step width condition differences and effect sizes by subject from the stroke 

group. 
 Mean Difference (m) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 0.006 -0.011 -0.016 0.242 -0.464 -0.672 

2 0.004 0.009 0.004 0.344 0.658 0.222 

3 -0.019 -0.030 -0.020 -0.853 -0.948 -0.811 

4 -0.007 -0.007 -0.017 -0.471 -0.533 -1.489 

5 0.008 -0.035 -0.023 0.334 -1.505 -0.672 

6 -0.011 -0.011 0.002 -0.575 -0.678 0.140 

7 -0.014 -0.001 -0.007 -0.318 -0.021 -0.143 

8 0.011 0.019 0.003 0.589 1.030 0.181 

9 0.017 0.008 0.024 0.497 0.290 1.004 

All subjects -0.001±0.013 -0.007±0.018 -0.005±0.015 -0.023±0.531 -0.241±0.804 -0.249±0.737 

Increase Only 

Subjects 
0.009±0.005 0.012±0.006 0.009±0.011 0.401±0.140 0.659±0.370 0.387±0.413 

Decrease 

Only Subjects 
-0.013±0.005 -0.016±0.013 -0.017±0.006 -0.554±0.226 -0.691±0.501 -0.757±0.482 

Stratified by Gait speed 

Increase Only 

Subjects 
0.002±0.013 -0.010±0.017 -0.004±0.016 0.083±0.562 -0.381±0.746 -0.094±0.612 

Decrease 

Only Subjects 
-0.011±0.004 0.006±0.019 -0.017±NA -0.394±0.109 0.249±1.105 -1.489±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.9.1 Involved side anterior deltoid iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 13.445±0.665 12.894±0.565 14.187±0.742 12.388±0.241 

2 31.565±0.953 30.302±1.485 29.654±1.140 29.649±2.296 

3 4.345±0.114 4.197±0.254 4.423±0.174 4.453±0.109 

4 5.782±0.346 6.334±0.273 6.089±0.176 6.008±0.171 

5 37.142±1.200 32.06±0.524 31.081±1.247 30.387±1.013 

6 9.160±8.690 5.542±0.294 5.406±0.207 7.302±1.880 

7 9.851±0.135 9.905±0.474 9.851±0.271 9.721±0.255 

8 2.375±0.156 2.142±0.117 2.313±0.080 2.264±0.090 

9 20.327±1.354 12.871±0.357 13.432±0.793 12.356±0.464 

All subjects 14.888±12.318 12.916±10.998 12.938±10.659 12.725±10.369 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.9.2 Involved side anterior deltoid iEMG condition differences and effect sizes by 

subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -0.551 0.743 -1.057 -0.892 1.054 -2.112 

2 -1.263 -1.911 -1.916 -1.012 -1.819 -1.090 

3 -0.148 0.078 0.108 -0.753 0.530 0.962 

4 0.552 0.307 0.226 1.773 1.119 0.827 

5 -5.081 -6.061 -6.755 -5.487 -4.953 -6.083 

6 -3.618 -3.754 -1.858 -0.588 -0.611 -0.296 

7 0.054 0.000 -0.130 0.156 0.002 -0.638 

8 -0.233 -0.062 -0.111 -1.693 -0.502 -0.872 

9 -7.456 -6.894 -7.971 -7.530 -6.214 -7.876 

All subjects -1.972±2.779 -1.950±2.925 -2.163±3.070 -1.781±2.895 -1.266±2.629 -1.909±3.057 

Increase Only 

Subjects 
0.303±0.352 0.282±0.334 0.167±0.084 0.964±1.144 0.676±0.521 0.895±0.095 

Decrease 

Only Subjects 
-2.621±2.839 -3.736±2.838 -2.828±3.200 -2.565±2.779 -2.820±2.614 -2.710±3.015 

Stratified by Gait speed 

Increase Only 

Subjects 
-2.621±2.839 -2.543±3.091 -2.461±3.139 -2.565±2.779 -1.716±2.817 -2.251±3.079 

Decrease 

Only Subjects 
0.303±0.352 0.123±0.261 0.226±NA 0.964±1.144 0.309±1.146 0.827±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.10.1 Uninvolved side anterior deltoid iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 14.372±0.104 14.187±0.370 15.418±0.347 14.474±0.180 

2 22.280±0.569 21.570±1.039 21.550±0.748 21.726±2.006 

3 5.894±0.210 6.143±0.266 5.971±0.253 6.444±0.482 

4 5.638±0.309 6.689±0.345 6.045±0.169 5.892±0.198 

5 18.663±0.500 16.765±0.423 16.914±0.656 16.285±0.870 

6 5.439±0.321 5.775±0.320 4.581±0.389 5.901±0.758 

7 13.859±0.329 14.062±0.419 13.741±0.172 13.854±0.483 

8 2.847±0.104 2.906±0.108 2.959±0.310 2.990±0.166 

9 76.916±15.922 59.774±4.462 65.815±6.018 119.043±3.687 

All subjects 18.434±22.927 16.430±17.367 16.999±19.396 22.957±36.549 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.10.2 Uninvolved side anterior deltoid iEMG condition differences and effect 

sizes by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -0.185 1.045 0.102 -0.681 4.082 0.689 

2 -0.710 -0.730 -0.554 -0.847 -1.098 -0.375 

3 0.248 0.077 0.550 1.035 0.330 1.479 

4 1.050 0.407 0.253 3.205 1.633 0.976 

5 -1.897 -1.748 -2.377 -4.096 -2.996 -3.349 

6 0.336 -0.858 0.462 1.050 -2.409 0.794 

7 0.203 -0.118 -0.005 0.539 -0.448 -0.011 

8 0.058 0.112 0.143 0.553 0.485 1.037 

9 -17.142 -11.101 42.127 -1.466 -0.922 3.645 

All 

subjects 
-2.004±5.736 -1.435±3.714 4.522±14.130 -0.079±2.034 -0.149±2.136 0.543±1.848 

Increase 

Only 

Subjects 

0.379±0.388 0.410±0.448 7.273±17.076 1.276±1.106 1.633±1.733 1.437±1.116 

Decrease 

Only 

Subjects 

-4.984±8.137 -2.911±4.615 -0.979±1.242 -1.773±1.585 -1.575±1.077 -1.245±1.831 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-2.756±6.390 -1.919±4.141 5.056±15.008 -0.636±1.815 -0.494±2.313 0.489±1.968 

Decrease 

Only 

Subjects 

0.627±0.599 0.259±0.208 0.253±NA 1.872±1.885 1.059±0.812 0.976±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.11.1 Involved side posterior deltoid iEMG involved results from the stroke 

group summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 35.740±3.906 31.468±0.788 23.627±1.149 28.577±3.474 

2 43.220±1.558 40.844±1.925 39.983±0.887 40.118±2.901 

3 8.355±0.705 7.671±1.195 7.855±1.035 6.284±1.133 

4 20.073±0.882 22.952±1.224 21.567±0.699 20.904±0.961 

5 36.614±1.306 31.390±0.443 30.336±1.435 29.258±0.964 

6 6.275±0.558 5.875±0.136 5.413±0.226 6.361±0.941 

7 116.523±3.401 130.905±5.241 116.345±4.554 118.533±2.814 

8 18.197±1.679 17.527±1.732 16.180±1.385 20.598±2.212 

9 106.652±7.936 61.105±4.012 63.471±1.859 63.181±0.991 

All subjects 43.516±40.679 38.860±38.488 36.086±34.892 37.091±35.150 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.11.2 Involved side posterior deltoid iEMG condition differences and effect sizes 

by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -4.272 -12.113 -7.163 -1.516 -4.207 -1.938 

2 -2.377 -3.237 -3.102 -1.357 -2.553 -1.332 

3 -0.684 -0.500 -2.071 -0.697 -0.565 -2.195 

4 2.878 1.494 0.831 2.697 1.878 0.901 

5 -5.224 -6.278 -7.356 -5.357 -4.577 -6.409 

6 -0.400 -0.862 0.086 -0.985 -2.024 0.111 

7 14.383 -0.177 2.010 3.256 -0.044 0.644 

8 -0.670 -2.017 2.401 -0.392 -1.310 1.223 

9 -45.547 -43.180 -43.470 -7.244 -7.492 -7.687 

All 

subjects 
-4.657±16.381 -7.430±14.016 -6.426±14.352 -1.288±3.351 -2.322±2.794 -1.854±3.208 

Increase 

Only 

Subjects 

8.630±8.135 1.494±NA 1.332±1.066 2.976±0.395 1.878±NA 0.720±0.470 

Decrease 

Only 

Subjects 

-8.453±16.465 -8.546±14.551 -12.632±17.400 -2.507±2.675 -2.846±2.467 -3.912±2.915 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-8.453±16.465 -9.478±15.456 -7.333±15.065 -2.507±2.675 -3.066±2.579 -2.198±3.247 

Decrease 

Only 

Subjects 

8.630±8.135 -0.261±2.483 0.831±NA 2.976±0.395 0.284±2.254 0.901±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.12.1 Uninvolved side posterior deltoid iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 45.100±3.342 43.610±7.086 44.624±1.052 40.503±6.039 

2 29.133±1.014 28.120±1.508 27.834±0.768 28.147±2.227 

3 9.134±0.703 9.548±1.049 9.986±1.194 11.120±1.529 

4 26.639±1.370 29.865±0.971 28.294±1.252 28.459±1.342 

5 24.783±0.576 21.015±0.996 20.662±0.435 19.533±0.734 

6 5.468±2.488 4.695±0.145 4.175±0.362 4.470±0.684 

7 30.997±0.565 34.133±0.857 31.672±0.430 31.512±0.519 

8 6.616±1.800 7.681±1.354 5.787±0.246 10.615±3.410 

9 14.763±3.425 11.568±2.533 15.352±1.882 16.980±3.733 

All subjects 21.404±13.320 21.137±13.584 20.932±13.415 21.260±11.694 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.12.2 Uninvolved side posterior deltoid iEMG condition differences and effect 

sizes by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -1.490 -0.476 -4.597 -0.269 -0.192 -0.942 

2 -1.013 -1.300 -0.986 -0.788 -1.445 -0.570 

3 0.414 0.853 1.986 0.464 0.870 1.669 

4 3.226 1.655 1.820 2.716 1.261 1.342 

5 -3.767 -4.121 -5.250 -4.631 -8.077 -7.959 

6 -0.772 -1.292 -0.998 -0.438 -0.727 -0.547 

7 3.136 0.675 0.515 4.319 1.345 0.949 

8 1.064 -0.829 3.999 0.668 -0.646 1.467 

9 -3.195 0.590 2.217 -1.061 0.213 0.619 

All subjects -0.266±2.479 -0.472±1.715 -0.144±3.140 0.109±2.501 -0.822±2.882 -0.441±2.982 

Increase Only 

Subjects 
1.960±1.435 0.943±0.487 2.107±1.247 2.042±1.828 0.922±0.516 1.209±0.422 

Decrease 

Only Subjects 
-2.047±1.349 -1.604±1.449 -2.958±2.285 -1.438±1.812 -2.217±3.306 -2.504±3.641 

Stratified by Gait speed 

Increase Only 

Subjects 
-1.251±1.760 -0.725±1.752 -0.389±3.264 -0.865±1.774 -1.145±3.197 -0.664±3.106 

Decrease 

Only Subjects 
3.181±0.064 0.413±1.757 1.820±NA 3.518±1.134 0.308±1.348 1.342±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.13.1 Involved side rectus femoris iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 29.852±0.251 28.543±0.425 29.662±0.628 26.736±0.401 

2 0.897±0.042 0.994±0.079 1.379±0.288 1.168±0.179 

3 10.126±0.630 9.687±0.651 9.652±0.566 10.180±0.504 

4 26.406±2.681 22.372±0.780 23.318±1.275 25.088±1.534 

5 7.157±2.035 10.992±3.629 10.418±1.877 8.376±2.231 

6 22.467±5.026 18.182±2.906 22.475±2.618 20.811±4.989 

7 17.855±1.161 18.402±0.771 17.979±0.351 18.184±0.365 

8 9.094±1.380 9.103±1.891 9.267±1.155 8.822±1.425 

9 27.477±2.536 22.697±1.093 22.986±1.188 22.310±1.663 

All subjects 16.814±10.366 15.663±8.588 16.349±9.113 15.742±8.863 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.13.2 Involved side rectus femoris iEMG condition differences and effect sizes by 

subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -1.310 -0.190 -3.116 -3.755 -0.397 -9.322 

2 0.097 0.482 0.271 1.533 2.339 2.088 

3 -0.439 -0.474 0.054 -0.686 -0.792 0.095 

4 -4.034 -3.088 -1.318 -2.043 -1.471 -0.603 

5 3.835 3.261 1.219 1.304 1.666 0.571 

6 -4.285 0.008 -1.656 -1.044 0.002 -0.331 

7 0.547 0.124 0.329 0.555 0.144 0.383 

8 0.009 0.174 -0.272 0.005 0.136 -0.194 

9 -4.780 -4.490 -5.166 -2.448 -2.268 -2.409 

All subjects -1.151±2.794 -0.466±2.206 -1.073±2.008 -0.731±1.781 -0.071±1.429 -1.080±3.308 

Increase Only 

Subjects 
1.122±1.824 0.810±1.381 0.468±0.514 0.849±0.701 0.858±1.073 0.784±0.891 

Decrease 

Only Subjects 
-2.969±1.956 -2.060±2.080 -2.306±1.896 -1.995±1.217 -1.232±0.821 -2.572±3.878 

Stratified by Gait speed 

Increase Only 

Subjects 
-0.982±2.918 -0.183±2.276 -1.042±2.145 -0.727±1.915 0.099±1.534 -1.140±3.531 

Decrease 

Only Subjects 
-1.744±3.239 -1.457±2.306 -1.318±NA -0.744±1.837 -0.667±1.136 -0.603±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.14.1 Uninvolved side rectus femoris iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 18.290±0.272 17.713±0.480 18.113±0.762 16.812±0.478 

2 772.066±34.541 602.219±29.724 459.331±12.256 505.000±35.332 

3 12.386±1.123 14.326±1.254 14.560±0.892 14.778±0.755 

4 16.216±0.654 16.164±0.777 16.406±0.656 16.369±0.421 

5 55.032±4.665 54.606±7.492 57.460±5.471 52.478±1.925 

6 13.121±9.323 7.769±0.108 6.707±0.367 7.162±0.616 

7 49.865±6.903 42.859±2.703 48.199±4.56 49.606±4.651 

8 10.753±0.947 8.629±0.981 8.054±0.882 10.726±1.964 

9 25.866±4.404 23.781±3.616 24.602±1.664 24.110±2.071 

All subjects 108.177±249.496 87.563±193.637 72.604±146.071 77.449±161.156 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.14.2 Uninvolved side rectus femoris iEMG condition differences and effect sizes 

by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -0.577 -0.177 -1.478 -1.479 -0.310 -3.803 

2 -169.847 -312.734 -267.066 -5.271 -12.067 -7.644 

3 1.939 2.174 2.392 1.629 2.143 2.498 

4 -0.052 0.190 0.153 -0.073 0.290 0.278 

5 -0.426 2.428 -2.554 -0.068 0.478 -0.716 

6 -5.352 -6.415 -5.959 -0.812 -0.972 -0.902 

7 -7.006 -1.666 -0.259 -1.336 -0.285 -0.044 

8 -2.124 -2.699 -0.027 -2.203 -2.948 -0.018 

9 -2.085 -1.263 -1.755 -0.517 -0.380 -0.510 

All 

subjects 
-20.614±56.029 

-

35.574±103.969 
-30.728±88.656 -1.126±1.897 -1.561±4.161 -1.207±2.909 

Increase 

Only 

Subjects 

1.939±NA 1.597±1.225 1.272±1.583 1.629±NA 0.970±1.020 1.388±1.570 

Decrease 

Only 

Subjects 

-23.434±59.211 
-

54.159±126.694 

-

39.871±100.203 
-1.470±1.701 -2.827±4.639 -1.948±2.826 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-25.496±63.691 
-

45.379±117.929 
-34.588±93.965 -1.246±2.143 -1.628±4.711 -1.392±3.052 

Decrease 

Only 

Subjects 

-3.529±4.917 -1.254±2.043 0.153±NA -0.705±0.893 -1.329±2.290 0.278±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.15.1 Involved side biceps femoris iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 40.558±0.269 38.447±0.607 39.123±0.818 34.132±0.469 

2 27.874±2.564 26.445±3.106 25.178±1.620 27.699±1.797 

3 14.711±1.023 14.869±1.633 14.238±1.503 15.370±1.715 

4 43.250±4.191 44.825±1.454 42.984±1.572 43.833±2.639 

5 53.952±6.594 35.557±5.284 24.891±2.010 28.684±8.636 

6 32.302±7.058 44.117±4.913 50.350±6.654 51.837±9.661 

7 54.225±2.080 59.310±1.769 55.193±1.068 53.692±1.328 

8 7.680±1.306 9.019±2.102 8.011±1.243 7.605±0.811 

9 28.084±7.690 21.168±2.387 26.949±5.068 25.984±6.619 

All subjects 33.626±16.104 32.640±16.115 31.880±16.045 32.093±15.596 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.15.2 Involved side biceps femoris iEMG condition differences and effect sizes 

by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -2.111 -1.435 -6.426 -4.496 -2.357 -16.809 

2 -1.429 -2.696 -0.175 -0.502 -1.257 -0.079 

3 0.157 -0.474 0.659 0.115 -0.368 0.467 

4 1.575 -0.266 0.583 0.502 -0.084 0.167 

5 -18.395 -29.061 -25.268 -3.079 -5.961 -3.289 

6 11.815 18.047 19.534 1.943 2.631 2.309 

7 5.085 0.968 -0.533 2.634 0.586 -0.305 

8 1.339 0.330 -0.075 0.765 0.259 -0.069 

9 -6.916 -1.135 -2.100 -1.215 -0.174 -0.293 

All 

subjects 
-0.987±8.319 -1.747±12.014 -1.533±11.433 -0.370±2.284 -0.747±2.376 -1.989±5.739 

Increase 

Only 

Subjects 

3.994±4.743 6.449±10.050 6.926±10.920 1.192±1.056 1.159±1.286 0.981±1.160 

Decrease 

Only 

Subjects 

-7.213±7.845 -5.844±11.406 -5.763±9.851 -2.323±1.811 -1.700±2.258 -3.474±6.650 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-2.220±9.125 -2.255±13.823 -1.798±12.193 -0.924±2.229 -0.986±2.686 -2.258±6.074 

Decrease 

Only 

Subjects 

3.330±2.482 0.032±0.422 0.583±NA 1.568±1.507 0.088±0.243 0.167±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.16.1 Uninvolved side biceps femoris iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 39.348±0.330 38.031±0.898 39.261±0.781 35.464±0.354 

2 27.882±1.689 27.491±1.482 28.341±1.553 28.984±2.161 

3 9.628±0.572 10.271±1.367 9.084±0.691 11.027±1.648 

4 40.210±3.409 37.764±1.843 41.183±4.507 43.300±3.008 

5 14.588±1.939 15.977±1.878 18.167±2.698 20.729±3.494 

6 10.359±2.028 12.653±1.909 33.692±5.781 26.730±11.133 

7 41.869±0.878 49.355±1.165 46.004±2.861 43.562±1.000 

8 9.728±1.598 9.377±1.843 8.437±2.251 7.706±0.739 

9 32.629±8.674 24.605±1.450 24.279±3.748 18.052±1.822 

All subjects 25.138±14.055 25.058±14.261 27.605±13.725 26.173±13.021 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.16.2 Uninvolved side biceps femoris iEMG condition differences and effect 

sizes by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -1.317 -0.087 -3.883 -1.947 -0.144 -11.345 

2 -0.392 0.458 1.102 -0.247 0.282 0.568 

3 0.643 -0.544 1.399 0.613 -0.859 1.134 

4 -2.446 0.973 3.090 -0.893 0.244 0.961 

5 1.389 3.579 6.141 0.728 1.523 2.173 

6 2.295 23.333 16.371 1.165 5.386 2.046 

7 7.486 4.135 1.693 7.258 1.954 1.800 

8 -0.351 -1.291 -2.022 -0.204 -0.661 -1.624 

9 -8.024 -8.351 -14.577 -1.290 -1.250 -2.326 

All subjects -0.080±4.123 2.467±8.605 1.035±8.241 0.576±2.700 0.720±2.043 -0.735±4.281 

Increase Only 

Subjects 
2.953±3.096 6.496±9.546 4.966±5.888 2.441±3.220 1.878±2.101 1.447±0.651 

Decrease 

Only Subjects 
-2.506±3.201 -2.568±3.887 -6.827±6.775 -0.916±0.735 -0.729±0.460 -5.098±5.421 

Stratified by Gait speed 

Increase Only 

Subjects 
-0.823±3.398 3.218±9.765 0.778±8.772 -0.169±1.127 0.985±2.264 -0.947±4.525 

Decrease 

Only Subjects 
2.520±7.023 -0.159±1.601 3.090±NA 3.183±5.764 -0.209±0.640 0.961±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.17.1 Involved side tibialis anterior iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 54.969±3.130 55.978±3.134 54.820±2.724 58.700±5.190 

2 58.952±7.163 51.074±9.940 44.673±3.623 56.220±10.048 

3 57.837±5.302 53.182±7.019 51.666±2.675 51.695±6.657 

4 63.306±6.613 61.073±5.811 64.337±4.736 63.124±4.280 

5 46.336±5.543 45.178±5.888 41.397±1.874 37.819±2.250 

6 30.711±5.644 23.825±4.435 17.787±1.896 21.527±4.454 

7 43.157±5.542 42.659±2.097 44.188±6.010 44.063±5.262 

8 28.180±6.217 26.142±1.431 27.277±2.641 29.528±2.875 

9 62.842±8.281 45.868±4.064 43.471±6.105 41.211±6.524 

All subjects 49.588±13.300 44.998±12.713 43.291±13.961 44.876±13.892 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.17.2 Involved side tibialis anterior iEMG condition differences and effect sizes 

by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 1.008 -0.149 3.731 0.322 -0.051 0.870 

2 -7.878 -14.279 -2.731 -0.909 -2.516 -0.313 

3 -4.655 -6.171 -6.142 -0.748 -1.470 -1.021 

4 -2.233 1.031 -0.182 -0.359 0.179 -0.033 

5 -1.158 -4.939 -8.517 -0.202 -1.194 -2.013 

6 -6.886 -12.924 -9.184 -1.357 -3.070 -1.807 

7 -0.498 1.031 0.906 -0.119 0.178 0.168 

8 -2.037 -0.903 1.348 -0.452 -0.189 0.278 

9 -16.975 -19.372 -21.632 -2.602 -2.663 -2.902 

All 

subjects 
-4.590±5.493 -6.297±7.539 -4.711±7.801 -0.714±0.859 -1.199±1.303 -0.752±1.257 

Increase 

Only 

Subjects 

1.008±NA 1.031±NA 1.995±1.519 0.322±NA 0.179±0.001 0.439±0.378 

Decrease 

Only 

Subjects 

-5.290±5.427 -8.391±7.265 -8.065±7.481 -0.844±0.819 -1.593±1.204 -1.348±1.093 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-5.511±5.960 -8.115±7.625 -5.278±8.139 -0.850±0.939 -1.541±1.281 -0.842±1.313 

Decrease 

Only 

Subjects 

-1.365±1.227 0.064±1.367 -0.182±NA -0.239±0.170 -0.005±0.260 -0.033±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.18.1 Uninvolved side tibialis anterior iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 62.600±1.134 60.391±1.811 62.094±3.852 56.268±2.438 

2 82.605±21.769 76.821±12.120 80.725±13.409 87.469±23.805 

3 85.400±18.850 94.921±20.998 81.549±17.784 86.737±10.011 

4 35.380±3.476 39.942±8.026 39.156±10.117 36.113±3.726 

5 46.993±1.302 42.775±1.403 41.024±2.148 38.756±2.631 

6 45.817±13.158 36.549±5.701 29.118±4.798 28.374±2.794 

7 33.639±4.200 41.588±4.665 40.700±5.208 40.286±7.312 

8 25.698±3.966 33.079±4.373 32.385±6.865 30.077±2.817 

9 86.953±14.984 48.783±9.163 45.613±9.374 41.701±2.662 

All subjects 56.120±23.984 52.761±20.825 50.263±19.797 49.531±22.743 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.18.2 Uninvolved side tibialis anterior iEMG Condition differences and effect 

sizes by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -2.209 -0.506 -6.331 -1.462 -0.178 -3.330 

2 -5.783 -1.880 4.865 -0.328 -0.104 0.213 

3 9.521 -3.850 1.338 0.477 -0.210 0.089 

4 4.563 3.777 0.733 0.738 0.499 0.203 

5 -4.218 -5.969 -8.236 -3.116 -3.360 -3.968 

6 -9.268 -16.699 -17.443 -0.914 -1.686 -1.834 

7 7.949 7.061 6.647 1.791 1.493 1.115 

8 7.381 6.686 4.379 1.768 1.193 1.273 

9 -38.170 -41.339 -45.252 -3.073 -3.308 -4.205 

All 

subjects 
-3.359±14.691 -5.858±15.174 -6.589±16.426 -0.458±1.852 -0.629±1.785 -1.160±2.200 

Increase 

Only 

Subjects 

7.353±2.069 5.841±1.798 3.592±2.491 1.193±0.685 1.062±0.509 0.579±0.567 

Decrease 

Only 

Subjects 

-11.930±14.894 -11.707±15.618 -19.316±17.959 -1.779±1.267 -1.474±1.557 -3.334±1.066 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-6.107±15.722 -9.026±15.925 -7.504±17.313 -0.950±1.792 -1.051±1.810 -1.331±2.287 

Decrease 

Only 

Subjects 

6.256±2.395 5.232±2.057 0.733±NA 1.264±0.745 0.846±0.490 0.203±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.19.1 Involved side medial gastrocnemius iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 141.466±1.153 137.236±2.673 142.35±4.257 127.911±1.442 

2 17.877±0.769 15.656±0.808 16.961±0.994 17.755±1.084 

3 14.324±1.443 13.695±1.668 13.468±1.662 14.597±1.075 

4 22.499±1.360 25.788±1.329 24.173±0.652 23.302±0.894 

5 26.541±1.730 22.854±0.389 23.568±2.970 21.902±0.590 

6 11.814±0.808 11.573±0.725 11.284±0.818 10.958±0.984 

7 36.781±7.894 33.953±0.649 36.859±7.224 33.500±0.758 

8 23.650±3.882 24.859±1.548 22.054±3.778 24.229±3.434 

9 14.786±3.700 7.878±1.592 9.705±1.897 8.396±1.559 

All subjects 34.415±40.863 32.610±40.078 33.380±41.699 31.394±36.982 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.19.2 Involved side medial gastrocnemius iEMG condition differences and effect 

sizes by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 -4.229 0.884 -13.555 -2.055 0.283 -10.381 

2 -2.221 -0.916 -0.122 -2.816 -1.030 -0.130 

3 -0.628 -0.855 0.273 -0.403 -0.550 0.215 

4 3.289 1.674 0.803 2.446 1.570 0.698 

5 -3.688 -2.974 -4.639 -2.942 -1.224 -3.590 

6 -0.241 -0.531 -0.856 -0.314 -0.653 -0.951 

7 -2.828 0.079 -3.280 -0.505 0.010 -0.585 

8 1.209 -1.596 0.579 0.409 -0.417 0.158 

9 -6.908 -5.081 -6.390 -2.426 -1.728 -2.251 

All subjects -1.805±3.073 -1.035±2.031 -3.021±4.697 -0.956±1.772 -0.415±0.964 -1.869±3.466 

Increase Only 

Subjects 
2.249±1.470 0.879±0.798 0.552±0.266 1.428±1.441 0.621±0.833 0.357±0.297 

Decrease 

Only Subjects 
-2.963±2.278 -1.992±1.746 -4.807±4.877 -1.637±1.186 -0.934±0.494 -2.981±3.838 

Stratified by Gait speed 

Increase Only 

Subjects 
-2.387±2.775 -1.342±2.029 -3.499±4.782 -1.506±1.368 -0.699±0.700 -2.189±3.560 

Decrease 

Only Subjects 
0.230±4.325 0.039±2.312 0.803±NA 0.971±2.087 0.577±1.405 0.698±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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Table A.20.1 Uninvolved side medial gastrocnemius iEMG results from the stroke group 

summarized by subject (meanstandard deviation; μV). 

Subject C1 C2 C3 C4 

1 114.253±6.529 126.298±21.182 110.361±3.274 105.25±14.87 

2 82.275±8.264 40.212±4.177 27.132±1.116 29.147±2.475 

3 91.870±6.138 95.212±8.654 95.535±8.157 95.022±5.859 

4 22.296±1.547 26.668±1.130 25.129±1.410 23.809±1.197 

5 35.645±1.033 31.898±0.824 40.178±0.842 32.417±2.327 

6 24.494±5.270 26.565±7.668 22.809±3.210 22.904±2.366 

7 37.670±2.043 38.314±1.932 38.507±1.381 39.293±2.892 

8 17.733±0.835 19.040±2.639 16.310±0.596 18.905±1.527 

9 32.601±12.088 29.141±4.380 29.705±3.591 28.715±9.063 

All subjects 50.982±35.416 48.15±36.882 45.074±33.828 43.94±32.496 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

 

Table A.20.2 Uninvolved side medial gastrocnemius iEMG condition differences and 

effect sizes by subject from the stroke group. 
 Mean Difference (μV) Effect Size (Cohen’s d) 

Subject C1-C2 C1-C3 C1-C4 C1-C2 C1-C3 C1-C4 

1 12.045 -3.892 -9.003 0.769 -0.754 -0.784 

2 -42.063 -55.143 -53.128 -6.425 -9.352 -8.710 

3 3.342 3.665 3.153 0.446 0.508 0.525 

4 4.371 2.833 1.512 3.227 1.914 1.093 

5 -3.747 4.533 -3.228 -4.011 4.810 -1.794 

6 2.071 -1.684 -1.590 0.315 -0.386 -0.389 

7 0.644 0.836 1.623 0.324 0.480 0.648 

8 1.307 -1.423 1.172 0.668 -1.961 0.952 

9 -3.461 -2.897 -3.886 -0.381 -0.325 -0.364 

All 

subjects 
-2.832±15.431 -5.908±18.701 -7.042±17.683 -0.563±2.883 -0.563±3.817 -0.98±3.044 

Increase 

Only 

Subjects 

3.963±4.184 2.967±1.581 1.865±0.880 0.958±1.127 1.928±2.035 0.805±0.263 

Decrease 

Only 

Subjects 

-16.423±22.205 -13.008±23.575 -14.167±21.955 -3.605±3.042 -2.556±3.856 -2.408±3.570 

Stratified by Gait speed 

Increase 

Only 

Subjects 

-4.358±17.439 -7.797±21.120 -8.111±18.591 -1.231±2.835 -0.717±4.249 -1.239±3.146 

Decrease 

Only 

Subjects 

2.507±2.636 0.705±3.010 1.512±NA 1.775±2.053 -0.023±2.741 1.093±NA 

Abbreviations: C1, no weight; C2, weight (0.45 kg) on uninvolved arm; C3, on involved 

arm; C4, weights on bilateral arms. 

Subjects were stratified into ‘increase only subjects’ and ‘decrease only subjects’ based 

on gait speed mean differences between conditions. Pairwise effect sizes were calculated 

using Cohen’s d (d: small=0.20, medium=0.50, large=0.80).  
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AREAS OF INTEREST  

 

 Human gait mechanisms and energy cost 

 Arm swing during walking 

 ACL injury mechanisms and prevention 

 Single-subject analysis 

 Hemiparetic gait 

 Interlimb neural coupling 

 Hi-Tech shoes and barefoot gait 

 Prophylactic ankle braces 

 

 

SKILLS 

 

 Matlab 

 Motion Analysis System (Vicon Nexus, Peak Motus) 

 EMG (Delsys, Motion lab, Noraxon) 

 Insole Pressure Sensor (Tekscan) 

 GAITRite Electronic Walkway (CIR Systems) 

 

 

SOFTWARE DEVLOPMENT (Matlab) 

 

 3D joint/segment kinematic/kinetic calculation from raw coordinate data 

 Signal processing 

 Automatic foot contact detection algorithm from kinematics 

 Ensemble curve graphing 

 Surface EMG processing 

 iPad/iPhone sensor 3D kinematic calculation 

 Nexus 2/Matlab interface – data acquisition, pipeline creation 

 

 

 HONORS & AWARDS  

 

 Best Oral Presentation Award, South Central American Society of Biomechanics (2014) 

 Graduate Scholarship, Texas Tech University Health Sciences Center (2012-2017) 

 Teaching Assistantship, Texas Tech University Health Sciences Center (Fall 2012 – 
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 Teaching Assistantship, Texas Tech University (Fall 2010 – Summer 2012) 

 Undergraduate Scholarship, Seoul National University of Science &Technology (2008) 

 The Army Commendation Medal, U.S. Army (2006) 
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TEACHING EXPERIENCE   

 

 Texas Tech University 

 Basketball (Fall 2010) 

 Soccer (Fall 2010, Spring 2011) 

 Jogging (Spring 2011) 

 Biomechanics Lab Section (Spring 2011, Summer 2011, Fall 2011, Spring 2012) 

 Exercise Physiology Lab Section (Summer 2012) 

  

 Texas Tech Health Sciences Center (Guest lecture) 

 Biomechanics; Kinetics of the hip joint (Fall 2014) 

 Biomechanics; Normal gait (Fall 2014) 

 Computer Methods in Rehabilitation Sciences Research; Loops (Spring 2015) 

 Computer Methods in Rehabilitation Sciences Research; Debugging (Spring 2015) 

 Computer Methods in Rehabilitation Sciences Research; Advanced File input/output (Spri

ng 2015) 

 History and Philosophy; History of Gait Analysis (Summer 2015) 

 Biomechanics; Energetics of Walking (Fall 2015) 

 Methods in Biomechanics Research; Data acquisition in Vicon (Spring 2016) 

 Methods in Biomechanics Research; Custom marker set in Vicon (Spring 2016) 

 Computer Methods in Rehabilitation Sciences Research; Variable scope and Debugging (S

pring 2017) 

  

 Texas Tech University 

 Introduction to Biomechanics (Fall 2016, Spring 2017) 

 

 

FUNDED RESEARCH ACTIVITIES 

 

 Dynasplint Systems Inc., Dynamic splinting for idiopathic toe walking: a randomized, 

controlled study with gait analysis. James CR, Dendy D, Wolcott R, Yang HS, Atkins LT, 

Haddas R, Wilhelm M, Scott R (2012-2013). $67,500. 

 Ministry of Culture, Sports and Tourism, Korea, Development of customized kayak 

program based on sports science (in Korean). Lee CH, Yang JK, Kim HS, Nam KJ, Lee 

JH, Choi JS, Yang HS, Park HY, Kim BN, Kang SJ, Meng JY, Lim SH, Hong MS (2011-

2014). Korean currency; ₩403,650,000 ≈ $350,000. 

 

 

PUBLICATIONS  

 

1. Yang HS, Atkins LT, Jensen DB, James CR (2015). Effects of constrained arm swing on 

vertical center of mass displacement during walking. Gait & Posture, 42(4), 430-434. 

https://www.ncbi.nlm.nih.gov/pubmed/26234472 

2. James CR, Atkins LT, Yang HS, Dufek JS, Bates BT (2015). Kinematic and Ground 

Reaction Force Accommodation during Weighted Walking. Human Movement Science, 

44, 327-337. 

https://www.ncbi.nlm.nih.gov/pubmed/26540454 
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3. Gonzales JU, James CR, Yang HS, Jensen DB, Atkins LT, Thompson BJ, Al-Khalil K, 

O’Boyle M (2016). Different cognitive functions discriminate gait performance in younger 

and older women: a pilot study. Gait & Posture, 50, 89-95. 

https://www.ncbi.nlm.nih.gov/pubmed/27585184 

4. Yang HS, Atkins LT, James CR (2016). Examination of stride-to-stride independence of 

selected lower extremity kinematic and temporal variables during treadmill walking. Gait 

& Posture, 50, 212-216. 

https://www.ncbi.nlm.nih.gov/pubmed/27653147 

5. Gonzales JU, James CR, Yang HS, Jensen DB, Atkins LT, Al-Khalil K, O’Boyle M 

(2017). Carotid flow pulsatility is higher in women with greater decrement in gait speed 

during multi-tasking. Gait & Posture, 54, 271-276. 

https://www.ncbi.nlm.nih.gov/pubmed/28371741 

 

 

MANUSCRUPTS UNDER REVIEW  

 

1. James CR, Atkins LT, Yang HS, Dufek JS, Bates BT. Prediction of calcaneal bone 

competence from biomechanical accommodation variables measured during weighted 

walking. Human Movement Science.  

2. Scott R, Yang HS, James CR, Sawyer S, Sizer PS. The effects of volitional preemptive 

abdominal contraction on upper extremity function during common shoulder exercises. 

Journal of Athletic Training. 

3. Atkins LT, James CR, Yang HS, Brismée JM, Sawyer SF, Sizer PS, Powers CM. Changes 

in Patellofemoral Pain Resulting from Repetitive Impact Landings are Associated with the 

Magnitude and Rate of Patellofemoral Joint Loading. Clinical Biomechanics. 

 

 

MANUSCRIPTS IN PROGRESS 

 

1. Yang HS, Boros RL, Roncesvalles N, Park Y. The influence of prophylactic ankle bracing 

on knee joint moments and ground reaction force during cutting tasks. 

2. Atkins LT, James CR, Yang HS, Brismée JM, Sawyer SF, Sizer PS, Powers CM. The 

immediate effects of movement retraining on patellofemoral pain, patellofemoral joint 

reaction force, and single limb landing biomechanics in active women. 

 

 

PRESENTED ABSTRACTS  

 

1. Yang HS, Boros RL, Davies BL, Shields JE. The influence of prophylactic ankle braces on 

lower limb mechanics during a 90° side-step cutting task. Annual Graduate Student 

Research Poster Competition at Texas Tech University. Lubbock, TX, 2012. (Poster) 

2. Yang HS, Boros RL, Davies BL, Shields JE. The influence of prophylactic ankle braces on 

lower limb mechanics during a 90° side-step cutting task. Annual Meeting of the South 
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https://www.ncbi.nlm.nih.gov/pubmed/28371741
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4. Yang HS, Boros RL, Davies BL, Shields JE. The influence of prophylactic ankle braces on 

lower limb mechanics during a 90° side-step cutting task. Annual Meeting of the American 

Society of biomechanics. Gainesville, FL, 2012. (Platform) 

5. Yang HS, Atkins LT, James CR. Analysis of stride dependence during gait using 

autocorrelation. Texas Tech University Health Sciences Center Student Research Week. 

Lubbock, TX, 2014. (Poster) 

6. Atkins LT, Yang HS, James CR. Effects of video feedback on joint and limb mechanics 

during single limb landing in a female at risk of patellofemoral osteoarthritis: a single 

subject analysis. Texas Tech University Health Sciences Center Student Research Week. 

Lubbock, TX, 2014. (Poster) 

7. Yang HS, Atkins LT, James CR. Analysis of stride dependence during gait using 

autocorrelation. Annual Meeting of the South Central Region of the American Society of 

Biomechanics. Dallas, TX, 2014. (Platform) "Best Presentation Award" 

8. Atkins LT, Yang HS, James CR. Effects of video feedback on joint and limb mechanics 

during single limb landing in a female at risk of patellofemoral osteoarthritis: a single 

subject analysis. Annual Meeting of the South Central Region of the American Society of 

Biomechanics. Dallas, TX, 2014. (Platform) 

9. Atkins LT, Yang HS, James CR. Effects of video feedback on joint and limb mechanics 

during single limb landing in a female at risk of patellofemoral osteoarthritis: a single 
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VA, 2014. (Poster) 

10. Atkins LT, Yang HS, James CR. Effects of video feedback on joint and limb mechanic 

during single limb landing in a female at risk of patellofemoral osteoarthritis: a single 
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Analysis Society. Newark, DE, 2014. (Platform) 

11. Yang HS, Atkins LT, Jensen DB, James CR. Effects of constrained arm swing on vertical 

center of mass displacement during walking. Texas Tech University Health Sciences Center 

Student Research Week. Lubbock, TX, 2015. (Poster) 

12. Yang HS, Atkins LT, Jensen DB, James CR. Effects of constrained arm swing on vertical 

center of mass displacement during walking. Annual Meeting of the South Central Region 

of the American Society of Biomechanics. Dallas, TX, 2015. (Platform) 

13. Gonzales JU, James CR, Yang HS, Jensen DB, Atkins LT, Al-Khalil K, O’Boyle M. 

Influence of preclinical cognitive decline on mobility in women: Preliminary findings. Sex- 

& Gender-Based Medicine & Women’s Health Symposium. Lubbock, TX, 2015. (Poster) 

14. Atkins LT, Yang HS, Jensen DB, Gonzales JU, James CR. Exploring differences between 

middle-aged and older women during multitasking gait activities: Preliminary findings. 

Sex- & Gender-Based Medicine & Women’s Health Symposium. Lubbock, TX, 2015. 

(Poster) "3rd Place Award Winner" 

15. James CR, Atkins LT, Yang HS, Dufek JS, Bates BT. Prediction of calcaneal bone 

stiffness index from biomechanical function and accommodation variables obtained during 

weighted walking. Gait & Clinical Movement Analysis Society Annual Conference. 

Memphis, TN, 2016. (Poster) 
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Preliminary findings. Endowed Lecture Series Symposium. Lubbock, TX, 2016. (Poster) 

19. Atkins LT, James CR, Powers CM, Sizer PS, Brismée JM, Sawyer SF, Yang HS. 

Relationships between patellofemoral pain, patellofemoral joint reaction force, and 

movement biomechanics during single limb landing in active women. Endowed Lecture 
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