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ABSTRACT 

Cerebral palsy (CP) is one of the most common causes of disability in children 

and is a neuromuscular disorder that limits mobility, impairs motor control, and is 

damaging to the musculoskeletal system. One treatment that has shown promise in 

offsetting the limited musculoskeletal development in children with CP is high-

frequency, low-magnitude vibration (HLV). The purpose of this study was to 

determine if an HLV stimulus emitted by a floor-based platform increases muscle 

activity in the lower extremities of children with spastic CP. We hypothesized that an 

HLV stimulus would increase muscle activity in children with spastic CP. 

Children with spastic CP between the ages of 4-11 with a gross motor function 

classification of I-III (n = 11) and TD children of similar age (n=10) took part in this 

study. Muscle activity was measured for the tibialis anterior (TA), lateral 

gastrocnemius (LG), medial gastrocnemius (MG), soleus (SOL), biceps femoris (BF), 

and vastus lateralis (VL) using surface electromyography (EMG). Children stood on a 

platform that emits an HLV (30 Hz at 0.3 g) for three conditions that lasted thirty 

seconds each. First, the platform was off (pre-HLV), then on (HLV), then off again 

(post-HLV). Root mean square (RMS) values were obtained from the EMG data 

collected from all muscles, and differences between conditions and groups were 

tested.  



 x 

There were no significant differences between pre-HLV and post-HLV 

conditions in children with CP or TD children (p > 0.05). A significant condition 

effect suggests that there was greater muscle activity during the HLVon condition 

versus the HLVoff condition in the MG, SOL and BF muscles (p < 0.05). 

Furthermore, there was a significant group-by-condition effect with greater muscle 

activity during the HLV condition in the TA, LG, and VL muscles (p < 0.05) for the 

CP group but not the TD group. The results from this study indicate that a floor-based 

HLV stimulus increases the activity of the lower extremity muscles in children with 

spastic CP. The enhanced sensitivity of muscle to HLV in children with spastic CP 

may explain, at least in part, the previously shown positive effect of HLV on the 

musculoskeletal system in children with CP.
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Chapter 1 

INTRODUCTION 

Overview 

Cerebral palsy (CP) is one of the most common causes of disability in children 

and is a neuromuscular disorder that limits mobility, impairs motor control, and is 

damaging to the musculoskeletal system [1, 2]. In children with CP, lower mechanical 

loading on the skeleton due to poor muscle strength combined with limited mobility 

results in deficits in structural integrity and bone mass accretion [2, 4]. One treatment 

that has shown promise in offsetting the limited musculoskeletal development in 

children with CP is high-frequency, low-magnitude vibration (HLV) [2, 3].  

Studies in both animals [5] and humans [6, 7, 8] have reported beneficial 

osteogenic effects associated with HLV treatment. However, the mechanism by which 

HLV acts on the musculoskeletal system is still relatively unknown. High-frequency, 

low-magnitude vibration could act directly on bone cells via reactionary forces 

produced by the skeleton. Another plausible mechanism is that bone formation is 

modulated by HLV-induced increases in muscle activity [9]. This HLV-induced 

muscle activity would likely be due to a spinal reflex where HLV elicits an excitatory 

response from the muscle spindle, activating motoneurons to resist a falsely detected 

stretch [10]. Since children with spastic CP already have hyper-excitatory 

motoneurons [11], it is plausible that this population would have a greater muscle 

response to HLV than typically developing peers. 
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Significance 

Since CP is one of the most common causes of disability in children [1] and a 

complication of particular concern is the deterioration of the musculoskeletal system 

[2, 4], it is critical to identify treatments that counteract the limited muscle and bone 

development in children with CP. This study is significant because in other 

populations with compromised musculoskeletal health, HLV has been shown to 

improve parameters of skeletal integrity [2, 3, 6, 7, 8, 12]. Therefore, it is important to 

understand the effect of HLV on the musculoskeletal system in children with CP as 

well as the mechanism behind improvements seen in the musculoskeletal system due 

to HLV. This is important when considering HLV as a potential non-pharmacological 

treatment to improve musculoskeletal health in children with CP. 

Purpose 

The purpose of this study was to determine if an HLV stimulus emitted by a 

floor-based platform during standing increases muscle activity in the lower extremities 

in children with spastic CP and if that increase is greater than in typically developing 

children. 

Hypotheses 

Hypothesis: An HLV stimulus will increase muscle activity in the lower 

extremities during standing in children with spastic CP. 

Limitations 

One limitation to this study is posture. Children with spastic CP often stand 

differently from each other as well as from typically developing children, largely due 

to varying degrees of muscle tightness associated with spasticity. Therefore, there is 



 3 

the limitation of the inability to fully control for posture in this study. However, 

children with mild to moderate CP who could stand independently participated in this 

study, so differences in posture were minimized. 

Another limitation of this study is generalizability. Since only children with 

mild to moderate CP participated in this study, findings cannot be generalized to more 

severe levels of CP. Furthermore a specific floor-based HLV of 30 Hz at 0.3 g was 

used in this study, so findings cannot be generalized to other types of vibration. 

However, this specific level of vibration was used because it was determined to be 

safe as well as effective in showing improvements to the musculoskeletal system in 

previous studies [2]. 
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Chapter 2  

LITERATURE REVIEW 

Overview of Complications Associated with Cerebral Palsy 

Cerebral palsy (CP) is one of the most common causes of physical disability in 

children with lifetime costs associated with the disability estimated at 11.5 billion 

dollars [1]. CP is defined as a group of permanent disorders affecting movement and 

posture and associated with injury to motor areas of the brain before or shortly after 

birth [13, 14]. It is a disorder characterized by a variety of motor control problems 

with severity ranging on a continuum from little motor impairments with full mobility 

to complete immobilization [1, 14]. The severity of CP is identified using the Gross 

Motor Classification System, which has five levels and is described in detail in 

Appendix A [14, 15]. 

Due to the motor impairments and physical disability associated with CP, 

children with this disorder tend to have poor muscle strength and control, which limits 

their daily function [2]. This reduces overall physical activity, and it has been reported 

that children with CP not only get significantly less physical activity than their 

typically developing peers but this population also gets less physical activity than 

recommendation guidelines [16]. This reduction in habitual physical activity and 

function leads to secondary health issues in this population, such as metabolic 

dysfunction, cardiovascular disease [16], and inadequate bone structure properties 

[2,17]. 
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An important complication in children who have CP is the negative effects on 

the musculoskeletal system, including low bone mass [18] and underdeveloped bone 

architecture [18, 19, 20], and a high rate of fracture, especially in the lower extremities 

[21], further reducing activity. This is most likely due to decreased mobility associated 

with CP and consequently, decreased mechanical loading on the bones [2, 4]. This 

results in disuse osteoporosis that further affects quality of life through childhood and 

adulthood [22]. When a healthy peak bone mass is not reached during growth in 

childhood when the skeleton is most sensitive to mechanical loading, then there are 

negative effects on bone quality and strength throughout life [23].  

Another complication associated with some types of CP is spasticity, resulting 

in rigidity of the spastic limb. In the lower extremities, spasticity is characterized as 

flexor and extensor excitation dependent on stretch velocity and flexor excitation and 

extensor inhibition dependent on muscle lengthening during stretch [24]. Children 

with spastic CP are often exposed to treatments, such as physical therapy to improve 

independent mobility, botulinum toxin injections to relax spastic muscles, and surgery 

to lengthen tendons and muscles. However, there is no one cure for CP, and a variety 

of experimental treatments are used to improve mobility and function in children with 

this disorder [25, 26]. 

Applications for Vibration 

Vibration has been found to be beneficial when used as a modality for 

treatment and training for a variety of clinical and performance related applications [2, 

7, 27, 28]. For children with CP, there are promising findings when using vibration 

treatment to improve deficits in the musculoskeletal system [2, 3, 4, 6]. Furthermore, 

findings in stroke patients with spasticity suggest an exaggerated response to vibration 
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due to a sensitive reflex response [10, 29], which may also be present in children with 

spastic CP. 

In athletes, vibration has been shown to improve performance [27, 28, 30]. 

Improvements in jump height have been seen in those who have received vibration 

training [28, 30]. Torvinen et al. [30] found a 7.8% net benefit in vertical jump height 

in healthy adults who received vibration treatment over a period of eight months. 

Another study by Bosco et al. [28] found that vibration during training resulted in 

greater muscle activity. This study done with elite boxers studied electromyogram 

activity of the arm flexors with and without vibration applied during a loaded bicep 

curl. When this was done, there was greater muscle activity in the vibrated arms that 

was more than twice that of the baseline loaded bicep curl measure. This suggests that 

improvements seen in mechanical power with vibration training in elite athletes may 

be due to a neurological adaptation. Another study by Cardinale and Lim [31] in elite 

volleyball players found greater muscle activity in the vastus lateralis due to vibration 

when performing a half squat. Specifically, a 30 Hz vibration was shown to elicit the 

highest muscle response, suggesting that this is a frequency that may also elicit the 

highest reflex response in the vastus lateralis muscle. 

Studies in animals have shown promise for vibration as a treatment to 

strengthen the musculoskeletal system, specifically high-frequency, low-magnitude 

vibration (HLV) [32, 33, 34]. Rubin et al. [32] examined bone properties in sheep 

before and after a treatment regimen of floor-based HLV that was given at 0.3 g at 30 

Hz and found that the anabolic effect was specific to trabecular bone. In this study, 

sheep given the HLV treatment for one year had significantly greater bone density 

(+34.2%) compared to control sheep who did not receive HLV treatment, as well as 
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greater trabecular bone volume (+32%), greater trabecular mesh number (+45%), and 

reduced mesh spacing (-36%). Another study by Wolf et al. [33] examined HLV 

treatment on bone healing in sheep. After an osteotomy in the sheep, an HLV stimulus 

was applied over a period of eight weeks in a treatment group. Where no significant 

differences were found between the treatment and control group, callus formation was 

slightly enhanced in the group that received HLV treatment, and a longer time period 

of treatment than examined in this study could potentially show differences between 

groups. Shi et al. [34] studied HLV treatment (35 Hz at 0.3 g) on fracture healing in 

ovariectomy-induced (OVX) osteoporotic rats over two, four, and eight weeks. Results 

showed HLV treatment to be effective in promoting fracture healing in the OVX 

group with greater callus formation, mineralization, and remodeling than the non-

OVX group. These studies support HLV as a means to improve bone healing [32, 33, 

34], but show that improvements seen in bone due to HLV may be more apparent in 

diseased bones than in healthy bones. 

Studies in humans further support HLV as a treatment to improve 

musculoskeletal health in osteoporotic and osteopenic populations [4, 6, 7, 8, 12]. 

Gilsanz et al. [12] studied HLV treatment (30 Hz at 0.3 g) in young women with low 

bone mineral density (BMD) and found increased bone and muscle mass after one 

year of regular HLV treatment. In another study by Lam et al. [8], HLV treatment was 

given for one year in a population of osteopenic girls with adolescent idiopathic 

scoliosis with results showing HLV-induced improvements in bone in the femur and 

lumbar spine. HLV treatment (30 Hz at 0.2 g) has also been shown to inhibit bone loss 

in postmenopausal women, with increasing significance with higher compliance and 

lower body mass. This suggests that HLV treatment not only improves bone 
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properties, but can also offset detrimental effects of diseases on the musculoskeletal 

system [6]. A study by Asselin et al. [4] further supports HLV as a preventative 

treatment in spinal cord injured (SCI) populations with the finding that the SCI 

population transmitted vibration signals just as effectively as a healthy population. A 

review by Rubin, Judex, and Qin [7] supports HLV as an anabolic stimulus to bone 

that can be used as a passive exercise to improve bone quantity and quality. This 

review focused on floor-based HLV below 0.5 g, and makes an important note that 

HLV is safe to be given to humans at 30 Hz at 0.3 g for up to four hours per day, 

which is 12-24 times that which has shown improvements in bone. This suggests that 

HLV treatment is a vibration at a low enough level to be safe, yet has potential to be a 

non-pharmacological avenue for prevention and treatment of osteoporosis. 

Specifically, HLV as a non-pharmacological treatment for children with 

disabilities, including CP, has shown to be effective in offsetting the detrimental 

effects that disabilities can have on the musculoskeletal system in children [2, 3, 22, 

32]. A study by Xie et al. [36] suggested that as little as 10 minutes of floor-based 

HLV exposure a day could inhibit trabecular bone resorption in the growing skeleton. 

Katusic and Mejaski-Bosnjak [35] suggested that vibration stimulates the 

musculoskeletal system giving the need to modulate muscle activity and found 

significant improvements in motor performance, better stability, and selectivity of 

movements after vibration treatment on a bed pad. Reyes et al. [22] also found HLV to 

be a safe and effective treatment to improve bone mass and muscle strength in 

children with motor disabilities. Another study on children with motor disabilities by 

Ward et al. [3] found benefits to bone due to HLV treatment. After six months of 

floor-based HLV treatment (90 Hz at 0.3 g), children who received treatment had a 



 9 

significantly greater change in volumetric tibial bone mineral density even with a low 

compliance of 44%. Wren et al. [2] confirmed that six months of HLV treatment (30 

Hz at 0.3 g) was effective in improving bone strength in children with CP specifically. 

This study also used a floor-based HLV and found significant increases in cortical 

bone properties and bone strength due to HLV treatment. Even though vibration in an 

occupational setting can be damaging to humans [37], studies have shown and 

confirmed that floor-based HLV treatment is not harmful to humans and can be 

beneficial to humans with a damaged musculoskeletal system [6, 30, 38]. 

Mechanisms of Vibration 

Where it has clearly been shown that HLV treatment can have beneficial 

effects on the musculoskeletal system, it is important to understand the underlying 

mechanisms of how vibration acts on the musculoskeletal system, especially when 

examining patients with neurological disorders. Some proposed neural mechanisms 

include a spinal reflex elicited by vibration that enhances muscle contraction, storage 

and release of mechanical energy by tendons where stiffness can effect transmission, 

an excitatory response from the muscle spindle detecting changes in length, and a 

muscle tuning response to reduce vibrations transmitting through soft tissues in the 

body [10]. Rittweger [27] notes that vibration is a mechanical oscillation that 

accelerates the human body and may cause a reactive force by and within the body. 

This review also supports muscle tuning and muscle spindle response as potential 

mechanisms of how vibration acts on the body. 

A study by Pollock et al. [39] looked at single motor units (MU) in the vastus 

lateralis of healthy adults before and after one-minute bouts of HLV. Results showed a 

relationship between MU activity and phase of the vibration cycle that suggested that 



 10 

there is a phase lock of MU firing with the vibration cycle, which indicates that 

muscle activity seen during vibration could be reflexive. Presynaptic inhibition was 

found to be unaffected by vibration suggesting that synaptic effectiveness is unlikely 

to be a cause of changes in muscle activity due to vibration. The authors of this study 

suggest that vibration causes the primary endings of muscle spindles to respond 1:1, 

phase locked with the vibration frequency. This data supports muscle spindle response 

to vibration as a potential mechanism for greater muscle activity seen due to vibration. 

This would occur when the muscle spindle detects a false change in length due to the 

vibration and has an excitatory response to resist the stretch, activating muscles [10]. 

Zaidell et al. [40] looked at an HLV level of vibration to examine a vibration 

reflex termed the “Tonic Vibration Reflex” (TVR) in a loaded and unloaded leg. 

Healthy adults were exposed to vibration either floor-based or with Achilles tendon 

vibration (ATV) with or without an external load, and results indicated that this type 

of vibration was able to elicit a TVR response in the lower limb muscles when 

delivered during relaxed sitting or loading. This suggests a spinal reflex, which again 

could occur through an excitatory response of the muscle spindle, activating Ia 

afferents that excites alpha motoneurons, which could cause muscle activity either 

through MU synchronization or inter-muscular coordination where agonists and 

antagonists are uncoupled [10, 27]. 

An unpublished study by Suresh et al. [29] examined vibration in a hemi-

spastic stroke population to better understand the role vibration would play in a 

population with neurological impairments, specifically spasticity. The authors noted 

that spasticity is characterized by an exaggerated reflex response to muscle stretch or 

tendon tap, which could make these muscles highly excitable when exposed to 
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vibration. Therefore, a potential vibration reflex could be useful in assessing the 

degree of excitability of muscles in patients with spasticity. Results showed that the 

affected side of the stroke patients had a larger slope, quicker rise to peak force, and 

greater peak force than the unaffected side. There was a greater response on the 

affected side in these individuals, suggesting that spasticity may play a role in 

enhancing muscle response to vibration. 

The idea that spasticity induces greater muscle response to vibration is 

supported by a study by Levin and Hui-Chan [41]. This study examined measures to 

assess spasticity using spastic hemiparetic and normal adults as controls. Stretch 

reflexes (SR), H reflexes (i.e. tool to assess the modulation of spinal cord 

monosynaptic reflex activity [42]), and M responses (i.e. short latency muscle 

response to electrical stimulation [42]) of the soleus muscle with and without a high-

frequency Achilles tendon vibration were assessed using EMG recordings from the 

soleus and tibialis anterior muscles. There was a significantly higher H/M ratio, 

shorter SR latencies, longer SR duration, and larger SR/M values in the hemiparetic 

group. Furthermore, the vibratory inhibition of the H reflex, which was previously 

found in studies with healthy adults [43], was not different between groups (p > 0.05). 

This study [41] attempted to explain the neural mechanism underlying how spasticity 

alters the muscle response to stretch reflexes and vibration. The authors hypothesized 

that the lower H reflex and SR latencies are caused by lower reflex thresholds in the 

patients with spasticity, leading to an earlier firing of motoneurons. If a lower reflex 

threshold were present, H reflexes would have shorter latencies because the stimulus 

would cause an earlier recruitment of motoneurons. Furthermore, more motoneurons 

would be recruited which would cause a larger response. Interestingly, the vibratory 
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inhibition of the H reflex was not different between groups. The finding suggests that 

there was not a deficit in presynaptic inhibition in the spastic hemiparetic patients. 

Alternatively, the authors suspected that the lack of a group difference was a result of 

higher inter-subject variability in the patients. Therefore, they suggested that a reduced 

reflex threshold might be present in those with spasticity. 

Nardone and Schieppati [44] broke down latency responses in an attempt to 

explain reflex responses in patients with spasticity. This study examined short-latency 

and medium-latency responses in the soleus during evoked dorsiflexion with and 

without Achilles tendon vibration in spastic hemiparetic patients and normal adults as 

controls. The goal of this study was to determine how spindle group Ia and group II 

fibers contributed to abnormal reflex responses seen in spastic patients. One finding 

was that compared to a non-vibration condition, vibration decreased short-latency 

response by around 30% in normal adults (p < 0.01) but increased by 10% in the 

patients with spasticity in both legs. Nardone and Schieppati suggest that this is due to 

altered control over presynaptic inhibition on Ia terminals, which would be supported 

by previous findings that showed that patients with spasticity do not have a smaller H 

or tendon tap reflex when vibration is given. Another finding from this study was that 

vibration did not affect medium-latency response in normal adults but increased by 

65% on the affected (p < 0.001) and 20% on the unaffected side of patients with 

spasticity when compared to a non-vibration condition. They suggest that this finding 

may have been a result of lower group II inhibition that is seen in normal adults. 

Lastly, during vibration without the evoked dorsiflexion, patients with spasticity had 

significantly higher muscle activity than they did without the vibration for both legs, 

which was not present in the normal adults. Nardone and Schieppati proposed that this 
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could be due to a combination of greater Ia input to soleus motoneurons that is then 

not counteracted by inhibition from group II input. 

The theory behind the muscle tuning response being the mechanism behind an 

increase in muscle activity due to vibration comes from running studies [10, 27, 45, 

46]. Evidence from these studies indicates that the body is able to tune its muscle 

activity as a way to reduce potentially harmful vibrations that could affect soft tissue 

in the body. This would happen through mechanical energy storage, where energy 

from the vibration is stored and returned from the muscle-tendon complex [10, 45]. 

Nigg [45] suggests that the muscle tuning response occurs right before heel strike 

during running, as a way to dampen impact forces, which acts as a vibration, from 

running. Wakeling et al. [46] tested this theory by mimicking the forces and vibration 

of forces from running on the foot using an actuator with frequencies between 10-65 

Hz. Results from this study found that damping occurred in the soft tissues of the 

lower limb and resonance reduction occurred at heel strike but the frequency of the 

soft tissues still matched the input frequency of the vibrations, suggesting a muscle 

tuning response to the vibration by way of altering muscle activity. Both Wakeling et 

al. [46] and Rittweger [27] make note that vibration is transmitted from segment to 

segment and musculoskeletal stiffness could affect the amount of tuning and damping 

that occurs in response to vibration. 

Where it is clear that certain types of vibration increases muscle activity in 

humans [28, 29, 31, 39, 40, 44], the mechanism in which this happens is not 

completely clear and may be from a combination of factors [10, 27, 41, 44, 45]. 

However, evidence suggests that a stretch reflex is involved to activate muscles [39, 

40, 41, 44, 45], and spasticity and musculoskeletal stiffness in general may play a role 
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in the magnitude of response to vibration [27, 29, 41, 42, 46]. Furthermore, this 

response may act as a muscle tuning response to dampen forces acting on soft tissues 

in the body that are instead stored and released in the muscle-tendon complex [10, 27, 

33, 45]. 

Electromyography Methodology with Vibration 

When examining muscle activity in response to vibration at any frequency, 

many authors take note that the frequency of the vibration needs to be taken into 

account when analyzing electromyography (EMG) data [27, 39, 40, 46, 47]. Rittweger 

[27] notes that the vibration artifact needs to be accounted for in the EMG signal. 

Pollock et al. [39] also expresses the importance of accounting for vibration artifact in 

the EMG signal by filtering the signal to remove the artifact at the vibration frequency 

applied. Zaidell et al. [40] took this one step further and examined the frequency 

content of the signal in the EMG data in this study. Vibration artifact in the EMG 

signal was found at the vibration frequency as well as the harmonics of that frequency, 

giving further awareness of the need to remove these artifacts in the signal. A method 

of removing the frequencies and harmonics in the frequency content of the signal and 

replacing the removed content with the signal power of two neighboring frequencies 

was used to resolve the frequency artifact issue in this study. 

Fratini et al. [47] specifically looked at the relevance of motion artifact in 

EMG signals during vibration. This study notes that during EMG recording, motion 

between electrodes and the skin and between skin layers causes motion artifact in raw 

EMG signals. Frequencies tested in this study ranged from 10-80 Hz, and male 

subjects were used to get muscle activity data from quadriceps muscles. Large 

amounts of artifact at the vibration frequency used as well as artifact at the harmonics 
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were found in the frequency content of the signal. Where Fratini et al. considered the 

amount of artifact that was found not to be negligible, this study recommended 

appropriate filtering techniques to remove vibration artifact from the frequency 

content of the raw EMG signal. 

One study by Ritzmann et al. [48] suggests that some of what looks like 

artifact in the EMG signal may be actual muscle activity acting at the frequency of the 

vibration given. Methods in this study compared ankle ergometer evoked stretch 

reflexes and vibration evoked stretch reflexes by trying to separate stretch reflexes 

during vibration by putting a dummy electrode on the patellar tendon. Findings from 

this study suggest that vibration elicits stretch reflexes in the lower leg and that motion 

artifact is insignificant. Therefore, it is possible to use EMG data from vibration 

without needing additional filters. However, this study only used a vibration at a 

frequency of 5-30 Hz, and Fratini et al. [47] found that vibration artifact was less of a 

problem at lower frequencies by also putting an electrode on the patella. Therefore 

with slightly conflicting results from other studies, it is important to examine the 

frequency content of the vibration signal for each individual study to determine if 

significant motion artifact is present and should be removed [27, 39, 40, 47, 48]. 
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Chapter 3 

MANUSCRIPT 

Introduction 

Cerebral palsy (CP) is one of the most common causes of disability in children 

and is a neuromuscular disorder that limits mobility and motor control [1]. Poor 

muscle strength, balance and coordination associated with CP results in limited 

mobility and subsequent deficits in the musculoskeletal system [2, 4]. Therefore, it is 

critical to identify treatments that counteract the limited muscle and bone development 

in children with CP.  

One treatment that has shown promise in offsetting the limited musculoskeletal 

development in children with CP is high-frequency, low-magnitude vibration (HLV). 

Studies in animals have reported a strong osteogenic effect of HLV, as demonstrated 

by improvements in bone formation rate, bone mineral density (BMD), trabecular 

structure, and cortical thickness [5]. Studies in humans are also promising [6, 7, 8] 

with observed improvements in the BMD of the tibia and spine [3] as well as greater 

increases in cortical bone area and general improvements in bone mass and muscle 

strength in children with CP [2, 22]. Similar findings have been reported in 

postmenopausal women [6, 7] as well as young women and adolescents with low bone 

mass [12]. 

Even though the effect of HLV on bone has been studied under a number of 

conditions with a variety of populations, the mechanism by which HLV acts on the 

musculoskeletal system is still relatively unknown [9]. One theory is that HLV acts 
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directly on bone cells through reactionary forces produced by the skeleton. Another 

theory is that the effect of HLV on bone results from an increase in muscle activity. It 

is likely that a spinal reflex is responsible for vibration-induced muscle activity where 

HLV elicits an excitatory response to muscle afferents, which then activate 

motoneurons [10, 27, 39, 40, 44]. This is supported by findings from Zaidell et al. 

[40], in which muscle activity increased during vibration in a loaded and unloaded leg, 

suggesting a spinal reflex mechanism. It is also possible that muscle activity occurs 

due to a muscle tuning response, where muscle activity is modulated in order to reduce 

the vibrations that pass through soft tissues in the body [10, 27, 45, 46]. 

If HLV does elicit a muscle response, the response may be exaggerated in 

children with spastic CP. Findings in a hemi-spastic stroke population supports this 

idea, where the affected side in adults who were hemi-spastic had a quicker rise to and 

larger peak force than the unaffected side [29]. Furthermore, studies examining altered 

reflex responses in spasticity suggest greater motoneuron excitation and lower 

inhibition to reflex responses elicited during vibration in hemiparetic stroke patients 

with spasticity [41, 44]. If the muscle response to HLV is greater in children with CP 

than in typically developing children, it may help explain the adaption of bone to HLV 

in disabled populations [2, 22] but not in healthy populations [30].  

The purpose of this study was to determine if an HLV stimulus emitted by a 

floor-based platform during standing increases muscle activity in the lower extremities 

in children with spastic CP and if the increase is greater than in typically developing 

(TD) children. We hypothesized that muscle activity would increase in both children 

with spastic CP and TD children, but that the increase would be greater in the children 

with spastic CP. 
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Methods 

Participants 

Ambulatory children with CP and typically developing children, ages 4-11, 

were recruited for this study. Inclusion criteria for children with CP were having 

spastic diplegic or hemiplegic CP and a gross motor function classification of I-III. 

Inclusion criteria for typically developing children were being between the 5th and 95th 

age-based percentiles for height and body mass, matched to children with CP for age, 

sex and race, and taking no medications known to affect musculoskeletal 

development. Participants were excluded from this study if they had Botox treatment 

or surgery within the 12 months prior to the study. Children with CP were recruited 

from the AI duPont Hospital for Children and other children’s hospitals. TD children 

were recruited from the University of Delaware and the Newark, DE communities. 

The institutional review boards at AI duPont Hospital for Children and at University 

of Delaware approved this protocol (Appendix B). Legal guardians provided written 

informed consent and participants provided written informed assent if they were able.  

Anthropometrics 

Standing height was assessed using a stadiometer (Seca 217; Seca GmbH & 

Co. KG., Hamburg, GER) , and body mass was assessed using a scale (Detecto 

D1130; Detecto, Webb City, MO) while children wore minimal clothing and were not 

wearing shoes or braces.  
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Tanner Staging 

A physician assistant assessed the Tanner stage of each participant to 

determine sexual maturity. Tanner staging is assessed on a rating scale from 1 to 5, 

with 1 indicating no sexual maturity and 5 indicating sexual maturity [49, 50]. 

Gross Motor Function Classification System (GMFCS) 

A physician assistant assessed gross motor function using the GMFCS. The 

GMFCS ranges from I to V, with I indicating impairments in some gross motor skills 

and V indicating no independent mobility [15]. Details on this scale can be seen in 

Appendix A. 

Modified Ashworth Scale (MAS) 

The MAS was used to assess plantar flexor tightness in participants with CP 

while the participant was lying supine on a table with the grade for each limb based on 

an average of three trials. The MAS grade is assessed on a scale from 0 to 4, with 0 

indicating presence of normal muscle tone and 4 indicating muscle rigidity during 

plantar and dorsi flexion [51].   

Instrumentation 

Surface electromyography (EMG) signals were collected using Motion Lab 

Systems, Inc. (Baton Rouge, LA) hardware and bipolar surface electrodes that were a 

fixed 2 cm apart. The sampling frequency used was 2000 Hz and DASYLab Software 

(Measurement Computing Corp., Norton, MA) was used for data acquisition. A 

specifically designed MATLAB (Mathworks, Natick, MA) program was used to 

analyze the EMG signals. The HLV platforms used in this study were modified 

medical devices from Juvent Medical (Riveria Beach, FL). The devices emitted an 
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HLV of 30 Hz at 0.3 g, which is within the range of frequency and magnitude of 

vibration to be considered an HLV stimulus. A Biodex dynamometer was used to 

assess maximum voluntary isometric contractions (Biodex Medical Systems, Shirley, 

NY). 

Data Collection 

Data collection took place at University of Delaware. EMG was collected from 

six muscles of the lower extremity in the most affected limb of children with CP and 

of the nondominant limb of TD children. The skin was cleaned and slightly abraded 

with alcohol wipes prior to electrode placement. The tibialis anterior (TA), lateral 

gastrocnemius (LG), medial gastrocnemius (MG), soleus (SOL), biceps femoris (BF) 

and vastus lateralis (VL) muscles were examined in this study. Electrodes were placed 

based the Surface Electromyography for the Non-Invasive Assessment of Muscles 

project (SENIAM) recommendations for sensor locations on individual muscles [52] 

with the ground electrode placed on the patella.  

Muscles were tested for validity in placement. To test for TA electrode 

placement, participants were asked to dorsi flex against the force of the tester’s hand 

on the top of the foot. To test for LG, MG, and SOL placement, participants were 

asked to plantar flex against the tester’s hand on the underside of the foot. Participants 

were asked to kick forward at the ankle against the force of the tester’s hand on the 

anterior side of the ankle to check for VL electrode placement. Similarly, participants 

were asked to pull their leg back, bending at the knee, against the force of the tester’s 

hand on the posterior side of the ankle to test for BF electrode placement. During these 

tests, the EMG system was also adjusted for gains to get optimal signal acquisition. 
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The individual gain for each muscle was increased until the signal was noticeable but 

not outside the range of measurement in the data acquisition program.  

Participants stood on the HLV platform independently and without support 

during the HLV treatment. The set-up of a child standing on the HLV platform can be 

seen in Figure 1. The HLV treatment consisted of three different conditions that were 

30 seconds each. In the first condition the platform was off (i.e., pre-HLV). In the 

second condition the platform was on (i.e., HLV). In the third condition the platform 

was off again (i.e., post-HLV). The post-HLV condition was used to determine that 

any changes seen between the pre-HLV and HLV conditions were due to vibration and 

not to prolonged standing. Participants were asked to stand with their knees as straight 

as possible, their feet as flat as possible and facing forward while standing as still as 

possible for all conditions. A research assistant stood on either side of the participant 

to prevent falls. A wooden chair was placed in front of the HLV platform for support, 

if needed. However, participants were instructed to stand without support. It was 

documented when a participant leaned on the chair, swayed or moved noticeably while 

standing on the platform. Only data collected during independent standing was used 

for the analysis. 
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Figure 1 Anterior (A), posterior (B), and left lateral (C) views of the set-up of a 
child standing on the HLV platform used in this study. Surface electrodes 
were affixed to the skin with self-adhesive wrap and tape when able. 

Electrodes remained in the same place, and participants were asked to do a 

maximal voluntary isometric contraction (MVIC) on a Biodex dynamometer. MVIC 

data was collected from the most affected limb in children with CP and the 

nondominant limb of TD children. All children were strapped across the chest, waist, 

and thigh, and knee flexion was kept as close to zero as possible but within 20 degrees 

of flexion. The protocol for MVIC collection was 5 seconds of maximal plantar 

flexion followed by 30 seconds of rest and then 5 seconds of maximal dorsiflexion 

followed by 30 seconds of rest. This MVIC protocol was repeated three times.  
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Data Analysis 

The EMG data was processed through a specialized MATLAB program coded 

to analyze the data from this study. A correction for gain adjustments was made to 

account for the potentially different gain adjustments during data collection. A high 

pass, 20 Hz, 4th order Butterworth filter and low pass, 500 Hz, 4th order Butterworth 

filter were used to filter the raw signal. A frequency filtering technique was used to 

filter out artifacts at the frequency of the vibration and the corresponding harmonics of 

that frequency, as recommended by Fratini et al. [47]. This technique transformed the 

EMG data from the time domain to the frequency domain, and a 5 Hz-sized window 

passed through the data. A threshold value was set at three times the median frequency 

of the segment of data in each window. If any data point was above the threshold 

value, it was replaced with a local median. The data was then transformed back into 

the time domain for further processing. Details of this filtering technique are presented 

in Appendix C.  

The root mean square (RMS) amplitude values with a one second window 

were calculated from the 30 seconds of data for pre-HLV, HLV, and post-HLV 

conditions for each of the six muscles. For the analysis of MVIC data, the plantar 

flexion MVIC that created the greatest plantar flexion torque was used for analysis of 

EMG data for the LG, MG, and SOL only. The dorsiflexion MVIC that created the 

greatest dorsiflexion torque was used for analysis of the EMG data for the TA. The 

RMS amplitude values were calculated for each of the four muscles assessed for 

MVIC with a 0.5 second window around the maximum torque produced. The RMS 

values within that window were calculated for both plantar flexion and dorsiflexion 

actions to determine if any co-contraction was present. Only plantar flexion and 
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dorsiflexion MVIC’s with minimal activity seen in the other muscles not being 

targeted for MVIC were used for analysis. 

Change in muscle activity between conditions was assessed for each of the six 

muscles. Muscle activity for each condition for the TA, LG, MG, and SOL muscles 

were normalized to muscle activity obtained from MVIC data to further assess the 

change in muscle activity between conditions in this study. 

Statistical Analysis 

Within-subject and between-group comparisons were made in this study. 

Using SPSS (IBM Corp., Armonk, NY) software and repeated measures ANOVA, 

differences between pre-HLV, HLV, and post-HLV conditions and differences 

between groups were determined. Significance level was set at p < 0.05. The size of 

the effects was determined using partial eta2. 

Results 

Eleven children with CP (7 boys and 4 girls) and 10 TD children (7 boys and 3 

girls) participated in this study. Participant descriptives are presented in Table 1. There 

were no significant differences between groups in any of the measured 

anthropometrics or sexual maturity. However, the TD children could produce a 

significantly greater MVIC than children with CP (p = 0.001). There were no 

significant differences between pre-HLV and post-HLV conditions in children with 

CP or TD children as seen in Figure 2. Therefore, to limit the number of comparisons, 

only the pre-HLV condition was compared to the HLV condition. Results with 

differences between when vibration is applied (HLVon) and standing with no 

vibration (HLVoff) are presented in Figure 3. There was a significant condition effect 
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with an increase in muscle activity due to vibration in the MG (p = 0.029, partial eta2 

= 0.228), SOL (p = 0.029, partial eta2 = 0.226), and BF (p = 0.011, partial eta2 = 

0.296) muscles in the combined TD and CP groups. There was a significant group by 

condition effect the in TA (p = 0.033, partial eta2 = 0.219), LG (p = 0.002, partial eta2 

= 0.391), and VL (p = 0.015, partial eta2 = 0.274) with an increase in muscle activity 

in the HLVon versus the HLVoff condition in children with CP but not in TD 

children. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 26 

 

 CP  

(n = 11) 

TD  

(n = 10) 

Age (y) 8.9 ± 2.1 8.7 ± 1.7 

Height (m) 1.24 ± 0.10 1.21 ± 0.42 

Height (percentile) 19.7 ± 24.5 56.3 ± 31.7 

Body mass (kg) 26.2 ± 6.8 29.8 ± 6.8 

Body mass (percentile) 29.6 ± 29.7 57.8 ± 26.7 

BMI (kg/m2) 16.7 ± 2.7 16.9 ± 2.9 

BMI (percentile) 48.4 ± 32.1 48.4 ± 33.5 

Tanner Stage (1 / 2 / 3)   

     Pubic hair 6 / 4 / 1 9 / 1 / 0 

     Breast/testicular 8 / 2 / 1 7 / 2 / 1 

GMFCS (I / II / III) 5 / 4 / 2 N/A 

MAS 1.82 ± 0.81 N/A 

MVIC (N!m)  8.17 ± 7.24 * 36.50 ± 16.72 * 

Table 1 Subject descriptives for both CP and TD groups are presented, including 
anthropometrics, Tanner stage, Gross Motor Function Classification 
System (GMFCS), Modified Ashworth Scale grade (MAS), and maximal 
voluntary isometric contraction torque (MVIC). MVIC was the only 
variable significantly different between groups. * p < 0.05. 
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Figure 2 Differences between the HLV off condition prior to HLV (PreHLVoff) 
and the HLV off condition after HLV (PostHLVoff) are presented for 
each muscle for A: children with CP and B: TD children. There were no 
significant differences between the two conditions for any muscle in 
either group. 
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Figure 3 Mean differences between HLVon and HLVoff are presented for the 
tibialis anterior (TA), lateral gastrocnemius (LG), medial gastrocnemius 
(MG), soleus (SOL), biceps femoris (BF), and vastus lateralis (VL). 
*Condition effect with HLVon > HLVoff for the cerebral palsy (CP) and 
typically developing (TD) groups combined, p < 0.05. **Group by 
condition effect with HLVon > HLVoff in the CP group but not in the 
TD group, p < 0.05.  

There was a significant condition effect with an increase in muscle activity due 

to vibration when normalized to MVIC in the LG (p = 0.044, partial eta2 = 0.196) 

muscle in the combined TD and CP groups. There was a significant group by 

condition effect in TA (p = 0.035, partial eta2 = 0.209) muscle with an increase in 

muscle activity in the HLVon versus the HLVoff condition in children with CP but not 

in TD children. 
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Discussion 

Results from this study support the hypothesis that a floor-based HLV stimulus 

increases muscle activity in the lower extremities of children with spastic CP. There 

were no differences in muscle activity before and after the HLV stimulus was applied 

in either group, which confirms that the increase in muscle activity during the HLV 

condition was due to the HLV treatment and not to prolonged standing. Additionally, 

when normalizing EMG data from the vibration conditions to an MVIC for the plantar 

and dorsi flexors used in this study, results were consistent with results from the non-

normalized data. This further supports the hypothesis that HLV increases muscle 

activity increases in children with spastic CP. Findings from this study also help to 

describe a potential mechanism for musculoskeletal response to HLV, where 

improvements in bone in disabled populations [2, 3, 22] but not in healthy populations 

[30] could partly be described by greater vibration-induced muscle activity in those 

with spastic CP.  

These results indicate that the muscle response to HLV is exaggerated in 

children with spastic CP as compared to TD children. This supports the conclusion by 

Suresh et al. [29] that spastic muscle is more sensitive to vibration than healthy 

muscle. Muscles in children with spastic CP, such as those included in this study, are 

more sensitive to stretch [24]. A previous study by Levin and Hui-Chan [41] examined 

the H reflex and stretch reflex response with and without Achilles tendon vibration in 

adults with and without hemiparesis and spasticity. The authors found reduced H and 

stretch reflex latencies and longer stretch reflex durations in the patients with 

spasticity and suggested that this may be due to reduced reflex thresholds in those with 

spasticity. If this were the case, motoneurons would be recruited earlier and in greater 
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numbers from an electrical stimulus causing a larger response and short H reflex 

latencies as they saw in this study. Nardone and Schieppati [44] further investigated 

the potential reflex pathways associated with spasticity in hemiparetic patients with 

spasticity and healthy adults. Foot dorsiflexion perturbations were given with and 

without Achilles tendon vibration in an attempt to identify the contribution of spindle 

group Ia and II fibers to reflex responses in patients with spasticity. This study found 

that vibration decreased the short-latency response in normal subjects but increased 

the short-latency response in patients with spasticity. They attributed this phenomenon 

to altered control of presynaptic inhibition on Ia terminals, which was supported by 

previous studies that found that patients with spasticity don’t have reduced H reflexes 

with vibration, which is a phenomenon that occurs in healthy adults [43]. Nardone and 

Schieppati [44] also found no effect on the medium-latency response in healthy adults 

but an increased medium-latency response in healthy patients with perturbations given 

during vibration. They suggest that this could be due to reduced group II inhibition. 

Furthermore, during vibration without perturbation, patients with spasticity had 

significantly greater muscle activity than during non-vibration. They theorize that 

these results may be due to a combination of increased Ia input to the soleus muscle 

and decreased group II inhibition that would normally counteract the input. Though 

previous findings [41, 44] were based on Achilles tendon vibration in an attempt to 

understand reflex response in hemiparesis patients with spasticity, it is possible that 

children with spastic CP also have this highly sensitive spinal reflex response that 

induces greater muscle activity during vibration than that of TD children. 

The comparison of the HLVon and HLVoff conditions when normalized to 

MVIC gives insight into the degree to which HLV increases muscle activity in 
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children with CP. The increase in muscle activity during HLV was approximately 8% 

in the TA and approximately 15% in the LG, with the MG and SOL also greater than 

the TD children, although the differences were not significant. The 8-15% increase in 

muscle activity associated with HLV in the children with CP may seem modest; 

however, the increase is beyond the muscle activity associated with standing and 

would occur throughout a 10-20 minute session, as this was the time previously used 

to assess the effect of HLV on muscle and bone in previous studies [2, 3, 22]. 

Furthermore, a previous study [54] that examined individual muscle contributions to 

contact force during walking in healthy adults found peak contributions throughout the 

gait cycle were around 30% for the TA, 60% for the MG, 40% for the SOL, 15% for 

the BF, and 25% for the vastus medialis. Since these increases in muscle activity 

during walking in healthy individuals are not near maximal contribution during 

walking even at their own individual peaks during the gait cycle and would only occur 

for a fraction of a second over each gait cycle, it helps put into perspective the 

consistent increase in muscle activity with HLV seen in children with CP in this study.  

Children with CP and TD children were matched for age, and there was a 

similar composition of sex and race, which was a major strength of this study as 

differences in musculoskeletal properties that may exist due to these variables were 

minimized. Furthermore, there were no significant differences between groups in any 

measured anthropometrics, including height, body mass, and BMI, and there were no 

differences in age or sexual maturity level. The similarity of the groups reduces the 

chance that any differences in muscle response seen between groups could have been 

due to other extraneous variables. An additional strength of this study was that all 

children were able to stand independently. Therefore, any potential influences of 
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compensatory mechanisms needed to remain upright were minimized. Another notable 

strength of this study was the unique filtering technique used during data processing. 

As noted by Fratini et al. [47], many previous studies have not taken into account 

motion artifact at the frequency of the vibration and corresponding harmonics. 

However, findings from the study by Fratini et al. and a spectral analysis of raw data 

from this current study clearly indicated a need to eliminate vibration-induced motion 

artifact while minimally reducing content of the EMG signal representing muscle 

activity. Data processing using the filtering technique in this study provides 

confidence that changes in muscle activity due to vibration were not misrepresented.  

One limitation in this study was that only children with mild to moderate CP 

were used, meaning that this population of children with CP represents some of the 

more independently mobile cases of those with CP. Most children had a GMFC of I or 

II, and those with a GMFC of III could stand independently for the duration of the 

vibration protocol. Future studies could benefit a larger population of those with CP 

by examining the effects of vibration under different loading conditions to determine 

if a similar muscle response occurs when independent standing on a platform is not an 

option due to physical disabilities. Another limitation was that posture was not 

controlled for in this study. Children with spastic CP often stand differently from each 

other as well as from typically developing children due to muscle tightness associated 

with spasticity. Therefore, there was the limitation of the inability to fully control for 

posture. However, since children with mild to moderate CP participated in this study, 

differences in posture were minimized. This study also did not look at MVIC 

normalized values for all muscles tested. This was a limitation of the protocol used in 

this study and muscle tightness associated with a population with spastic CP. 
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Furthermore, it has been reported that children with CP have greater variability in 

voluntary contraction tasks compared to typically developing children [53]. However, 

knee angle was kept between zero and 20 degrees of flexion when obtaining MVIC, 

which is very close to the position of the leg during standing. Therefore, electrode 

placement over the muscle between conditions and leg position when standing and the 

MVIC condition seated on the Biodex dynamometer are very similar. Additionally, 

three MVIC attempts were performed for both plantar flexion and dorsiflexion, and 

only the best attempt was used for normalization. Therefore, it was assumed that an 

accurate representation of a MVIC was used for normalization. Future studies could 

benefit from examining differences between a standing and vibration condition by 

normalizing to MVIC for even more muscles or normalizing to a submaximal 

contraction. Lastly, a specific floor-based HLV of 30 Hz at 0.3 g was used in this 

study, so findings cannot be generalized to other types of vibration. However, this 

specific level of vibration was used because it was determined to be safe as well as 

effective in showing improvements to the musculoskeletal system in previous studies 

[2, 6, 31]. Where surgery and invasive methods are often used in the treatment of 

children with CP [25, 26], HLV has the benefit of being a noninvasive and non-

pharmacological treatment to improve musculoskeletal health in children with CP. 

Conclusions 

In conclusion, HLV during standing introduces a mechanical load to the body, 

activating muscles. However, children with spastic CP have a greater muscle response 

to vibration than their typically developing peers. The exaggerated muscle response in 

children with CP may be due to a highly sensitive reflex response in children with 

spastic CP [29, 41, 44]. However, additional studies are needed to confirm this notion. 
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Results from this study suggest that the greater muscle response to HLV may play a 

role in the adaption of the musculoskeletal system to HLV in disabled populations [2, 

22] but not in healthy populations [30]. Findings from this study are important, as they 

support the idea that HLV could serve as a noninvasive, non-pharmacological 

approach to improving musculoskeletal health in children with CP. 



 35 

REFERENCES 

1. Economic costs associated with mental retardation, cerebral palsy, hearing 
loss, and vision impairment-United States, 2003. MMWR Morb Mortal 
Wkly Rep 2004;53:57-59. 

2. Wren T, Lee D, Hara R, Rethlefsen S, Kay R, Dorey F, Gilsanz V. Effect 
of high-frequency, low-magnitude vibration on bone and muscle in 
children with cerebral palsy. J Pediatr Orthop 2010;30:732–738.  

3. Ward K, Alsop C, Caulton J, Rubin C, Adams J, Mughal Z. Low 
magnitude mechanical loading is osteogenic in children with disabling 
conditions. J Bone and Miner Res 2004;19:360-369. 

4. Asselin P, Spungen A, Muir J, Rubin C, Bauman W. (2011). Transmission 
of low-intensity vibration through the axial skeleton of persons with spinal 
cord injury as a potential intervention for preservation of bone quantity and 
quality. J Spinal Cord Med 2011;1:52-59.  

5. Cheung A, Giangregorio L. Mechanical stimuli and bone health: What is 
the evidence? Curr Opin Rheumatol 2012;24:561-566.  

6. Rubin C, Recker R, Cullen D, Ryaby J, McCabe J, McLeod K. Prevention 
of postmenopausal bone loss by a low-magnitude, high-frequency 
mechanical stimuli: A clinical trial assessing compliance, efficacy, and 
safety. J Bone Miner Res 2004;19:343-351. 

7. Rubin C, Judex S, Qin Y. Low-level mechanical signals and their potential 
as a non-pharmacological intervention for osteoporosis. Age Ageing 
2006;35:ii32-ii36. 

8. Lam T, Ng B, Cheung L, Lee K, Qin L, Cheng, J. Effect of whole body 
vibration (WBV) therapy on bone density and bone quality in osteopenic 
girls with adolescent idiopathic scoliosis: A randomized, controlled trial. 
Osteoporosis Int 2013;24:1623-1636.  

9. Judex S, Rubin C. Is bone formation induced by high-frequency 
mechanical signals modulated by muscle activity? J Musculoskel Neuron 
2010;10:3-11.  



 36 

10. Cochrane D. The potential neural mechanisms of acute indirect vibration. J 
Sport Sci Med 2011;10:19-30. 

11. Fukuhara T, Namba Y, Yamadori I. Peripheral sensory neuropathy 
observed in children with cerebral palsy: is chronic afferent excitation from 
muscle spindles a possible cause?. Childs Nerv Syst 2010;26:751-754. 

12. Gilsanz V, Wren T, Sanchez M, Dorey F, Judex S, Rubin C. Low-level, 
high-frequency mechanical signals enhance musculoskeletal development 
of young women with low BMD. J Bone Miner Res 2006;21:1464-1474.  

13. Rosenbaum P. A report: the definition and classification of cerebral palsy 
April 2006. Dev Med Child Neuro 2007;49(6):480.  

14. Palisano R, Rosenbaum P, Walter S, Russell D, Wood E, Galuppi B. 
Development and reliability of a system to classify gross motor function in 
children with cerebral palsy. Dev Med Child Neuro 1997;39:214-23.  

15. Wood E, Rosenbaum P. The gross motor function classification system for 
cerebral palsy: a study of reliability and stability over time. Dev Med Child 
Neurol 2000;42:292-296. 

16. Carlon S, Taylor N, Dodd K, Shields N. Differences in habitual physical 
activity levels of young people with cerebral palsy and their typically 
developing peers: a systematic review. Disabil Rehabil 2013;35:647-55.  

17. Presedo A, Dabney K, Miller F. Fractures in patients with cerebral palsy. J 
Pediatr Orthop 2007;27:147-53. 

18. Henderson R, Lark R, Gurka M, Worley G, Fung E, Conaway M, Stallings 
V, Stevenson R. Bone density and metabolism in children and adolescents 
with moderate to severe cerebral palsy. Pediatrics 2002;110:e5 

19. Modlesky C, Kanoff S, Johnson D, Subramanian P, Miller F. Evaluation of 
the femoral midshaft in children with cerebral palsy using magnetic 
resonance imaging. Osteoporos Int 2009;20:609-615. 

20. Binkley T, Johnson J, Vogel L, Kecskemethy H, Henderson R, Specker B. 
Bone measurements by peripheral quantitative computed tomography 
(pQCT) in children with cerebral palsy. J Pediatr 2005;147:791-796. 

21. McIvor W, Samilson R. Fractures in patients with cerebral palsy. J Bone 
Joint Surg Am 1966;48:858-66 



 37 

22. Reyes M, Hernández M, Holmgren L, Sanhueza E, Escobar R. High-
frequency, low-intensity vibrations increase bone mass and muscle strength 
in upper limbs, improving autonomy in disabled children. J Bone Miner 
Res 2011;26:1759-1766. 

23. Janz K, Letuchy E, Eichenberger Gilmore J, Burns T, Torner J, Willing M, 
et al. Early physical activity provides sustained bone health benefits later in 
childhood. Med Sci Sports Exerc 2010;42:1072-8.  

24. Lance J, Burke D. Mechanisms of spasticity. Arch Phys Med Rehabil 
1974;55:332-37. 

25. Mu Y, Li N, Guan L, Chunnan W, Shang S, Wang Y. Therapies for 
children with cerebral palsy: a Web of Science-based literature analysis. 
Neural Regen Res 2012;7(33):2632-2639. 

26. Damiano D, Alter K, Chambers H. New clinical and research trends in 
lower extremity management for ambulatory children with cerebral palsy. 
Phys Med Rehabil Clin N Am 2009;20(3)469-491. 

27. Rittweger J. Vibration as an exercise modality: how it may work, and what 
its potential might be. Eur J Appl Physiol 2010;108:877-904. 

28. Bosco C, Cardinale M, Tsarpela O. Influence of vibration on mechanical 
power and electromyogram activity in human arm flexor muscles. Eur J 
Appl Physiol 1999;79:306-311. 

29. Suresh N, Wang I, Heckman C, Rymer W. Characterization of the tendon 
vibration reflex response in hemi-spastic stroke individuals. 33rd Annual 
International Conference of the IEEE EMBS 2011. 

30. Torvinen S, Kannus P, Sievänen H, et al. Effect of 8-month vertical whole 
body vibration on bone, muscle performance, and body balance: A 
randomized controlled study. J Bone Miner Res 2003;18:876-884. 

31. Cardinale M, Lim J. Electromyography activity of vastus lateralis muscle 
during whole-body vibrations of different frequencies. J Strength Cond Res 
2003;17:621-624. 

32. Rubin C, Turner A, Bain S, Mallinckrodt C, McLeod K. Low mechanical 
signals strengthen long bones. Nature 2001;412:603-604. 



 38 

33. Wolf S, Augat P, Eckert-Hubner K, Laule A, Krischak G, Claes L. Effects 
of high-frequency, low-magnitude mechanical stimulus on bone healing. 
Clin Orthop Relat Res 2001;385:192-198. 

34. Shi H, Cheung W, Qin L, Leung A, Leung K. Low-magnitude high-
frequency vibration treatment augments fracture healing in ovariectomy-
induced osteoporotic bone. Bone 2010;46:1299-1305. 

35. Katusic A, Mejaski-Bosnjak V. Effects of vibrotactile stimulation on the 
control of muscle tone and movement facilitation in children with cerebral 
injury. Collegium Antropologicum 2011;34:57-63. 

36. Xie L, Jacobson J, Choi E, Busa B, Donahue L, Miller L et al. Low level 
mechanical vibrations can influence bone resorption and bone formation in 
the growing skeleton. Bone 2006;39:1059-1066. 

37. Bongers P, Boshuizen H, Hulshof C, Koemeester A. Back disorders in 
crane operators exposed to whole-body vibration. Int Arch Occ Env Hea 
1988;60:129-137. 

38. Cardinale M, Wakeling J. Whole body vibration exercise: are vibrations 
good for you?. Br J Sports Med 2005;39:585-589. 

39. Pollock R, Woledge R, Martin F, Newham D. Effects of whole body 
vibration on motor unit recruitment and threshold. J Appl Physiol 
2011;112:388-395. 

40. Zaidell L, Mileva K, Sumners D, Bowtell J. Experimental evidence of the 
tonic vibration reflex during whole-body vibration of the loaded and 
unloaded leg. PLoS ONE 2013;8:e85247. 

41. Levin M, Hui-Chan C. Are H and stretch reflexes in hemiparesis 
reproducible and correlated with spasticity? J Neurol 1993;240:63-71. 

42. Palmieri R, Ingersoll C, Hoffman M. The Hoffmann reflex: methodological 
considerations and applications for use in sports medicine and athletic 
training research. J Athl Train 2004;39:268-277. 

43. Desmedt J, Godaux E. Mechanism of the vibration paradox: excitatory and 
inhibitory effects of tendon vibration on single soleus muscle motor units 
in man. J Physiol 1978;285:197-207. 



 39 

44. Nardone A, Schieppati M. Reflex contribution of spindle group Ia and II 
afferent input to leg muscle spasticity as revealed by tendon vibration in 
hemiparesis. Clinical Neurophysiology 2005;116:1370-1381. 

45. Nigg B. Impact forces in running. Curr Opin Orthop 1997;8:43-47. 

46. Wakeling J, Migg B, Rozitis A. Muscle activity damps the soft tissue 
resonance that occurs in response to pulsed and continuous vibrations. J 
Appl Physiol 2002;93:1093-103. 

47. Fratini A, Cesarelli M, Bifulco P, Romano M. Relevance of motion artifact 
in electromyography recordings during vibration treatment. J Electromyogr 
Kines 2009;19:710-718. 

48. Ritzmann R, Kramer A, Gruber M, Gollhofer A, Taube W. EMG activity 
during whole body vibration: motion artifacts or stretch reflexes?. Eur J 
Appl Physiol 2010;110:143-151. 

49. Marshall W, Tanner J. Variations in pattern of pubertal changes in girls. 
Arch Dis Child 1969;44:291. 

50. Marshall W, Tanner J. Variations in pattern of pubertal changes in boys. 
Arch Dis Child 1970;45:13. 

51. Ashworth B. Preliminary trial of carisoprodol in multiple sclerosis. 
Practitioner 1964;192:540. 

52. Hermens H, Fredriks B, Disselhorst-Klug C, Rau G. Development of 
recommendations for SEMG sensors and sensor placement oricedures. J 
Electromyogr Kines 2000;10:361-374. 

53. Chu W, Sanger T. Force variability during isometric biceps contraction in 
children with secondary dystonia due to cerebral palsy. Mov Disord 
2009;9:1299-1305. 

54. Sasaki K, Neptune R. Individual muscle contributions to the axial knee 
joint contact force during normal walking. J Biomech 2010;43:2780-2784. 

55. Burden A. How should we normalize electromyograms obtained from 
healthy participants? What we have learned from over 25 years of research. 
J Electromyogr Kines 2010;20:1023-1035. 

56. Burden A, Trew M, Baltzopoulos V. Normalisation of gait EMGs: a re-
examination. J Electromyogr Kines 2003;13:519-532. 



 40 

57. Masani K, Sayenk D, Vette A. What triggers the continuous muscle 
activity during upright standing?. Gait Posture 2013;37:72-77. 

58. Modlesky C, Subramanian P, Miller F. Underdeveloped trabecular bone 
microarchitecture is detected in children with cerebral palsy using high-
resolution magnetic resonance imaging. Osteoporosis Int 2008;19:169-176. 

59. Pouliot-Laforte A, Parent A, Ballaz L. Walking efficiency in children with 
cerebral palsy: relation to muscular strength and gait parameters. Comput 
Method Biomec 2014;17:104-105. 

60. Soderberg G, Knutson L. A guide for use and interpretation of kinesiologic 
electromyographic data. Phys Ther 2000;80:485-498. 

61. Staudenmann D, Roeleveld K, Stegeman D, Dieen J. Methodological 
aspects of SEMG recordings for force estimation – a tutorial and review. J 
Electromyogr Kines 2010;20:375-387. 

62. Yang J, Winter D. Electromyographic amplitude normalization methods: 
improving their sensitivity as diagnostic tools in gait analysis. Arch Phys 
Med Rehabil 1984;65:517-521. 



 41 

Appendix A 

GROSS MOTOR FUNCTION CLASSIFICATION SCALE 
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Appendix B 

INSTITUTIONAL REVIEW BOARD APPROVAL LETTERS 
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Appendix C 

FREQUENCY FILTERING TECHNIQUE 

Based on a study and findings by Fratini et al. [47], a frequency analysis was 

performed on vibration data in this study. Non-physiological spikes of data around the 

vibration frequency and its harmonics were seen in the frequency analysis of all 

vibration trials in this study. An example of this frequency pattern from one muscle 

from one vibration condition can be seen in Figure 4. 

 

Figure 4 Frequency spectrum from the LG of a vibration trial where the unfiltered 
data is represented in black and the filtered data is overlaid represented in 
grey. 

Due to the spikes seen in the frequency, a filtering method was applied. For 

this analysis, a Fast Fourier Transform was performed and the data was transformed 

from the time domain to the frequency domain. Then a 5 Hz sized window passed 
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through the data. If any data points were greater than three times the standard 

deviation of the data within each window, then those data points were removed and 

replaced with a local median. All data was then transformed back into the time domain 

for further analysis. An example of how EMG data looked before and after filtering 

can be seen in Figure 5. 

 

Figure 5 EMG data from the LG of a vibration trial where the unfiltered data is 
represented in black and the filtered data is overlaid represented in grey. 


