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Abstract
	Spasticity is a common symptom experienced by individuals with upper motor neuron lesions such as those with stroke, spinal cord injury, traumatic brain injury, cerebral palsy, amyotrophic lateral sclerosis, and multiple sclerosis. Although the etiology and progression of spasticity differs between these clinical populations, it shares many of the same consequences: muscle pain, weakness, fatigue, increased disability, depression, medication side effects, and a reduced quality of life. For this reason, there has been increased interest in the measurement and treatment of spasticity symptoms. 
Subjective measures of spasticity like the Modified Ashworth Scale (MAS) and Tardieu Scale have shown questionable validity/reliability and poorly correlate to functional outcome measures but continue to be used in clinical and research settings. Objective measures like myotonometry, electrogoniometry, and inertial sensors on the other hand provide much more reliable measures but at the expense of increased costs, time, and equipment. Therefore, to properly assess and treat spasticity symptoms, a timelier and cost-effective objective measure of spasticity is needed. PURPOSE: To reexamine a previously collected dataset from a sample of patients with multiple sclerosis before and after dry-needling and functional electrically stimulated walking spasticity treatments. Specifically, we wished to know whether there were: 1.) Acute (within visit) and chronic (between visit) changes in sEMG and Foot-tapping rate of force development measures after treatment, 2.) Between leg differences before and after treatments, 3.) significant correlations between EMG, foot-tapping, and functional outcome measures. METHODS: 16 MS patients (10 relapsing-remitting and 6 progressive MS) participated in the original study. The study consisted of 14 visits: 2 pre/post visits, 4 visits of dry-needling + functional electrically stimulated walking (FESW), and 8 visits with FESW only. The more spastic leg (involved leg) was given the treatment, making the other the control. Dry-needling was performed on the involved leg’s gastrocnemius medial and lateral heads by inserting monofilament needles and electrically stimming the muscles until visible twitches occurred. Dry-needling was done 30 seconds on and 30 seconds off for a total of 90 seconds of treatment. FESW was performed on the involved leg by attaching electrodes to the tibialis anterior and gastrocnemius muscles. Patients walked 20-minutes at a self-selected pace while the involved leg was stimmed. sEMG was collected before and after each treatment by having the patient perform a single maximal heel raise. Foot-tapping ability was assessed using the 10-second foot-tapping test (FTT) and a small force plate. Functional measures also included the 25-foot walk test (25FWT) 6-minute walk test (6MWT), modified fatigue impact score (MFIS), and number of heel raises performed. RESULTS: No significant between leg differences were noted for any of the sEMG measures (p>0.05). No significant chronic changes occurred in any of the sEMG measures. For the Dry-needling + FESW visits, sEMG sample entropy was significantly increased in the involved leg at post-needling (p = 0.035) and post-FESW (p = 0.027). The non-involved leg’s sample entropy was significantly higher at post-FESW only (p = 0.017). The non-involved leg’s, mean frequency was significantly higher at post-FESW compared pre-needling (p = 0.033) and post-needling (p = 0.032). For the FESW only visits, there were no significant changes in the involved leg. The Non-involved leg’s mean frequency was significantly higher at Post-FESW (p = 0.006). Median frequency was significantly higher at Post-FESW (p = 0.009). The number of foot-taps was significantly increased from Pre to Post-intervention in both the Involved (p = 0.006) and Non-involved legs (p 0.002). There was a significantly higher number of foot-taps in the Non-involved leg compared to the Involved leg at both Pre (p =0.008) and Post (p = 0.015) timepoints. AUC was significantly higher in the Involved leg at Post-treatment (p = 0.030). Time to peak was found to be higher in the Involved leg compared to the Non-involved leg at both Pre (p = 0.037) and Post-intervention (p = 0.019). Time to base was higher in the Involved leg compared to the Non-involved leg at both Pre (p = 0.031) and Post-intervention (p = 0.004). Total tap time was higher in the Involved leg at both Pre (p = 0.010) and Post-intervention (p = 0.007). Percent time to peak was significantly lower in the involved limb at Pre-intervention (p = 0.026) and Post intervention (p = 0.037). Percent time to base was significantly higher in the Involved leg at Pre-intervention (p = 0.026) and Post intervention (p = 0.037). The sEMG measures tended to poorly or non-significantly correlate with the functional outcome measures. The foot-tapping measures, especially the involved leg, tended to exhibit stronger correlations with the functional outcome measures. CONCLUSION: sEMG Sample entropy and foot-tapping ability are significantly improved by dry-needling treatments and walking.  sEMG measures did not tend to correlate well with functional outcome measures but the foot-tapping measures did. This suggests that foot-tapping rate and related measures may be a useful measure of spasticity and treatment effects.
Chapter I: Introduction


Spasticity is a symptom commonly experienced by persons with neurological disorders such as stroke1,2,8,34,57,66,68,74,79,90,91,116,146,150,166,170, spinal cord injury (SCI)3,39,45,111,129,168, traumatic brain injury9,27,28,49,153, cerebral palsy18,19,29,60,156,167, amyotrophic lateral sclerosis (ALS)15,80,101,160,163 and multiple sclerosis (MS)1,20,75,78,100,102,110,143,152,167. Spasticity results in muscle pain, tightness, fatigue, joint shortening (contractures); which dramatically impacts activities of daily living (ADL), reduces muscle function, reduces mobility, and ultimately a decrease in quality of life (QOL)112,157. It is for this reason that there’s been much interest in the assessment and treatment of spasticity in these populations42,95,110,158. 
Before spasticity can be treated however, there should be a valid and reliable way to assess it. Several different techniques have been utilized to assess spasticity in affected patients. While useful in a controlled lab environment, their implementation in a clinical setting are impeded by the need for expensive equipment, advanced training, and the burdens of patient care. The use of simplified spasticity scales like the Ashworth Scale (AS)24,118,119, Modified Ashworth Scale (MAS)9,69,118,119 and Tardieu Scale1,6,51,119  are advantageous because they require only a pen and paper. Physicians can quickly and noninvasively assess a patient’s spasticity by manipulating the affected limb and rating its resistance to movement. Despite their usefulness in a clinical setting, these scales may be too subjective, making them prone to error or bias26,51,66.  
Spasticity rating scales like the MAS or Tardieu have been previously criticized for being too subjective and unreliable6,8,51. When assessed by different raters (Kendall tau-b correlation of 0.62, p=0.461)25 or across time (kendall tau-b of 0.567, p<0.001)25, reliability of these scale has been seen to be poor to moderate at best25,53,114. Previous studies have cited poor correlations between spasticity scales, objective spasticity measures (EMG, elastography, or myotonometry), clinical scales (MFIS, EDSS, CGI, PSFS) and performance scales (i.e. toe tapping, balancing or walking scales) (Pearson’s R of 0.38- 0.47, p<0.05) 8,9,57,102. The weak correlations of these scales suggest that they are not capturing the full picture of spasticity’s effect on disability and function. Despite their drawbacks, researchers and clinicians continue to use such scales without regards to their validity or reliability. 
Dry-needling13,39,94,102,107,116 and functional electrical stimulation (FES)7,102,109 are two examples of non-pharmacological treatments, that have been used with some success to relieve spasticity in clinical populations. Despite showing some success in treating spasticity, many studies are overly reliant on the interpretation of spasticity scales such as the MAS or Tardieu to determine the efficacy of the treatment. When scales like the MAS or Tardieu are the only measures used, it’s hard to say with certainty whether the results are attributable to an actual treatment effect, random error, or tester bias. These problems suggests a need for a more objective measure of spasticity; an assessment that is valid, reliable, and realistic for implementation in the average clinic. By increasing the precision of the assessments physicians can better treat spasticity symptoms resulting in enhanced patient care and quality of life. 
Recently, there has been increased interest in the assessment of complexity (randomness) measures in populations with neurological deficits4,40,41,125,154,159,172,173 . When compared to healthy populations, it has been shown that neurologically impaired individuals exhibit a decreased level of complexity in measures of surface electromyography (sEMG)4,40,154, handgrip force172, gait/movement kinematics41,125,159, and fNIRS173. Known as the loss of complexity hypothesis, it has been posited that aging and various disease states are associated with a reduction in biological structure and signal complexity62. A loss of complexity results in impaired transmission of information or altered physiological function, leading to disease. Several studies have shown reductions of various complexity measures in clinical populations compared to healthy controls31,37,64,89,165,166. Unlike traditional analyses of signal frequency or amplitude, complexity analysis is time sequence invariant. This means that complexity analysis is sensitive to non-linear changes at different timescales62,115,149. When applied to clinical measures of surface electromyography (sEMG) and rate of force development, complexity may prove a useful measure of changes in spasticity before and after treatment40,123,172. 
The use of muscle sEMG and rate of force have been previously used to assess spasticity in clinical populations9,21,52,93,161,166 . Though few studies have examined the relationship between complexity and spasticity40,74,166,171, it reasons that a debilitating symptom like spasticity would be accompanied by changes of signal complexity. When applied to measures of sEMG or rate of force development, complexity analysis may provide a more sensitive and objective measures of spasticity compared to traditional analyses. Although sEMG systems may not be easily implemented in clinics, measures of force development can easily be obtained from devices like dynamometers and force plates. The mobility and low costs of a small force plate 102,128, would make it the ideal measurement tool for quickly and non-invasively assessing spasticity. 

Purpose
The purpose of this study was to reexamine a previously collected dataset from a sample of patients with multiple sclerosis (PwMS) before and after dry-needling and functional electrically stimulated walking treatments. We wished to know: (1) whether there was an acute (within visit) change in sEMG measures (sample entropy, amplitude and frequency) following dry-needling and FESW treatments, (2) whether there was chronic (between visit) changes in sEMG measures and foot-tapping rate of force development following repeated treatments  (3) whether the sEMG and rate of force development measures differed between the Involved (treatment) and Non-involved (control) leg, and finally whether the sEMG and rate of force development measures significantly correlated with the functional outcome measures (6-Min walk test, 25-ft walk test, foot-taps, heel raises, MFIS).

Research Questions
1. Do either the dry-needling or FESW interventions result in acute (within visit) changes of sEMG sample entropy, amplitude, or frequency?
2. Are there chronic (between visits) changes in either the sEMG or rate of force development measures following the interventions?
3. Are there significant differences in sEMG and rate of force development measures between the Involved and Non-involved legs at Pre-treatment and how did those differences change Post-treatment?
4. Are there significant acute and chronic correlations between sEMG, rate of for development, and functional outcome measures at the Pre and Post intervention timepoints? 






Hypotheses
1. Following dry-needling and FESW treatments, there will be a within visit reduction of sEMG sample entropy and frequency, and an increase in amplitude.
2. There will be a chronic increase in sEMG sample entropy and frequency, and a decreased amplitude.  The number of foot-taps performed, and the rate of force development will increase following the dry-needling and FESW intervention.  
3. The involved leg will exhibit a lower sEMG complexity and frequency, and an increased amplitude compared to the Non-involved leg. Foot-tapping and rate of force development will similarly be reduced in the Involved-leg. Following treatment, there will be an improvement in function leading to a reduced between leg differences in foot-tapping. 
4. The sEMG measures will not significantly correlate with the functional outcome measures, but foot-tapping and the rate of force development measures will.

Significance
	Previous studies have used several different methods to assess spasticity in individuals with neurological disorders. Subjective scales like the MAS or Tardieu are often utilized because they are fast, non-invasive, and do not require any expensive equipment. Despite their advantages, such scales may be too subjective and prone to human error and bias. Therefore, more objective measures of spasticity are needed if meaningful advancements in treatment are to be made. The use of sEMG and muscle force measurements have become increasingly more common in clinical settings and may be a useful measure of the effectiveness of spasticity treatments. With more precise measurement of spasticity, physicians can provide better treatment leading to improved patient outcomes and quality of life. Further investigation is needed to determine the usefulness of sEMG measures and rate of force development measures as a measure of spasticity. If found to have a strong correlation with spasticity and functional performance measures, the rate of fore development measures may be especially useful. Compared to many other methods, a force plate could be a much simpler, faster, and inexpensive means of assessing spasticity. 

Assumptions
The assumptions of the study are as follows:
1. The tester and testing procedures of the study remained consistent throughout the entire study.
2. The MAS assessment were done by an experienced PT and was done as objectively as possible.
3. Participants provided accurate health history, medical, and fatigue questionnaire information.  
4. Participants complied with directions and guidelines provided prior to testing including any guidance regarding diet, exercise, and medications.
5. Participants gave maximal effort during the heel raise tasks and functional testing. 






Delimitations
The delimitations of the current study are as follows.
1. The data used for these analyses comes from a secondary dataset collected at the Oklahoma Medical Research Foundation consisting of sixteen PwMS.
2. Of the sixteen PwMS; six had progressive MS and ten had relapsing MS.
3. Patients were required to have a confirmed case of MS and must be able to walk 25-feet before participating in the study.
4. Patients were free from relapse and did not experience any changes in disability status during the study. 
5. Patients had not received botulinum toxin treatment or experienced deep vein thrombosis in the last 6-months.
6. The findings of this study are applicable only to the assessment of leg spasticity in persons with multiple sclerosis ages 25-63 who have been free of relapse for the last 3-months. 

Limitations
1. The results of this study come from a small sample of PwMs and from the legs only. It may therefore not be representative of all PwMS, limbs, or other spasticity disorders. 
2. No control sample was used for comparison.
3. The presence of spasticity is velocity and muscle length dependent, neither of which were measured or controlled for during testing.
4. Because testing occurred over several visits, individual visit results may be influenced by day-to-day changes in fatigue. 
Operational Definitions
1. Ashworth Scale: A scale that is used by clinicians to assess spasticity of a single or series of muscles. The test requires the clinician to manipulate the patient’s limb/muscle at a set speed resulting in a quick stretch of the muscle(s) of interest.  The resistance to stretching is then subjectively rated by the physician on a 0 to 4 scale118.
2. Modified Ashworth Scale: A modified version of the original Ashworth scale in which a 6th score was added with the intention of increasing sensitivity. The (1+) score was added between (1) and (2)118.
3. Modified Tardieu Scale: A scale similar to the Ashworth used by clinicians to assess spasticity. Unlike the Ashworth and modified Ashworth, the Tardieu scale is performed at varying slow and fast speeds. This increases sensitivity of the scale and allows for the differentiation between neural and biomechanical contributors to spasticity110.  
4. Spasticity: A motor disorder characterized by a velocity dependent increase in tonic stretch reflexes (muscle tone) with exaggerated tendon jerks, resulting from hyperexcitability of the stretch reflex84.
5. Subjective measure: A scientific measurement that is assigned a score or rating by a skilled/qualified individual that is dependent upon personal perceptions of a sign/symptom. Subjective measures can also be given from the patient’s perspective.
6. Objective measure: A scientific measurement that is assigned a score or rating based on the output of device that is not subject to personal bias or human error.
7. Signal complexity: In this context, complexity refers to the non-stationarity and non-linearity of biological signals and structure. A more complex signal will appear more random and have greater availability than a less complex signal. It has been suggested that complexity decreases with age and disease meaning that these signals become more regular or non-variable62. 
8. Entropy: The degree of disorder or randomness of a system. Entropy rate is a measure of the average rate of generation of new information from a signal (e.g. sEMG or EKG)5,33,70. 
9. Fractals or Fractal Dimensions: A descriptor of the complexity of a signal. Specifically, it refers to a type of self-repeating or branching type of signal/structure often seen in nature (heart rhythm, EEG, bronchi structure, etc.)38,149. 
10. Modified Fatigue Impact Scale (MFIS): A patient-reported scale used in patients with MS to assess changes in fatigue. The MFIS is a multidimensional scale that reports the physical, psychological, and cognitive aspects of fatigue experienced by the patient88.
11. 6-minute walk test (6MW): A test that has been used in clinical populations to assess disability and physical function. The 6MW has been used to assess gait, the benefits of rehabilitation, and study the relationship between fatigue and physical function. The 6MW is a shortened version of the 12MW54,63. 
12. 25-foot walk test (25FW):  The 25FW is a test used in persons with MS as a standardized measure of walking performance. The test has the patient walk 25-feet as quickly as possible. Often used alone or as a group of measures, the 25FW is one part of the multiple sclerosis functional composite (MSFC) test score 22,126.
13. Foot Tapping Test (FTT): The FTT is a measure used to assess upper motor drive and performance of the legs. The test has subjects tap their foot as quickly as possible for 10-seconds102,128. 

Chapter II: Review of Literature
Introduction
Spasticity is a common symptom in individuals with upper motor neuron (UMN) lesions17 like those who’ve suffered from a stroke1,34,146, spinal cord injury3,45,129, traumatic brain injury9,27,28,49,153, cerebral palsy18,19,29,156,167, multiple sclerosis17,110,130,167 or amyotrophic lateral sclerosis15,98,101,160,163. Although the underlying disease process differs between these disorders, they all exhibit a similar increase in muscle tone resulting from a hyperexcitability of the stretch reflexes 157. It has been hypothesized that hyperexcitability of the stretch reflexes is the result a dysregulation of both inhibitory and excitatory supraspinal inputs. Over time, chronic shortening of soft tissue (i.e., contractures) may further worsen symptoms of spasticity creating a vicious cycle158. Spasticity has been shown to negatively impact acts of daily living (AoDL), reduce quality of life (QoL)23,119,158 and has even been described as worse than death152.
Several different spasticity assessments have been previously utilized in clinical populations. The assessment of spasticity could be broadly divided into two categories: objective and subjective measures. Objective measures involve the use of one or more specialized devices to assess muscle tone providing a more quantitative and standardized measure of spasticity. The use of such measurement devices are less prone to tester bias or error, hence making them an objective measure. Often a costly investment, these devices also require advanced training to operate or interpret results. Subjective measures of spasticity however often do not rely on sophisticated equipment. Pen and paper spasticity scales such as the Modified Ashworth Spasticity (MAS) and Tardieu can easily be performed by manipulating a patient’s limb and rating the resistance to movement. Subjective measures like these are advantageous in clinics where time, money, and space for equipment are a concern. However, scales like the Tardieu and MAS do not control for contraction velocity, range of motion or what constitutes a resistance to stretch, making their reliability and validity questionable39,51,73,110,119,132,140. Therefore, when designing treatment studies, clinicians must carefully decide whether to use subjective measures, objective measures, or a combination of the two. 
The treatment of spasticity is difficult because of inherent problems in its measurement. Despite this, studies have shown evidence of improvements in spasticity following various drug, physical therapy, assistive devices, surgical and other treatments2,20,59,68,77,101,111,157. Dry-needling and functional electrical stimulation for have been used with some success to treat spasticity13,32,102,116. Overuse of subjective scales like the MAS however make it difficult to say with certainty whether results are due to an actual treatment effect, random or systematic error, or tester bias. To effectively treat spasticity, we must first ensure our assessments are valid and reliable.
  One solution to assessing spasticity in clinical population may be through the application of complexity analysis62 of sEMG and rate of force development metrics. The loss of complexity hypothesis posits that with age and disease there is a breakdown in biological complexity resulting in impaired function. Several studies have found a reduced complexity in neurologically impaired populations that commonly suffer from spasticity31,37,64,89,159,165,166. It has been suggested that surface (EMG) sEMG may be a useful means of assessing complexity in clinical populations40,74,154,166. It has been found that there is a strong negative correlation between muscle sEMG/force complexity and spasticity (MAS) scores (-0.82-.0900)40,74,166. However, not every clinic is equipped to measure sEMG which suggests the need for an easier, cheaper alternative to assess spasticity. The assessment of rate of force development and complexity with cheaper force plates or dynamometer might be one such viable option. 
The first half of this literature review will expand upon 1.) the definition of spasticity, 2.) pathophysiology of spasticity, 3.) populations that experience spasticity, 4.) the measurement of spasticity, 5.) the treatment of spasticity, 6.) introduction to rate of force development and complexity analysis in assessing spasticity. The search process for this review included using several different databases (MEDLINE, SportsDiscus, Academic Search Premier, Google Scholar, etc.). The search included, but was not limited to, the following terms: define spasticity, spasticity assessment, spasticity treatment, subjective spasticity, objective spasticity, populations with spasticity, complexity analysis, surface electromyography (sEMG), force kinematics, etc.

Defining Spasticity:
One of the earliest definitions described spasticity as a resistance to movement during a passive stretch which was associated with an increased amplitude of the stretch reflex44. Later, spasticity would be further defined as a velocity dependent increase in muscles stretch reflex and tendon jerk because of upper motor neuron (UMN) damage and a disinhibition of the stretch reflex84. In other words, the presence of spasticity is dependent upon how quickly the muscle is stretched.
Spasticity can further be defined by its contributing factors: Intrinsic tonic, intrinsic phasic, and extrinsic spasticity3,42. Intrinsic tonic spasticity was defined as spasticity that is the result of the tonic component (sustained stretch) of the stretch reflex. Whenever a passive stretch is held, muscle spindles are activated resulting in the contraction of the stretched muscle. It has been suggested that the hyperexcitability of the tonic stretch reflex may be the result of a lowering of neuron threshold and/or an increased gain of the stretch reflex and can be seen as an increased muscle stiffness or tone at rest.  The intrinsic phasic portion refers to increases in tendon hyper-reflexia and clonus which can cause painful cramps and spasms at rest and during physical activity. Extrinsic spasticity is spasticity that can be caused by noxious stimuli outside of the muscle. Dysregulation of skin, subcutaneous tissue, muscle and joint sensory receptors can cause hyperexcitability of the flexion withdrawal reflex3,42 , worsening spasticity.  
An extensive review was conducted by Malhotra and Pandyan comparing spasticity definitions used in several different studies96. It was found that 31% of studies examined failed to define spasticity in their study and 35% simply defined spasticity as an increase in muscle tone without addressing the underlying mechanism. Another 31% of the studies used the definition proposed by Lance84 which describes spasticity as an increase in the stretch reflex-mediated muscle activity and exaggerated tendon jerk felt during a passive stretch. The final 3% of studies used varying terms such as ‘abnormal tone’, ‘hypertonia’, and ‘hyperreflexia’ to define spasticity95. 
How a spasticity is defined in a study is important because different assessment techniques will assess different mechanisms or contributors (tonic, phasic and extrinsic spasticity) to a patient’s overall spasticity. Subjective spasticity scales such as the MAS lack precision as they are incapable of differentiating between the contributors to spasticity and only assess overall spasticity. Some objective measures of spasticity may be useful for differentiating between contributors of spasticity; however, the required time, money and training remains a barrier to their implementation. This means that the effectiveness of a spasticity treatment is entirely dependent on the type of assessment used. Therefore, careful consideration must be given on how we define spasticity prior to study design to ensure accurate assessment and interpretation of the results.

Spasticity Pathophysiology
Spasticity is inherently difficult to treat due it’s complex nature. Although many individuals with spasticity share a lot of the same symptoms, their etiology and progression can be dramatically different. The following sections will explore some of the proposed mechanisms of spasticity in UMN disorders.

Stretch Reflex Hyperexcitability
	The stretch reflex is an involuntary muscle contraction that results from the activation of muscle spindles during a passive stretch130. In individuals with UMN disorders, the sensitivity of these receptors can be increased leading to altered or exaggerated muscle activation following a stretch. Increased stretch receptor sensitivity may be due to the dysregulation of the presynaptic terminals of spindle afferents or the spinal neuron membrane because of reduced post-synaptic inhibition or denervation supersensitivity158. 
	A study looking at rats with spinal transection (SCI) showed an increase in muscle spasticity (stretch reflex) and hyper-reflexia (H-reflex) following transection168. Interestingly, increased stretch reflex appeared much later (~8 weeks) than changes in h-reflex (~2 weeks). In this study, stretch reflex was measured as a windup in sEMG and force when mechanically stretched. When passive exercise was applied one week following transection, changes in stretch reflex were attenuated in a dose respondent manner. The same effect was seen when transected mice were given modafinil, a drug found to increase electrical coupling between neurons. Findings with modafinil suggest that in the case of SCI, dysregulation of electrical coupling of neurons may be involved in spasticity symptoms168. 

Velocity Dependent
	In a healthy subject, a quick stretch of a muscle results in stimulation of muscle spindles, Ia fibers, and an alpha motor neuron resulting in a shortening muscle contraction. Under normal conditions, the stretch reflex can only be invoked in healthy individuals at very high speeds (>200° per second). In patients with spasticity however, activation of the stretch reflex is evident in contraction speeds as low as 60-180° per second. It is for this reason that spasticity tests like the Tardieu and MAS will typically be conducted using several different speeds. If done correctly, a healthy subject would not show a stretch response regardless of the speed used during the test. An individual with spasticity however may have their stretch reflex triggered anywhere between the 60 - 180° range. Individuals with spasticity will tend to exhibit an increased stretch reflex response at lower contraction speeds resulting in increased resistance to a passive stretch and an increase in sEMG amplitude158. Despite being velocity dependent, it has been shown that spasticity can be present during a sustained isometric contraction where the velocity is equal to zero. This suggests that spasticity is more than just velocity dependent.  

Exaggerated Deep Tendon Reflexes
	During the knee jerk reflex test, striking the patellar tendon causes a stretch in the quadriceps muscle. Stretch receptors known as muscle spindles are activated resulting in activation of agonistic motor units and a shortening of the muscle. In healthy individuals, the normal result is a single immediate contraction of the muscle. In spasticity however, it is common to find an increase in deep tendon reflexes. Also referred to hyper-reflexia, the tendon reflex can become oversensitive resulting in hyperactive or repeating (clonus) reflexes. An abnormal tendon reflex can present itself as an absence of reflex, exaggerated/stronger reflex, or result in several repeating reflex contractions (clonus). Hyper-reflexia can be indicative of interruption (lesional damage) of the corticospinal and descending pathways and typically affects spinal reflex pathways below the level of the lesion72,135.

Location and Length Dependent
	It has been observed that a muscle’s spasticity can be altered by changing the length of the muscle at the time of testing. This suggests that spasticity is not uniform throughout the entire range of motion (ROM) of the joint. In the quadriceps for example, spasticity appears to be greatest when the muscle is shortened (either resting length or contracted) but is lower at longer muscle lengths (stretched)30,156,158. This feature is commonly known as the clasp knife phenomenon because of its resemblance to how a pocketknife is met with resistance when opening but easily pops open once a greater ROM is achieved. Although the clasp-knife phenomenon is not yet fully understood in spasticity, it has been suggested that it may in part be mediated by the central inhibitory effects of the non-spindle afferents (Group II, II, and IV) which are also activated during a muscle stretch137. Interestingly, not all spastic muscle groups have been found to share the same clasp-knife features. Unlike the quadriceps muscles, the elbow flexors79 and ankle extensors156 appear to exhibit a more spasticity at longer muscle lengths as opposed to shorter. 

Soft Tissue Changes (Contractures)
	With disease progression and/or chronic disuse, a spastic limb can develop a permanent shortening (contracture) of soft tissues like muscle, tendon, and ligaments. These changes can result in a reduction of joint range of motion (ROM), pain, fatigue, worsening disability, and reduced quality of life (QoL). During testing, contractures can result in similar increases in muscle tone and resistance and are not easily distinguishable from true spasticity. It has been observed that contractures are not velocity dependent and are therefore referred to as nonreflex hypertonia. Rather than altering muscle spindle properties (excitation/inhibition), contractures likely influence muscle tone by altering the mechanical properties of the tissue. By shortening the length of the muscle and reducing extensibility, the pulling force of a contraction is more readily transmitted to muscle spindles, indirectly influencing spasticity. The chronic disuse of certain muscle groups following UMN damage (e.g., a stroke or lesional damage) likely contributes to the soft tissue remodeling and formation of contractures65,158.

Populations with Spasticity
Spasticity is a common component of UMN dysfunction and can be found in several different clinical populations. Despite exhibiting similar signs and symptoms, the causes of spasticity likely differ between patient groups making a one size fits all approach to symptom assessment and management difficult. The following sections will introduce some of the clinical populations that are known to exhibit spasticity.

Stroke
Stroke, or a brain aneurism, is an acute cerebrovascular event that results in tissue hypoxia due to one or more blockages of the brain’s major arteries. Tissue damage can occur resulting in severe mental and physical impairment depending on the site and severity of the trauma. Damage to the pyramidal and parapyramidal tracts for example can result in positive symptoms such as abnormal posture and spasticity146. There is no consensus regarding the number of patients that develop spasticity post stroke. It has been estimated that as much as 19-39% of individuals develop spasticity post-stroke146. According to previous EMG studies, spasticity may not be immediately evident post stroke. It has been suggested that reflex-mediated muscle tone reaches its maximum within 1 – 3 months post stroke and any further increases in muscle tone are likely due to intrinsic tissue changes (i.e. contractures). Unlike other causes of spasticity, stroke related spasticity is most evidence in the early post-stroke phase and gradually declines with recovery90,146. 
Post stroke, neurological impairments tend to affect one side of the body more than the other. Spastic hemiparesis is a type of spasticity that affects predominantly on one side of the body and is accompanied by weakness34,90. One advantage of studying spasticity in hemiparetic stroke patients is that the unaffected limb can serve as a control. In a study of 95 stroke patients, it was found that 21% experienced spasticity of one or more muscle groups.  Six were spastic in both the arms and legs, 13 in the arms only, and 1 in the legs only146. The higher prevalence of arm spasticity in stroke patients is interesting given that other UMN disorders tend to exhibit more leg spasticity. Overall, the correlation between muscle tone (MAS) and motor and activity scores in stroke patients was low and similar results were found between patients with and without reported spasticity146.  

Spinal Cord Injury (SCI)
Spinal cord injury (SCI) can result in numerous motor and sensory deficits like paralysis, anesthesia, hyper-reflexia and spasticity45,168. It has been estimated that 65-78% of SCI sample populations have experienced symptoms of spasticity at some point in their life. Interestingly, in models of SCI, hyper-reflexia does not occur immediately following spinal or nerve transection. As much time as one week or more is typically needed to start seeing changes in spinal cord excitability. This suggests that with SCI, spasticity may be the result of reorganization of the CNS structure and function, rather than the absence of presynaptic inputs due to lesion damage3. Previous studies looking at SCI patients found low correlations between Ashworth spasticity score and clinical examination scores (Clonus score, patellar deep tendon reflex, Achilles deep tendon reflex, Adductor deep tendon reflex, and plantar stimulation response) (0.20-0.55) 3,129. 
	One study examining SCI patients with spasticity found that the MAS was negatively correlated with femoral artery blood flow (r=-0.59, P<0.01)45 suggesting a relationship between the two. When divided into non spastic, low spasticity and high spasticity groups, it was found that the non-spastic group had significantly higher blood flow rate than low and high spasticity groups (﻿high 78.9 ± 16.7, low 98.3 ± 39.8, no 142.5 ± 24.3 ml/minute/kg, p=0.001). These findings suggest that in SCI changes in muscle blood flow may be involved in the pathophysiology of spasticity45. It is unclear however if a blood flow limitation causes spasticity or if the contraction of spastic muscles cause occlusion of muscle tissue. 

Traumatic Brain Injury (TBI)
	Traumatic brain injury (TBI) is a term used to describe several different types of injuries resulting from external force to the head153. TBI can result in several different physical, cognitive, and behavioral issues among which is muscle spasticity. It’s estimated that between 30-50% of individuals with TBI suffer from some form of spasticity153. Spasticity treatments for TBI patients are often different from other populations due to behavioral and cognitive deficits that prevent them from participating in or tolerating treatments49,153. For that reason, much of what is known about TBI induced spasticity is generalized from studies of children with cerebral palsy and adults with stroke49. When measuring spasticity in TBI, MAS is most preferred method due to ease of use in patients153. In one study of spasticity in TBI patients, leg MAS and toe tapping ability were assessed. It was found that MAS scores mildly correlated with toe tapping ability (Spearman’s Rho: -0.4197, p=0.001). As spasticity levels increased, toe tapping ability other variables tended to decrease significantly(p<0.05) indicating a loss of speed and coordination9. 

Cerebral Palsy (CP)
	Spasticity can occur in patients with cerebral palsy (CP) and is a major factor in the development of contractures and bone deformities in children with CP18. In a study of spasticity in children with CP, the medial hamstring (MEH) and gastrocnemius (GAS) muscles were assessed18. Spasticity was assessed using sEMG and joint/torque velocities at low and high testing speeds. This was done under the assumption that a spastic muscle would result in an increased sEMG amplitude (EMG onset) at lower speeds. Spasticity was additionally measured using the MAS and modified Tardieu scale (MTS). For the CP group, EMG onset was detected in 3 of 28 GAS muscles and 14 of 28 MEH muscles at the low velocity. At high velocity, EMG onset was detected in 24 of 28 GAS and 27 of 28 MEH muscles. Measures from the passive stretches displayed a high level of within and between visit reliability except for the velocitymax of the gastrocnemius muscle at the low velocity. According to the Bland-Altman plots, there was no evidence of a systematic bias taking place. 
The MAS scores of the MEH and GAS muscles were found to moderately correlate with the changes in EMG, torque, and work (r = 0.444 - 0.638). The MTS correlated poor to fairly with measures of the GAS muscle (r = 0.098 - 0.219) and fair to good in the MEH muscle (r = 0.275 – 0.809). The fact that the MAS and MTS were only moderately correlated with the GAS and MEH muscle measures suggests that such scales are not appropriate for detecting changes in spasticity. Despite using similar stretching movements to the MAS/MTS in this study, the use of sEMG, torque, and joint angle measures provided additional information on the performance and repeatability of the stretch reflex response18. 

Amyotrophic Lateral Sclerosis (ALS)
	Unlike the other spasticity diseases discussed, individuals with ALS typically experience both upper and lower motor neuron dysfunction160. ALS patients with upper motor neuron dysfunction can experience the same muscle weakness and increases in spasticity. Despite being a common symptom experienced by patients, spasticity and spasticity related pain is poorly characterized in amyotrophic lateral sclerosis (ALS)160,163. In a cohort study of 150 ALS patients, 36% presented symptoms of spasticity. Of those with spasticity, 42.5% reported the pain to be mild and 16.7% reported significant pain160.


Multiple Sclerosis (MS)
Spasticity is commonly reported in patients with multiple sclerosis (PwMS) and affects 60-90% of PwMS over the course of the disease73,75,94. Among PwMS, spasticity has been associated with a greater level of disability, an increased risk of falls, abnormal gait patterns, sleep disturbances, worsening of MS symptoms and a reduced quality of life31,75. In a survey of PwMS, 20% of participants with spasticity went as far as to rate their quality of life as “worse than death”75,152.
Spasticity in PwMS is thought to occur due to demyelinating damage and axon degeneration of descending inhibitory pathways resulting in the disinhibition of muscle contractions75. Due to the transitory nature of MS, spasticity can vary within and between days due to factors such as the circadian rhythm, fatigue, medication, temperature, and activity. Although most of the focus in MS has been on lower limbs, spasticity can occur in any muscle group(s) and is relative to the location and magnitude of the lesional damage. In the case of MS, spasticity typically increases over time and during periods of relapse.

The Assessment of Spasticity
The assessment of spasticity can be difficult due to the diverse presentation of signs and symptoms such as muscle spasms, myoclonic jerks, increased resistance to passive movements, clonus, muscular coactivation, stiffness, heaviness, pain sleep, disturbances, fatigue, weakness, poor motor control, incoordination, loss of dexterity, and slowed movements. The measurement of spasticity is further complicated by its transient nature which causes it to change within or between days due to factors such as relapse, fatigue, stress, and environmental factors. 
The assessment of spasticity could be broadly categorized as being either subjective or objective in nature. Subjective assessments rely on the physician, researcher, or patient to assess the level of spasticity based on their perceived performance of a task. Instead of using an instrument or measurement device, these assessments rely on the subjective opinions of the rater. Unfortunately, this introduces potential error and bias which limits its reliability and validity. These scales are advantageous in the average clinic where time, money and resources are a concern. Additionally, subjective measures allow for a qualitative measure of spasticity and can incorporate a subject’s own perceptions and feelings of spasticity. 	
The objective assessment of spasticity relies upon the use of different instruments to assess spasticity. The use of instruments to assess spasticity can greatly reduce the amount of bias and human error. The cost and training needed for to properly implement these measures however remains a barrier to their widespread implementation75. 
	The following sections will describe in detail the various subjective and objective measures of spasticity.
 
Subjective Measures
A subjective measure is one that is based upon the observation of one or more raters. In spasticity assessment, examples would be a clinician rating resistance to a movement (MAS) or a patient rating their perceived stiffness, pain, or dysfunction. Several different subjective measures have been used to assess spasticity, but the Modified Ashworth Scale (MAS) tends to be the most used75. Unfortunately, several studies suggest that the reliability of the MAS is low to moderate at best. The following sections will serve as an introduction to the types of subjective measures used to assess spasticity. 

Ashworth (AS) and Modified Ashworth Scales (MAS)
	The Ashworth scales are some of the most utilized measures of spasticity in clinical practice and research17,174. Initially consisting of a 5-point scale, the Ashworth scale (AS) involves manipulating a subject’s limb and scoring its resistance from 0 to 4. The Modified Ashworth Scale (MAS) was later adopted and added an additional point (+1) to the scale allowing for a wider range of descriptors and greater sensitivity. It’s important to note that the AS and MAS only assess whether the muscle tone is abnormally high and not whether there is abnormal decrease in tone or spindle sensitivity17,61,73,75. The Ashworth scales have been previously utilized in several different clinical populations such as stroke, SCI, TBI, ALS, and MS. Despite being initially used in PwMS, the Ashworth scales are sometimes not recommended due to a lack of established reliability and validity in this population75. 
The MAS has the advantage of being quick, easy, not requiring expensive equipment or extensive training. The lack of protocol standardization however threatens the reliability, validity, and overall usefulness of the MAS. It is well known that spasticity is velocity and length dependent, and yet the MAS does not strictly control for either. If either can affect spasticity, a patient’s score would be largely determined by how the tester conducts the assessment. Raters must use their best judgement on what constitutes an abnormal resistance to movement using a very limited (0 to 4) scale. To further complicate matters, the MAS is not capable of distinguishing between increased resistance elicited by tissue adaptations (e.g., contractures), spasticity, or other tonus disorders75,94. It is no surprise then that the Ashworth scales have been criticized for their poor interrater and inter muscle reliability17,75.
In a study of its intra rater reliability, the MAS was assessed in 23 patients with either stroke or MS related spasticity. A trained physiotherapist assessed the hip adductors, knee extensors, and ankle plantar flexors one day and then again two days later. Intra rater reliability of the MAS was found to be moderate (kappa=0.45), good (kappa=0.62), and very good (kappa=0.85) for each muscle group respectively61. Although the study was meant to assess test-retest reliability, it could be argued that it assessed day-to-day reliability considering how two days separated the measures. In clinical populations like stroke or MS, it’s not uncommon to have within-day or day-to-day variability in spasticity scores61.  The authors also suggest that the stability of the MAS could also have been influenced by the testing environment as spasticity is known to be affected by environmental and emotional triggers. The differences in reliability between hip (kappa=0.45) and ankle (kappa=0.85) scores suggests an effect of body mass on the reliability of scores. Due to the larger mass, testing a muscle group like the hip abductors/adductors would be inherently more difficult than the ankle flexors leading to a decreased reliability. There is also the issue of how to properly blind testers so that they are not biased by previous scores or desired study outcome. 
In another study, the inter-rater reliability of the MAS was assessed between two raters26. The sample consisted of 30 individuals with spasticity symptoms (1 MS, 5 TBI, and 24 stroke). The raters took turns assessing each patient’s elbow spasticity using the MAS. The elbow was assessed by each rater 5 to 8 times each with several minutes between each “blind” test. It was found that the raters agreed on 26 of 30 ratings (86.7%) and their scores never differed by more than by a single point (Kendall’s tau = 0.847, p<0.001). Despite showing a high level of reliability, it’s worth noting that only the elbow joint was assessed. Findings might not reflect the reliability of the MAS when assessed in areas like the legs. Certain clinical populations are more prone to upper limb spasticity whereas others are more prone to lower limb spasticity.  Given that the MAS is a limited, 5-point scale, it’s not all that surprising to find such a high level of agreement in scores26.

Tardieu (TS) and Modified Tardieu Scales (MTS)
	Like the MAS, the Tardieu (TS) and Modified Tardieu Scales (MTS) can assess muscle spasticity using a series of passive limb movements. Rather than using a single velocity, the Tardieu scale is conducted at three semi-standardized velocities: V1 = as slow as possible, V2 = the speed of the limb falling against gravity, and V3 = moving the limb as fast as possible. This allows resistance to movement to be rated at different velocities and ranges of motion (ROM). Two angles are notated during the test; the angle at which resistance is felt during the V3 trial (R1) and the angle of the entire ROM from V1 trial (R2). The two angles are then subtracted (R2 – R1) and the result represents the proportion of resistance contributed by the active (spastic) component as opposed to the passive (contractures) component17. It could be argued that the Tardieu scale is superior to the Ashworth because it can differentiate between active and passive contributors to muscle tone. Like the MAS however, the Tardieu scale fails to adequately control for contraction velocity, range of motion and the subjectivity of rating resistance to movements75.    
In a study utilizing the MTS in PwMS, it was found that the intra-rater reliability of the MTS was low to moderate at best when a physical therapist with no previous experience with the MTS was used for each assessment. When tested seven days apart, the MTS was found to have moderate agreement for the rating of resistance (kappa=0.72) and poor agreement for the angles of R1 and R2 (kappa = 0.45-0.83)75,110. Although the ratings were not compared to experienced PT’s, the results would suggest that the MTS is not reliable when conducted by an unfamiliar practitioner and should be therefore used with caution. 
A modified version of the Tardieu scale was developed that uses torque, inertial, and sEMG sensors18,19 in conjunction with the traditional scale. The instrumented Tardieu scale showed a moderately-high reliability and good to moderate correlation with the traditional MTS and MAS ratings. When used to assess the efficacy of botulinum toxin treatments, the IMTS was found to have a greater sensitivity than traditional MAS and MTS techniques18,19. Given the positive results, further investigation is needed to determine the usefulness of sEMG and inertial sensors in detecting spasticity in other populations like PwMS. 
Babinski Sign
Although not a sign of spasticity per se, many physicians include the Babinski sign test when assessing UMN disorders75. The Babinski sign is an assessment of disinhibition of the motor reflexes in the leg. Given that one of the proposed mechanisms of spasticity is disinhibition of excitatory inputs, it makes sense to use the Babinski sign to assess spasticity in   UMN disorders75.  To test for the Babinski sign, a physician will stroke the lateral aspect of the plantar surface of patient’s foot. In healthy individuals, the typical response is for the toes to point downward. Abnormal disinhibition would result in dorsiflexion and/or a fanning out of the toes75,83. 
When used to assess corticospinal tract lesions, the Babinski sign was found to a have lower sensitivity (49.6%) and specificity (85.8%) than finger and foot tapping combined (79.5% and 88.4% respectively)14. The interobserver reliability of the Babinski sign (kappa=0.45) was also less than that of foot and finger taping combined (kappa=0.83)14. The Babinski sign and Ashworth score were assessed in a study of 81 children with cerebral palsy related spasticity. It was found that that the Babinski sign was present in 75% of cases and had a significant negative correlation with Ashworth scores (-0.3674, p<0.01)60. Although the Babinski sign and spasticity symptoms are often seen together, that is not always the case. Experimental lesions made in human and feline pyramidal tracts for example suggest that hyper-reflexia and Babinski sign can occur even in the absence of spasticity symptoms142.  




Pendulum Test
As a measure of spasticity, the pendulum test is used to visually evaluate the stretch reflex of the extensor muscles in either the upper or lower limbs. It involves the rater supporting the upper portion of limb and dropping the lower portion of the limb allowing it to swing freely. The clinician then rates the speed of the limb dropping and the degree of oscillations back and forth75. In healthy individuals, the limb acts like a dampened pendulum, swinging and eventually coming to a stop. In a spastic individual, the kinematics are altered resulting in 1.) a reduced first swing after release, 2.) reduced number of oscillations (swings), and 3.) a less vertical resting angle at cessation164. A distinct advantage of the pendulum test is that it can be simultaneously conducted in both limbs allowing for the direct comparison between limbs75. 
Like other visually rated assessment, the pendulum test relies upon the subjective observations of the rater and is therefore prone to error and bias. The application of video analysis, sEMG, or inertial sensors however provide an objective rating of the reliability75. Caution must be used when using limb mounted devices however as they may change limb weight/balance significantly altering the pendulum effect of the limb. A study by Stillman et al used video analysis to objectively assess the pendulum test in a group of healthy individuals75,151. It was found that the retest reliability of the instrumented pendulum test was high between visits (~26.8 days) with an ICC of 0.84. The results found thru video analysis were comparable to those seen in studies that utilized an electrogoniometer during the test. Additionally, it was found that younger individuals showed a greater relaxation index than older individuals151.



Tendon Jerk Reflex Test
	The tendon jerk reflex test is performed by quickly striking a tendon causing a stretch of the muscle and a reflexive agonistic contraction. Neurological disorders can affect the normal reflex arc resulting in a diminished (hyporeflexia) or enhanced (hypereflexia) reflex response. The resulting contraction is graded from zero (no response; always abnormal) to 4+ (a tap elicits a repeating reflex; always abnormal) with 2+ being the normal healthy response (single brisk contraction). The most tested areas include the jaw, biceps, triceps, brachioradialis, finger, knee and ankle72. Both hyperreflexia and enhanced tendon jerk reflex are a common feature seen in populations with UMN disorders142. 

Patient Reported Outcomes (PROs)
Although a clinician can feel the resistance to a stretch or muscle spasms, they cannot directly experience a patient’s experiences and perceptions of spasticity. Patient reported outcomes (PROs) are assessment tools that ask the patient about their experiences and feelings of spasticity75. These types of measures can be useful when there is no apparent objective measure of spasticity or when the major outcome measure is a patient’s experience and or quality of life111. Unfortunately, PROs tend to show poor correlation with clinical outcome measures75. There have been many different types of PROs developed to assess spasticity in clinical populations such as the Penn Spasm Frequency Scale, Numeric Rating Scale (NRS), and the Multiples Sclerosis Spasticity Scale (MSSS88). 



Penn Spasm Frequency Scale (PSFS)
	The Penn Spasm Frequency Scale (PSFS) is a PRO that asks patients the number of muscle spasms they have in a period (usually 1-hour)75. Each period is rated on a 0 to 4 scale with 0=no spasms, 1= mild induced by stimulation, 2= full spasms <1 per hour, 3 = spasms >1 per hour, and 4 = more than 10 spasms per hour. The perceived severity of said spasms can then be rated by the patient where 1 = mild, 2 = moderate, and 3 = severe75. 
	The inter and intra rater reliability of the PSFS has been previously found to be very high104. In a study of 66 SCI patients, the PSFS was administered by 1 of 3 testers over the phone at baseline (day 1), 5-10 days later, and again 4-6 weeks after baseline. The second tester followed up by administering the same PSFS over the phone within 3 days after each of the first rater’s contacts. Compared to baseline, the intra rater reliability was found to be 0.812 and 0.729 for days 5-10 and weeks 4-6 respectively. Likewise, the inter-rater reliability was found to be high at 0.862 and 0.857 respectively104.    
Because the PSFS only assesses the patient’s own perceptions, it captures only a limited component of the spasticity experience75. Despite its drawbacks, use of the PSFS may be desirable when physical testing is not possible or safe (e.g., balance concerns, injury, disability, lack of equipment or time, offsite testing, etc.).

Numeric Rating Scale (NRS)
The numeric rating scale (NRS) assesses a patient’s own perceptions and feelings of spasticity using a 0 to 10 scale53. The NRS was assessed in a group of 189 MS patients before and after treatment with an endocannabinoid system modulator. They found that the NRS was a valid and reliable measure of a patient’s perception of spasticity in PwMS. The test-retest reliability of the NRS was found to be higher than that of the Ashworth Scale (ICC of 0.83 and 0.53 respectively). A moderate to strong correlation (r=0.41-0.63 p<0.001) was found between the NRS and Spasm Frequency Scale (SFS). The Ashworth spasticity score showed a small correlation between the NRS and SFS (r= 0.24 and 0.28 respectively, p<0.001)53. Although found to be a useful measure of patient perceived spasticity, it showed a low level of correlation to other spasticity scales. Study results suggest that the SFS may be a useful for tool for the diagnosis of spasticity but is not nearly as useful for assessing changes in spasticity due to treatment75. 

Multiple Sclerosis Spasticity Scale (MSSS-88)
	The Multiple Sclerosis Spasticity Scale (MSSS-88) is an 88-item survey that evaluates the severity and impacts of spasticity from the patient’s perspective. It is divided into eight different sections: Muscle stiffness, pain and discomfort, muscle spasms, ADL, walking, body movements, emotional health, and social functioning73. Authors suggest that the eight sections and 88 questions are needed for the right breadth, range, and precision of spasticity in PwMS. Their work suggests that 88 items is not too many items to be clinically relevant and does not significantly affect patient response rates73. An advantage of the MSSS-88 is that its eight subscales may be further broken down allowing for a shorter survey and remain valid and reliable. Although not tested, authors assumed that MSSS-88 would show a weak correlation with scales such as the Ashworth spasticity scale given that they are fundamentally from two different perspectives. MSSS-88 may therefore be a useful addition to spasticity evaluation but should not be the sole measure73. 

Objective Measures
	Objective measures of spasticity come from devices (e.g., sEMG, inertial sensors, force outputs, etc.) that can provide a quantitative assessment of spasticity rather than just personal observations. For this reason, objective measures tend to be less prone to human error and bias. Unlike subjective scales (e.g., MAS or Tardieu), objective measures use specialized equipment which requires additional time, training, and money that smaller clinics simply don’t have. Barriers such as these prevent the study and implementation of objective measures in the average clinic resulting in the use of measures like the MAS or Tardieu scales. The following sections will introduce some of the previously utilized objective measures of spasticity. 

Force Assessment
Force assessment involves the assessment of a muscle’s ability to generate or maintain a forceful contraction. Peak or average force, time to peak, relaxation time, time to failure, etc. are all examples of types of force assessment. Although force production in not a direct measure of spasticity per se, it can be indicative of how spasticity impacts task performance. It follows that if a muscle is spastic and has difficulty lengthening or is actively spasming, the antagonistic muscle action would also be impaired. For example, if force was assessed in the biceps muscle during a biceps curl but the triceps muscle was experiencing spasticity, either the net torque force of the biceps would be reduced, or it would require a greater stimulus (increased MU recruitment or rate coding) to overcome the spastic triceps muscles.
	In one study, force production was used to assess spasticity in the elbow flexors of 14 post stroke hemiparetic patients161. Using a motor rehab device for testing (HUMAC), maximal isometric force (MIVC) were recorded for the left and right limbs. It found that the weaker side showed a significantly lower peak torque, keep time, and a higher rise time than the stronger side (p<0.05). No significant correlations were noted between the force kinematics and MAS scores, but the authors did note that peak torque was almost significantly correlated with MAS (Spearman’s r = -0.503, p =0.061). Muscle stiffnesses was assessed by fitting a slope to the stress-stretch data from the MIVC tests and was found to significantly correlate to MIVC keep time (r=0.653, p=0.011). Although the correlations of this study were weak, the authors concluded that force kinematic testing may be a useful measure of spasticity when other equipment is not available, or the MAS would not be appropriate161.     

Hoffman’s Reflex (H-reflex)
	Often referred to as the electrical analogue of the tendon jerk reflex test, the Hoffman’s reflex (H-reflex) has been previously used as a measure of hyper-reflexia and spasticity167. The H-reflex is an electromyographical response elicited by the reflexive activation of motor neurons by muscle afferents following peripheral nerve stimulation75,143,168. Due to an increase in alpha motor neuron excitability, individuals with an increased muscle spasticity will show a greater latency and H-reflex amplitude99,145. An additional response, the F-wave, can sometimes be elicited in muscles following supramaximal stimulation. The F wave amplitude and the F to M wave ratio tend to be increased in cases of spasticity and reflects an increase in motor neuron excitability75,117,145,168.
	One study sought to understand the association between spasticity and postural control. To examine spasticity of the lower limb they chose to look at the H-reflex of the soleus muscle in PwMS147. Using the H-reflex, they were able to stratify participants into either the low or high spasticity groups. Low spasticity was defined as have a maximal H-wave/maximal M-wave ratio of 0.44 and the high spasticity group was defined as H/M ratio of 0.80 or more. Using a force platform, postural control was assessed as anterior-posterior sway range, medial-lateral sway range, and deviation in center of pressure (CoP). The high spasticity group exhibited a significantly greater COP area, velocity, and mediolateral sway compared to the low spasticity group. No significant group difference was found for the anterior-posterior sway. These results suggest that spasticity can play a significant role in postural deficits and increase the likelihood of falls/injury147. 	
	Most studies testing the H-reflex are done so with the muscle at rest. One study however sought to examine the soleus muscles’ H-reflex during gait in PwMS at different stimulus intensities143. Compared to healthy controls, the PwMS displayed a decreased ability to modulate the H-reflex response during the different phases of gait. Even when a smaller stimulus (4% Mmax) was administered to the MS group, they saw a larger (unmodulated) H-reflex response than when a larger stimulus (10% Mmax) was used in the healthy group comparatively. Authors attributed the decrease in H-reflex modulation seen in MS patients to an enhanced excitability of the muscles in question. They hypothesized that reduced reflex inhibition could be the result of reduced presynaptic inhibition or a less hyperpolarized motoneuron pool. H-reflex has been previously proposed as a measure of muscle spasticity. In the current study however, no significant relationship was found between the Ashworth scale and H-reflex modulation. A lack of correlation could be easily explained by the subjective nature of the AS143.
	Measurement of the H-reflex has been reported to be precise and reliable but is not without its flaws. The H-reflex has been criticized for its inability to measure multiple muscle groups or precisely estimate maximal waveforms. It also demonstrates low correlation to clinical scales such as the MAS, and requires excess time, skill, and expertise to perform75.
Tonic Stretch Reflex Threshold
	The tonic stretch reflex threshold (TSRT) could be thought of as the electrical analog of the inspection of the stretch reflex in a spastic muscle. In one study, elbow flexor spasticity was assessed in 55 sub-acute stroke patients using the tonic stretch reflex threshold (TSRT)57. The TSRT is the angle of spasticity at rest when velocity is equal to zero. To determine the TSRT, the biceps muscle was passively stretched by a physician at several different velocities according to the Montreal spasticity measure. Velocity, angular and EMG data were used to build a regression equation which extrapolates the TSRT. Two different raters were utilized for each subject and the TSRT showed a good inter-rater reliability across all subjects (ICC=0.65, p<0.01). The TSRT evaluations did not significantly correlate with the measured MAS scores across all subjects in testers 1 and 2 (Spearman’s Rho = -0.021, p=0.879 and 0.152, p=0.267 respectively). A subset of the participants additionally completed an interventional study that utilized upper limb stretching combined with virtual reality and transcranial direct current stimulation. Following intervention, a significant increase in the TSRT (99.6 ± 21.9 degrees to 108.4 ± 25.9 degrees, p=0.024) but no significant change was seen in the MAS (p=0.354). Authors determined the TSRT showed good reliability considering that the study took place at three different sites and with several different physicians57. 
In another study the stretch reflex was assessed with sEMG in patients with spinal cord injuries168. This method was advantageous because a spike in sEMG could be used to estimate the velocity and muscle length at which spasticity was increased during a quick stretch. The study found that hyperexcitability of the stretch reflex emerged much later (~7 weeks) than depression of the H-reflex (~1-2 weeks) following spinal cord transection. The different time course suggests different mechanisms contributing to the development of spasticity168. Instrumented versions of the stretch reflex test that use sEMG are arguably more objective than the traditional pen and paper methods like the MAS. However, like other instrumented assessments, it requires more advanced equipment and training than what might be seen in the average clinic.

Gait Kinematics
It’s common for clinicians to assess a patient’s gait while performing various tasks in order evaluate a disease’s impact, severity, or progression. In spasticity for example, toe walking or scissoring gait may become apparent120. Visual inspection of these features would be considered a type of subjective measure because it relies on personal observation and scoring. These measures can be objectified through the application of techniques such video analysis, force measurement, balance metrics, or sEMG analysis to name a few.
In one study, a multi camera system was used to assess gait kinematics in 38 individuals with MS (19 with lower limb spasticity and 19 without)120.  Significant between group differences were noted for gait speed, stride length, cadence, stance phase, swing phase, and double support time(p<0.05). Two summary scores, the gait variable score and gait profile score were shown to be significantly impaired in the spastic group (p<0.05). Hip, knee, and ankle ROM were also shown to be affected (p<.05)120. 

Real-Time Ultrasound Muscle Elastography
Real-time ultrasound muscle elastography assesses muscle spasticity by examining the properties (tone) of the muscle with ultrasound. In studies by Illomei et al, an ultrasound device was used to estimate spasticity in 110 PwMS76. Using an ultrasound device, muscle stiffness was estimated based on the color of the images. Red indicated soft tissue and blue indicated hard tissue. Typically, a muscle displays a mosaic like pattern and is composed of several different colors. Using images, the muscle was rated on a 5-point scale known as the Muscle Elastography MS Scale (MEMSs). Color analysis of the images was done using computer software to determine MEMSs. The scale estimates not only the level of elasticity, but also describes the distribution of the elastic fibers. 
The MEMSs score was found to significantly correlate Ashworth scores (r=0.92, p<0.0001) and showed good agreement with the numeric rating scale (NRS) following treatment of spasticity with a THC: CBD oral spray76. Following treatment with THC: CBD spray, 65% of patients saw a clinically significant (20% or 1.97 MEMSs) reduction  in MEMS score (p<0.0001). The remaining 35% who did not see a clinically significant reduction, still saw a statistically significant reduction (0.8 MEMSs, p=0.002). Although results of the study seem promising, the other main outcomes were the AS and NRS, both of which are prone to reliability issues. Further investigation must be done comparing elastography to other objective measures of spasticity75,76. 

Myotonometry
	Myotonometry is a technique that provides an objective assessment of spasticity by quantifying tissue displacement with respect to a perpendicularly applied compressive force91. Using a myotonometer, elbow flexor muscle stiffness was assessed in 14 patients with chronic hemiplegia. It was found that the more affected side had lower muscle displacement and compliance scores as well as an increased resistive torque force during stretching. Despite showing a significant difference between limbs (p<0.05), none of the myotonometry measures significantly correlated with the MAS (p>0.05). The authors were not surprised by the lack of correlation because they found a tendency for the myotonometry measures to vary wildly and MAS scores to cluster close together between patients91.

Foot-Tapping Test (FTT)
	The foot-tapping test (FTT) is commonly used in clinical populations to assess central drive and lower limb function14,47,48,67,71,102,128. The foot-tapping test simply has an individual tap their foot against the ground as many times as possible in 10-seconds while the number of taps is counted. Previous studies have shown a reduced foot-tapping ability in clinical populations that also suffer from spasticity, but few have examined the relationship between the two9.
	Leg spasticity is a common feature of compression myelopathy patients and results in the slowing of repetitive lower limb movements (e.g., foot-tapping)48. Although spasticity was not measured directly, function was assessed with the Nurick and Japanese Orthopedic Association (JOA) scales. FTT ability was found to significantly correlate with the Nurick (r=-0.566, p<0.0001) and JOA (r=0.520, p<0.0001) scores. Interestingly, foot-tapping ability was also significantly correlated with grip-and-release rate in this clinical population. Foot-tapping ability significantly correlated with performance measures like the 30-m walking time (r=-0.507, p<0.0001) and number of steps taken (r=-0.494, p<0.0001). A healthy control was also recruited and found to have a significantly higher FTT rate (23.5 ± 2.5) than non-wheelchair bound patients (18.9 ± 4.7) and wheelchair bound patients (11.0 ± 6.0) (p<0.05). Although spasticity was directly measured in this study, the significant correlations between FTT ability and functional measures suggests a relationship. At least in the case of compressive myelopathy, FTT ability may be a useful indicator of spasticity48. 
	In patients with TBI spasticity, it has been found that toe tapping ability (analogous to foot tapping) is significantly correlated with lower limb MAS (Spearman’s r = -0.4197, p=0.001)9. Following treatment with Dry-needling and FES in people with MS, significant improvements were seen in both MAS scores and foot-tapping ability(p<0.05)102. Unfortunately, the correlational statistics between MAS and the FTT were not available for this study. In this study the FTT was assessed using a force plate to count the number of foot-taps. One aspect that was not analyzed however was how foot-tapping kinematics (e.g., time to peak, time to base, total tap time, etc.)102. Previous studies have used force measures (peak force, time to peak, relaxation time, etc.) to assess changes in spasticity, suggesting that force plate data obtained from the FTT may be a useful measure of changes in spasticity following treatment102,139. 

Surface Electromyography (sEMG)
One of the major flaws of many spasticity assessments is that they cannot elucidate the causes or mechanisms of spasticity.  Tests using surface electromyography (sEMG) and electrical stimulation techniques however be a useful means of quantifying spasticity and provide insight into the potential mechanisms of spasticity167. sEMG measures a muscle’s electrical activity via an electrode on the skin and can be a useful indicator of what’s going on in the muscle (e.g., spasms, co-contraction, potentiation, fatigue, etc.). sEMG mean amplitude has been used in several clinical population studies as a measure of muscular activation at rest and during contraction105.  
In a previous study of patients with MS, the mean amplitude of the gastrocnemius was compared at pre and post intervention (dry needling + functional electrical stimulation). sEMG activity was proposed to be used as a measure of spasticity under the assumption that a spastic muscle would show an increased EMG activity at rest. Furthermore, a decrease in spasticity following treatment would allow for the completion of a greater number of heel raises and a concomitant increase in sEMG amplitude. Although a significant change in sEMG amplitude was not found post intervention, 60% of individuals saw a positive increase in the number of heel-raises (p>0.05) and 66% of individuals saw a positive increase in sEMG amplitude (p<0.05)102. 
When sEMG with Adaptive Neuro Fuzzy Inference System (ANFIS) was compared to the MAS in stroke patients170, sEMG-ANFIS was found to be more accurate at detecting spasticity than the MAS and required less repetitions. The authors hypothesized that when using scales like the MAS, the number of passive stretches done can influence overall spasticity scores170. It has also been demonstrated that sEMG fuzzy entropy (randomness) decreased with an increasing spasticity score. It was found that as RMS amplitude increased, complexity decreased. Authors suggested that there is a non-uniform increase in motor unit recruitment and synchronization throughout the muscle in the presence of spasticity166.
One study examining arm task performance in PwMS vs healthy controls found that neither sEMG amplitude nor activation timing significantly differed in 13 of the 15 muscles assessed between the MS and control groups121. Only the rhomboid major and anterior deltoid muscles were found to be significantly altered in the MS group (p<0.001). When the muscles were assessed independently, the sEMG signal tended to not significantly differ between groups. When combining the signals of several muscles together (synergies), it was found that the muscle groups did not work together in synch. This was especially true during movements that required precise coordination of arm and shoulder muscles.  It was also found that the MS group had a significantly higher level of antagonistic activation in the biceps and triceps muscles during task performance121. Although spasticity was not assessed directly in this study, it did compare the muscle synchronization between MS individuals (known to have spasticity) and normal individuals. The increased antagonistic co-activation of the arm muscles seen in the MS group could be suggestive of spasticity. 
Although sEMG may be useful alone, it arguably works best when coupled with measures of force production, velocity, or position. One such study combined sEMG and inertial sensors to assess gait patterns in hemiparetic cerebral palsy patients93,105. Researchers found that sEMG frequency analysis was not able to distinguish between hemiparetic and healthy walking patterns. However, they did develop a novel algorithm capable of detecting spasticity during gait. By measuring and weighting the sEMG activity of antagonistic muscle groups, it was possible to distinguish between a patient’s affected and unaffected limbs93,105. Like all new technologies however, it is not without its faults. A false positive was detected in one patient, leading to an incorrect diagnosis. Additionally, during uncontrolled walking tasks such as this, it is impossible to distinguish between voluntary and involuntary muscular coactivation. This would therefore necessitate confirmation of spasticity with a secondary method such as the MAS105. 

Summary
	Whether subjective or objective, evert spasticity measure has inherent flaws. Although subjective measures benefit from their low cost, ease of use and ability to incorporate a patient’s perceptions, they may be overly prone to error and bias. Objective measures offer a precise measure of spasticity but suffer from the need for advanced training and equipment. For each, there is also a lack of understanding of constitutes a meaningful change in spasticity. We don’t understand how changes in these measures meaningfully relate to patient functional and quality of life outcomes. Choosing the wrong type of test can lead to the wrong conclusion regarding spasticity treatments. It is therefore recommended that any comprehensive examination of spasticity should include multiple objectives and subjective measures. More research should be done to determine how subjective and objective measures of spasticity correlate with each other and what constitutes a meaningful change in those measures.  

Treatment of Spasticity
Given the complex nature of spasticity, it can be difficult to pinpoint the cause or best treatment. Managing spasticity should be a patient centered, coordinated and multidisciplinary approach73,157. Arguably the best treatment plan though is a coordinated effort between a patient’s caregivers and a combination of pharmacological and non-pharmacological treatments73,157. The following sections will introduce some of the previously used treatments of spasticity. Treatment methods are mentioned in this review because the effectiveness of a treatment is determined directly by the type of assessment used (e.g., subjective or objective). Given the amount of time and money that is invested into treatment studies, especially drug trials, a solid measure of spasticity is essential.  

Pharmacological Treatments
	As previously mentioned, spasticity treatment should be a multifaceted approach (i.e., a combination of physical therapy, medications, etc.). Pharmacological treatment is one of the most common interventions used to treat spasticity in UMDs. Depending on the nature of the disease, a physician may choose either or a combination of general and focal treatments. General treatments are drugs which exert their effects systemically, whereas focal treatments are administered or affect a more discrete area.

Baclofen
Orally administered baclofen is an agonist of gamma-aminobutyric acid that is used to treat spasticity in several different clinical populations122. When patients don’t respond to oral baclofen, injections may be indicated. The lumbar spine is the most common site for intrathecal injection of baclofen. Rather than being injected into the muscle, fat, blood, or nerve; intrathecal injections are inserted directly into the spinal canal or subarachnoid space. With a pump, a constant regulated supply of baclofen can be delivered directly to spinal cord, allowing for a lower dosage and better symptom management. 
	A study was conducted to investigate the effectiveness of an intrathecal baclofen pump on treating spasticity in MS and SCI patients who did not respond to oral treatment. The average group MAS score decreased from 4.0 ± 1.0 to 1.2 ± 0.4 (p<0.0001). Eighteen of the nineteen patients also saw a significant reduction in the frequency of muscle spasms from 3.3 ± 1.2 to 0.4 ± 0.8 (p<0.0005). In a follow-up exam (mean 19.2 months), the group maintained a normal MAS score (1.0 ± 0.1) and spasms were reduced to a level that they no longer affected ADLs (0.3 ± 0.6). Over that time course, patients saw a successful reduction in spasticity scores and avoided any complications with the pump. Results suggest that intrathecal baclofen is a successful long-term treatment of spasticity symptoms122. 



Intrathecal Phenol Injection
	The use of phenol to treat spasticity is interesting because it results in the coagulation and the denaturing of proteins leading to cellular and axonal damage. When used in too high of doses, phenol results in severe widespread motor and sensory impairment. When administered selectively and at lower concentrations (5-8% phenol), phenol treatments have been shown to be effective at treating pain and spasticity symptoms77. Several patients have reported bladder and bowel dysfunction following phenol treatments highlighting the need for alternative, non-pharmacological treatments. 
	In one study, 25 PwMS (progressive diagnosis) were treated with intrathecal injections of 5% phenol at the lumbar spine (L2-L4 area). Injections were selectively given so that one limb (targeted) was more affected than the other (non-targeted).  Following treatment there were significant reductions in the median Ashworth scores of all muscles assessed. Following initial treatment, a significantly greater reduction in spasticity in the targeted limb than the non-targeted limb was observed (p<0.05). A subgroup of the sample were given serial treatments of phenol resulting in further improvements. By the end of the intervention, the serial treatment group no longer showed any interlimb differences.  Of the 25 participants, 21 had a reduction in their spasms’ intensity and frequency and 11 reported a reduction in pain. On top of the patient outcomes, many of the patient’s caregivers reported an improvement in their ability to provide care post treatment77. 




Non-pharmacological Treatments
Exercise / Physical Therapy:
	It has been previously suggested that exercise training may exacerbate spasticity symptoms in patients56. Recently however, evidence has emerged to suggest that exercise does NOT exacerbate spasticity. Some have even suggested that exercise may provide relief from spasticity symptoms50.  In one study of 99 patients with MS, participants were put into either an exercise or control (no exercise) group. The exercise group received 12-weeks (36 sessions) of small-group fitness classes with a trained PT which consisted of flexibility, strength, balance, and coordination exercises. Post intervention, it was found that the exercise group saw significant improvements in the MAS of the hip, hamstrings, and Achilles as well as improvements in walking and stair climbing performance155. Results of this study suggests that chronic exercise, even low intensity exercise, can result in significant improvements in spasticity (as rated by the MAS).
	Another study looked at the acute effects of three different types of quadriceps exercises (isometric, isotonic, and isokinetic) in children with cerebral palsysly56. Spasticity was assessed using an electrogoniometer and the pendulum test before and after 5 maximum (5-RM) repetitions of each of the three exercise types. It was found that there were no significant acute changes in spasticity following any of the exercises. The study suggests that exercise does not provide any immediate benefit to spasticity, but also that it doesn’t worsen it either56. 
	Muscle weakness also tends to accompany spasticity making exercise difficult for some. With this in mind, one study had participants (mixed patients with spasticity) engage in motorized cycling exercise for 30 mins. When assessed post exercise, the F-wave mean amplitude and F / M ratios were significantly reduced suggesting a reduction in spasticity134.  
Dry needling (DN):
Dry-needling is a treatment that involves the insertion of needle into trigger points of a muscle. Dry-needling has been previously used to treat muscle pain but has seen an increase in its use to treat spasticity58. It has been hypothesized that dry-needling exerts its effects by mechanically disrupting dysfunctional motor end plates causing relaxation the muscle. Dry-needling has been effectively used in several populations to treat muscle pain, although it’s effectiveness for improving spasticity related pain and ROM has been scarcely demonstrated58,94,102. 
	In a case study of a single child with spastic tetraplegia, dry-needling was performed in the arm muscles. Spasticity was assessed pre and post treatment using the MAS and improved from 3 to 1+ following treatment58. Although spasticity was reduced, the authors acknowledged the issue of using the MAS as their sole measure. Additionally, the MAS cannot differentiate between reduced resistance due to reduced spasticity and changes in viscoelastic properties (contractures)58.  
	In another case study, dry-needling was used in a 54-year-old male post stroke with hemiplegia and spasticity107. Dry-needling was performed for one minute on the dorsum of the hand of the affected side. Post-needling there was a reduction in wrist flexor MAS from 1 to 0. Finger tapping ability was also assessed while the patients received a fMRI pre and post treatment. Dry-needling resulted in an increase in affected and non-affected primary motor cortices, affected primary somatosensory cortex and affected supplementary motor cortex. This case study suggests a central mechanism (changes in brain cortices activity) to explain how dry-needling improves spasticity108. 

Functional Electrical Stimulation (FES):
	Functional electrical stimulation (FES) involves the application of electrical current to a muscle through electrodes placed on the surface of the skin. Although FES can be used on almost any muscle group, its commonly used on the ankle dorsiflexors to aid in walking81,109. FES has been successfully utilized in clinical populations to improve spasticity and physical performance7,102,109.
 In one study, the efficacy of FES for treating spasticity was assessed in 10 stroke patients. FES was applied to the tibialis anterior of the paretic side for 30 minutes 5 times a week for 5 weeks109. Before and after treatment, muscle tone and stiffness was assessed with myotonometry in the medial and lateral heads of gastrocnemius. It was found that both muscle tone (Hz) and stiffness (N/m) were significantly reduced in the paretic side in both medial and lateral gastrocnemius heads. Despite assessing spasticity via myotonometry, the current study did not include any subjective assessment of the stretch reflex (e.g. MAS or Tardieu). All myotonometry measurements were taken while the patients were relaxed laying in a prone position; meaning the muscle velocity was zero. In that regard, this study completely neglects the velocity dependent aspect of spasticity, and it could be argued that they are only looking at resting muscle tone. 
Summary
	Previous spasticity treatment studies have been overly reliant on the interpretation of subjective scales likes the MAS or Tardieu. As previously discussed, these scales are too prone to human error and bias suggesting a need for more objective measures. When studies do objectively assess spasticity (e.g., force or sEMG assessment), these measures are often found to correlate poorly with subjective scales like MAS and Tardieu. Furthermore, objective measures of spasticity are often expensive, time consuming and difficult to replicate in a clinical setting. To properly treat spasticity, an assessment tool is needed that is both objective and easily implemented into the average clinic. 

Complexity analysis and its use in spasticity
Signal complexity can be thought of as a measure of the nonlinear (random) information that a data series presents over time149. A highly random signal without a discernable pattern (e.g., white noise) does not convey any meaningful information. Such signals would be said to have low complexity. Biological systems (e.g., the heart, brain, lungs, etc.) on the other hand show a higher level of organization and display more sophisticated non-linear structured signals at several different time scales. Such signals are said to be more complex115. Various time-frequency distributions and wavelet transforms have been used to assess biological signals; however, these analyses don’t work well at analyzing non-linear signals. 
At first glance, complex signals (e.g., unfiltered EMG data) seem to exhibit completely random noise or fluctuations. However, in healthy biological systems, these complex fluctuations are not simply due to uncorrelated error115. These signals are seen even in systems whose purpose is to reduce variability and maintain a steady state (e.g., postural control systems and balance)37. Goldberger and Lipsitz were the ones to develop the loss of complexity hypothesis to describe the breakdown of function with injury and disease37. It has been hypothesized that various disease states are accompanied by a reduction in complexity which can be indicative of a reduced adaptability to respond to challenges31. Aging and disease has been associated with a reduction in complexity of postural sway. It is unclear how task performance may increase or decrease complexity in different disease states37.
The following sections will introduce some types of complexity analysis and their application to biological signals.

Fractal Dimension (FD)
Fractal dimension (FD) is a descriptive parameter that can provide an index of the complexity of a non-linear pattern or signal. Fractals specifically refer to a type of pattern that repeats itself at several different non-linear scales or time series149. It has been said that Euclidean geometry (e.g., circles and squares) poorly models the behavior or structure of observations in nature (e.g., tree branching, snowflakes, and lightning) or biology (e.g., vascular branching, neuron cell growth, and heart rate signal). Measures raised to a non-integer or fractional power however more completely describe the complex branching like structures seen in nature38,148,162. 
Fractal dimension has been previously utilized to study the structure and development of optic nerve glial cells144. Using images, of cell cultures FD analysis was able to compare the changes in structural complexity during the development of oligodendrocytes and astrocytes from progenitor cells. According to the FD analyses, cells that became oligodendrocytes matured faster than astrocytes but ultimately, they both ended up showing the same level of complexity. When analyzed at different levels of magnification, FD remained constant over a 10-fold range. This again exhibits, the fractal like nature of cellular structures144.
Fractal dimension has been previously used to examine the complexity of EEG signals and has been shown show to offer less redundant information than traditional EEG measures like signal variance or power12. The Minkowski-Bouligan method is a computer-based approach which converts visual sway information into a regression line. The regression line can then be used to calculate fractal dimension144. 
In another study, FD analysis was used to assess the effectiveness of kinesiology and static tape (ST) on center of mass (CoM) variability in treatment vs control conditions12. Only the ST condition saw a significant increase in FD (p=0.0048) compared to control. In the context of this study, an increase in CoM trajectory was associated with a greater activation of the sensorimotor system to maintain balance during dynamic movements. A higher fractal dimension indicated more complex movement patterns which would translate into better dynamic control and postural stability. It has been suggested that a decreased FD could be indicative of reduced somatosensory feedback12,37.

Entropy
A measure with high entropy is said to be more complex. Entropy or entropy rate is a measure of the average rate in generation of new information coming from a signal115. A signal with high entropy (e.g., white noise) would be constantly oscillating in no discernable pattern and constantly generating new information. A signal with low entropy (e.g., an ECG recording of sinus rhythm) would be highly regular in rhythm and therefore produce no new information. Several different measures of entropy have been utilized such as the Shannon, Renyi, Kolmogorov, Kolmogorov-Sinai, Eckmann-Ruelle, aproximate, sample and multi-scale entropy. Approximate entropy (ApEn) and sample entropy (SampEn) are two of the most used entropy measures used in the assessment of biological signals115. 
Multi-scale entropy (MSE) can be used to measure the complexity of physical and physiological signals with a limited number of data points over several different time scales. MSE was initially utilized to assess the variability of changes in center of pressure (COP)37. In a study examining COP complexity with MSE, it was found that younger healthy individuals displayed a higher complexity than their older counterparts. Furthermore, when splitting the older groups between healthy and high-risk fallers, it was found that that the healthy individuals exhibited higher COP complexity than the fallers37. With the use of stochastic-resonance-based therapy (balance training with auditory feedback), it was possible to increase signal complexity and improve COP in the elderly groups. No significant effect was found in the younger group who exhibited a higher COP complexity, suggesting that a young healthy individual’s feedback postural control mechanisms are already optimal and cannot be improved37. 
	Range entropy (RangeEN) is a modification to ApEn and SampEn that has three major advantages: 1.) RangeEn is more robust to nonstationary amplitude changes, 2.) r is constrained between 0 (maximum entropy) and 1 (minimum entropy), and 3.) RangeEn is more sensitive to Hurst exponent changes. When the RangeEn method was applied to an EEG dataset from epileptic patients, it was more sensitive to self-similarity and better able to distinguish between normal and epileptic brain states37. 

Summary
	The assessment of spasticity is inherently difficult due to the complex nature of the condition. Although the exact mechanisms of spasticity are still under investigation, its apparent that it’s a mix of both neurological (neuron excitability or inhibition) and structural (contractures) that contribute to the condition. Several different measures of spasticity have been utilized, but most can be classified as either subjective or objective. Subjective measures have the advantage of being cheaper, easier to administer, and consider a patient’s or clinician’s perceptions. However, because they rely on one or more person’s personal viewpoint, subjective measures may be overly prone to error and bias. Objective measures, which rely on one or more tools/devices, are capable of precise and quantifiable assessment of spasticity. However, their biggest drawbacks are the time, money, and resources necessary for their implementation. 
For the sake of time and money, many studies simply opt to use subjective measures of spasticity like the MAS or Tardieu scales. However, previous spasticity studies have been too reliant on subjective measures for the interpretation of their results. Their subjective nature leaves too much room for error and bias considering the amount of money that is invested in pharmaceutical trials. Additionally, scales like the MAS and Tardieu likely lack the precision needed to detect small but meaningful changes in spasticity.  Measures of sEMG and force development (e.g., force plate or dynamometer) have been previously used to assess spasticity. If demonstrated to be valid and reliable in clinical practice, they could potentially be used as objective measure of spasticity. Signal complexity could additionally be useful to analyze changes in muscle performance and spasticity. 



















Chapter III: Methodology

Introduction

This chapter presents an overview of the methodology for this study and is broken into two parts: 1.) Procedures of original data collection and 2.) Procedures for the new calculations of sEMG activity and foot-tapping rate of force development.

Original Dataset:
Participants:
The data was originally collected as part of the MS-First study done in conjunction with the OU Medical Center and Oklahoma Medical Research Foundation (OMRF) in Oklahoma City (OMRF IRB #19-21). The study sample consisted of sixteen individuals with confirmed diagnoses of multiple sclerosis (6 with progressive and 10 with relapsing MS). The mean age of the sample was 47.9 ± 10 years old and consisted of 10 females and 6 males. No participants experienced any significant changes in medications, disability, or disease status during the study. Sample size was calculated using a non-parametric repeated measures power analysis of the 6-minute walk test results with an effect size equivalent to a 15 meter increase in 6MWT performance, alpha of 0.05, and power of 80%.






Inclusion Criteria
	Eligibility for the original study was based upon the following requirements. Participants were required to be:
1. Ages 18-64 years old
2. Have an MRI confirmed diagnosis with MS
3. Be able to walk at least 25-feet without stopping
4. Have spasticity of at least one leg

Exclusion Criteria
	Individuals with the following characteristics were excluded from participating in the original study:
1. Have had a blood clot within the last 6 months
2. Has a bleeding disorder
3. Has active cancer
4. Has had Botox administered to the legs within last 6 months

Experimental Design
	The study utilized a longitudinal study design with repeated measures. It consisted of 14 visits total: a Pre-intervention (Visit 1), 4 visits with dry-needling + functional electrically stimulated walking (FESW) treatments (Visits 2-5), 8 visits with only FESW treatment (Visits 6-13) and Post-intervention (Visit 14). Visits were performed bi-weekly until completion. An outline of the study visits can be seen in Table 1.


	Table 1. Protocol Outline

	Visit
	Protocol
	Measures

	Visit 1
	Pre-Intervention Assessment
	1. MFIS
2. MAS
3. 6MWT
4. 25FWT
5. Berg Balance Scale
6. FTT
7. Heel Raises

	Visits 2-5
	Dry Needling + FESW
	1. Pre-needling Assessment
a. Heel-raise sEMG
b. Modified Ashworth Scale
2. Dry-Needling w/ electrical stimulation
3. Post-needling Assessment 
a. Heel-raise sEMG
b. Modified Ashworth Scale
4. FESW
5. Post-FESW assessment
a. Heel-raise sEMG
b. Modified Ashworth Scale

	Visits 6-13
	FESW Only
	1. Pre-FESW Assessment 
a. Heel-raise sEMG
b. Modified Ashworth Scale
2. FESW
3. Post-FESW assessment
a. Heel-raise sEMG
b. Modified Ashworth Scale

	Visit 14
	Post-Intervention Assessment
	1. MFIS
2. MAS
3. 6MWT
4. 25FWT
5. Berg Balance Scale
6. FTT
7. Heel Raises

	MFIS = modified fatigue impact scale, MAS = modified Ashworth scale, 6MWT = 6-minute walk test, 25FWT = 25-foot walk test, FTT = foot-tapping test, FESW = functional electrically stimulated walking


 




Intervention Methodology

Dry-Needling with Electrical Stimulation 
	Dry-needling is a technique that has been used to treat spasticity and involves inserting a small needle into trigger points of a spastic muscle. When combined with electrical stimulation, this technique allows for activation of localized motor units resulting in muscle twitches39,94,102,116. Four sessions of dry-needling (DN) with electrical stimulation were conducted during sessions 2 through 5 by a single trained physical therapist.  DN was performed on the gastrocnemius muscle by inserting single 30 mm monofilaments into both the lateral and medial heads. A single channel was used for both needles with output currents and pulse rates ranging from 0-20 mA and 2-50Hz respectively. Stimulation intensity was set so that it visually induced involuntary muscle contractions of the gastrocnemius muscle at a rate of 1 to 2 twitches per second. Stimulations were repeated three times for 30 seconds on and 30 seconds off.  

Functional Electrically Stimulated Treadmill Walking
	Functional electrical stimulation (FES) involves the stimulation of a muscle with electricity resulting in a contraction of the muscle. FES has previously been used to treat spasticity in clinical populations 81,102,109,132,150. In the current study, FES was combined with dynamic exercise in the form of treadmill walking. FES with treadmill walking (FESW) was performed after the dry-needling sessions 2 through 5. FESW was also conducted by itself (without dry-needling) during visits 6 through 13. Two 2x2 inch electrodes were placed on the skin over the tibialis anterior and gastrocnemius muscles. An EMPI functional electrical stimulation unit equipped with a thumb switch was used to manually deliver stimulations to the muscles during walking. Participants walked for 20-minutes at a self-selected pace while supported by a harness system. The PT manually stimulated the gastrocnemius and tibialis anterior muscles during the stance and swing phases of gait respectively. A biphasic symmetrical waveform with a duration of 400 μs and stimulation frequency of 50 Hz was used during stimulation until visible contraction was achieved.

Procedures for original data acquisition

Pre and Post Intervention Visits (Visits 1 and 13):
The following measures were conducted at Pre-intervention (Visit 1) and Post-intervention (Visit 14) to assess the chronic, Pre – Post intervention effect and between leg differences: 
Modified Fatigue Impact Scale (MFIS):
	The modified fatigue impact scale is a shortened version of the 40-item Fatigue Impact Scale (FIS) and is a self-reported measure of fatigue and the impacts of fatigue86,88. The MFIS looks at several different domains of fatigue and contains physical, cognitive, and psychosocial components for a total 84 points. A self-reported MFIS was completed by study participants at visits 1 and 14 to examine changes fatigue from pre to post treatment. The MFIS had participants report their levels of fatigue (0=Never to 4=Always) for the last four weeks in several different domains of life. The scores were added up for a total of 84 possible points with higher scores indicating a higher impact on quality of life.


6-minute walk test:
	The 6-minute walk test (6MWT) is a performance measure used in clinical populations to assess disability and physical function. The test has participants walk as far as possible as quickly as they can in 6-minutes54,63. Participants were asked to walk for six minutes, and the distance walked was recorded in meters. If needed, participants were permitted to use an assistive device such as a canes, brace, or orthotic device. 

25-foot walk test:
	The 25-foot walk test (25FWT) is a standardized walking test used to assess physical performance and disability in PwMS22,126. Participants were asked to walk 25-feet as quickly as possible while the time was recorded in seconds. Participants were allowed to use assistive devices if needed.

Heel Raises to Fatigue
	The maximum number of heel raises performed was used as a measure of leg functioning in the current study. The standing heel raise test assesses ankle muscle function as it involves continuous concentric and eccentric plantar flexions with maximum range of motion11. Participants were asked to perform repeated unilateral heel raises until they reached fatigue and could no longer continue. Participants were allowed to use a wall to balance themselves during the heel raises if necessary. Restrictions were not placed on the speed or range of motion of the heel raises11.


Foot-Tapping Test (FTT)
	The foot-tapping test (FTT) serves as a test for central drive and lower limb function in persons with neurological disorders67,71,103,106,113,128. In the present study, foot-tapping was used as a potential measure of spasticity. From a seated position, participants were asked to tap their foot against a force plate (Neulog) as many times as possible for 10-seconds. The test was performed in both the involved and non-involved legs twice with a 1–2-minute rest between trials. The maximum number of foot-taps performed was visually assessed by the PT during the as well as by using the force plate data. Several rate of force development measures were calculated from the force plate data to determine if the intervention had a significant effect on foot-tapping ability and spasticity. Prior to testing, patients were familiarized with the foot-tapping test to prevent the learning effect influencing results. 

Intervention Sessions (Visits 2-12):
	The following measures were conducted during every intervention visit (visits 2-13). For visits 2 through 5, both dry-needling and functional electrically stimulated walking (FESW) were done. For visits 6 through 13, only FESW was performed. Surface electromyography (sEMG) was recorded from the gastrocnemius muscles during heel raises performed before and after each visit’s interventions. The modified Ashworth scale (MAS) was used by the PT to assess spasticity at the Pre-needling, Post-needling, and Post-FESW timepoints of each visits. 
 



Modified Ashworth Spasticity Scale (MAS)
	The Modified Ashworth Scale (MAS) is a 6-point scale that is used to subjectively assess a patient’s level of muscle spasticity. The examination involves manipulating the patient’s limbs at various velocities to assess their resistance to movement. The MAS was used to assess dorsi and plantar flexor spasticity in of each of the limbs102,118. A single trained physical therapist rated the level of resistance felt when stretching the plantar flexor muscles using a 0 to 4 scale. During visit 1, the MAS done in both legs and the leg with the most spasticity was named the Involved leg. During visits 2-13, only the involved leg would be given the intervention which allowed the non-involved leg to serve as a control. The MAS of the involved leg was assessed during each intervention visit at Pre, Post, and Post-Post intervention timepoints.

Heel-Raise with sEMG
 	A single “maximal” heel-raise was performed using bodyweight only to allow for the acquisition of sEMG from the gastrocnemius muscle. The single heel raise task was chosen because it results in the activation and contraction of the gastrocnemius muscle which is also the muscle that was targeted during dry-needling treatments. The heel raise task was chosen to be appropriate for this study because it’s relatively easy for PwMS, directly activates the gastrocnemius muscle and still allowed for patients to safely balance themselves or use assistive devices11,97,102. Participants were asked to perform and hold a single “max” effort bilateral heel raise for at least 5 seconds. Participants were allowed to steady themselves by touching a nearby wall if needed. During the heel raise task, sEMG was recorded simultaneously in both limbs’ gastrocnemius muscle. Specifically, the sEMG data used for analysis was taken from a 3-second interval during the isometric portion of the heel raise task.
Surface Electromyography (sEMG)
	Surface electromyography (sEMG) is a non-invasive means of assessing muscle activation during muscular contractions40,131,154. Using sEMG, activation of the gastrocnemius muscles was assessed during a standing (bodyweight) heel-raise. Resting sEMG was also collected while participants sat on the exam table with their legs dangled over the end. sEMG of the gastrocnemius was assessed during heel-raises at the pre-needling, post-needling, and post-FESW timepoints of each visit. An electrode was placed over the muscle belly of the gastrocnemius medial head of both the involved and non-involved legs. The electrodes placement was done by palpating the gastrocnemius and placing the electrode on the most prominent portion of the muscle belly. The location was measured and noted for future visits’ electrode placement.  sEMG was recorded and analyzed using Noraxon MR3 software. At least 5-seconds of data was recorded during each measurement, allowing researchers to take the best 3-second interval from the isometric portion of the heel-raise. All signal filtering was done post collection as described below.

Original Data Processing
This section serves as an overview of how the dataset was originally processed. This is relevant because the current study seeks to expand upon the old analyses by reassessing the sEMG data using amplitude, frequency, and complexity (sample entropy) calculations, as well as measures of tapping rate of force development before and after dry-needling/FESW treatments. 



Muscle Surface Electromyography 
	For the original study, the surface electromyography (sEMG) data was saved in its raw format. Prior to analysis, it was cleaned and processed using Noraxon MR3 software. All subjects’ data was pre-processed using an infinite impulse response 10Hz Highpass and 500Hz Lowpass Butterworth filter. Mean signal amplitude was calculated using the root mean squared (RMS) method with a 100 ms window10,82. A three second sample taken from the middle of the heel raise and used to calculate mean and peak signal amplitude in each limb.

Foot-tapping Test Count
	The foot-tapping test (FTT) was conducted as previously described and visually assessed by the PT. During the test, a force plate was also used with a sampling rate of 100 samples/second. The force plate data was later used to objectively assess the number of foot-strikes performed by counting the number of peaks on the force tracing graphs. The force of each tap was measured in newtons (N) and could be distinguished as a large spike in force. No further analysis was done of the force plate data beyond counting the number of foot-taps128.

Reanalysis of the Data in the Present Study

Muscle Surface Electromyography
The sEMG calculations used in the present study required the dataset to be analyzed in two different states, raw (unprocessed) and cleaned (processed). Following data collection, the sEMG data was saved in its raw format using Noraxon MR3 software. The sample entropy, mean frequency, and median frequency measures were calculated using the raw data format. Mean amplitude was calculated only after the data was cleaned and processed using Noraxon MR3 software. Prior to amplitude calculation the data was pre-processed using an infinite impulse response 10Hz Highpass and 500Hz Lowpass Butterworth filter and then rectified. A three-second interval of data from the isometric portion of the heel-raise was used for the following calculations: 
Sample Entropy
	Sample entropy was used as our measure of complexity in the current study. Using the raw data, 3-second samples from the left and right leg were copied into separate excel documents with the timeseries removed. Each excel document contained roughly ~6000 data points. Sample Entropy (SampEn) was calculated using MATLAB R2022a for Windows and the EntropyHub (Version 2) add-on package55. SampEn represents the negative natural logarithm of the conditional probability that two sequences similar for m points remain similar to the next point, without counting self-matching sequences. Values range from 0 to 2 with values closer to 0 indicating a highly regular pattern (low complexity) and 2 indicating a highly random pattern (high complexity)133. The probability that the two sequences are similar for m points defined as Bm. The probability that the two sequences are similar for m + 1 points is defined as Am.  Sample entropy is calculated using the following formula43.



When computing SampEn, the embedding dimension (m), tolerance window (r), and N (number of data points) must be defined. An embedding dimension of 2 was used and r was set at 0.15*std. The stationarity of the data was assessed using the Reverse Arrangement test35. If found to be non-stationary, the sample was detrended before performing the SampEn analysis.    

Mean Amplitude
	sEMG Mean amplitude (MnAmp) was calculated using the cleaned and processed format data using the 3-second samples as previously described. MnAmp calculations were done using MR3’s software which uses a formula based off the root mean squared (RMS) method with a 100 ms window10,82.

Mean and Median Frequency
	sEMG frequency was calculated using the raw data format and previously mentioned 3-second samples. Noraxon’s MR3’s software uses a fast-fourier transformation to calculate mean frequency (MnFreq) and median frequency (MdFreq) measures.  

Foot-Tapping Rate of Force Development
	The FTT was conducted in both legs at the first and last study visits. Data captured with the force plates were saved as an excel document and used for analysis. The following measures were calculated using Microsoft Excel:

Area under the curve (AUC)
	The area under the curve (AUC) of each individual foot-tap was calculated by using the trapezoidal rule. Each tap created a force tracing that was roughly trapezoidal in shape which could be further divided into smaller trapezoids of equal width (h)169. The area of each individual trapezoid was summed together according to the trapezoidal rule to calculate the total AUC for each foot-tap. The AUC of each foot-tap was expressed in an arbitrary measure of “units” 169. AUC of each foot-tap was averaged together to provide a single value for each test.
Area under the curve = (h/2) [y0 + 2 (y1 + y2 + y3 + ..... + yn-1) + yn]

h = (b – a) / n

n = number of trapezoids

Peak Force 
	Peak Force (PF) is defined as the highest force exerted during each foot-tap and is given in Newtons (N). The peak force was determined by visually examining the data to determine the highest force output at the peak of each foot-tap. In some instances, there was a “plateauing” of force over several fractions of a second, and in others the force peaked but was not maintained. The peak force of each foot-tap was averaged together to provide a single value for each test.  

Time to Peak Calculation
	The time to peak (TTP) represents the average time spent during the plantar flexion movement of the foot-tapping test. The TTP was defined as the length of time in centiseconds (cs) it took for each tap’s force to go from baseline to peak force. Baseline was defined as when the force plate reads zero Newtons. In some instances, a force tracing would not start at zero due to the proceeding tap. In this case, baseline was defined as the lowest force reading at the beginning of the tap. Peak was defined as the highest force output obtained during an individual foot-tap. If there was a plateauing of force, TTP did not include the time of the plateau in the calculation. The TTP of each foot-tap was averaged together to provide a single value for each test. 

Time to Base Calculation
	The time to base (TTB) represents the average time spent during the dorsi flexion movement of the foot-tapping test. The TTB was defined as the length of time in cs that it took for each tap’s force to go from peak force to baseline. Again, peak and baseline were defined as timepoints of the highest and lowest force (N) values respectively. In the case of force plateauing, TTB includes any time spent during a plateauing of peak force.  	

Total Tap Time Calculation
	Total tap time (TTT) was defined as the length of time in cs that it took for a foot-tap to go from baseline, to peak, and back to baseline. Total tap time was calculated as TTP + TTB.

Percent Time to Peak Calculation
	Percent time to peak (% TTP) represents the proportion of time spent plantar flexing the foot relative to the total tap.  % TTP was calculated in excel by dividing the total tap time by the time to peak and multiplying by 100.

% TTP = [(TTT/TTP) * 100]


Percentage Time to Base (% TTB)
	Percent time to base (% TTB) represents the proportion of time spent dorsi flexing the foot relative to the total tap time. %TTB was calculated in excel by dividing the total tap time by the time to base and multiplying by 100.

% TTB = [(TTT/TTB) * 100]

Data Management and Analysis
	All study documents of the original study were stored in a locked filing cabinet and/or password protected computer at the Oklahoma Medical Research Foundation (OMRF) building in OKC. The original consent and data collection process took place at the OMRF, but analyses of the sEMG activity and foot-tapping test were performed at the University of Oklahoma Norman Campus. Prior to receiving the dataset at the Norman Campus, the data was compiled into several documents with the identifying information removed. Some of the smaller files were able to be sent as encrypted and password protected documents via secure OU.edu emails. Some of the larger files had to be manually retrieved and were transported from the OMRF to OU-Norman campus via an encrypted/password protected flash drive. Any data that was brought to or generated at the OU Norman Campus location was kept on a personal password protected computer in the Human Performance and Body Composition Lab. It was determined by the OU Health Sciences center that this secondary data study does not meet the criteria for human research and requires no further IRB action (See appendix for outcome letter).   


Statistical Analyses
All statistical analyses were performed using IBM Statistics (version 29; IBM Corp., Armonk, NY, USA). Paired samples t-tests were used to compare functional measures (MFIS, 6MWT, 25FWT, heel raises, foot-taps and MAS) at Pre-intervention (Visit 1) and Post-intervention (Visit 13) periods. Statistical analyses of the sEMG measures was split between looking at the acute (within visit) and chronic (between visits) effects.
To differentiate the effects of each intervention period (i.e. Dry-needling + FESW or FESW only visits), the acute (within visit) analyses were separated by the intervention type. Visits 2 through 5 which had dry-needling followed by FESW, were treated as one set of data analyses. Visits 6 through 13 which had FESW only, were treated as another separate set of analyses. 
Initially, the acute (within visit) treatment effect analyses utilized a three-way (Visit x Time x Leg) repeated measures ANOVA. However, no significant interactions or major effects involving the Visit were detected. To simplify interpretation, it was therefore decided to collapse across visits when assessing the Pre-needling vs. Post-needling vs. Post-FESW or Pre- vs Post-FESW differences. Going from a three-way (Visit x Time x Leg) to a two-way (Time x Leg) resulted in a loss of statistical power, but ultimately did not affect interpretation of the analyses.  Two-way repeated measures ANOVAs were utilized to assess the Time x Leg interaction for the sEMG measures (SampEn, MnAmp, MnFreq, and MdFreq) at the within visit timepoints for the Dry-needling. + FESW and FESW only visits. When significant interaction and effects were found, post hoc comparisons with Bonferroni corrections were performed when appropriate. 
To assess the chronic effects of the interventions, two-way repeated measures ANOVAs (Visit x Leg) were utilized on the sEMG measures and foot-tapping rate of force development measures (Foot-taps, AUC, peak force, time to peak, time to base, % time to peak and % time to base). When significant interactions or effects were found, post hoc comparisons with Bonferroni corrections were performed when appropriate. 
Paired samples t-tests were used to compare the % change of the rate of force development measures between the Involved and Non-involved legs. Paired samples t-tests were also used to compare the % difference between legs at Pre and Post timepoints. Values in tables and figures represent means ± SD. The units for each measure are displayed in their respective charts. Sample entropy and AUC are unitless measures and are represented as arbitrary units. Statistical significance for all tests were set at a value level of p ≤ 0.05.
Correlations between the sEMG measures, foot-tapping, and functional measures were calculated using repeated measures correlations (RMCORR)16. RMCORR is a web-based statistical program (https://lmarusich.shinyapps.io/shiny_rmcorr/) used correlate two variables across repeated measures. RMCORR is conceptually like a null multilevel model: a fixed slope and varying intercept by participant. Like Pearson’s r correlations, RMCORR values range from -1 to 1 with significance set at p  0.05. 
















Chapter IV: Results and Discussion

Subject Characteristics and Functional Measures
	Sixteen patients with multiple sclerosis (10 females and 6 males) participated in the original intervention study. Of those sixteen subjects, 10 had relapsing remitting MS and 6 had progressive MS. Although the descriptive statistics and functional outcome measures (MFIS, 25FWT, 6MWT, etc.) were not the focus of the present study, the pre- and post- intervention changes are reported in Table 2 for reference. 
Heel Raises
Following the intervention, results of the two-way repeated measures ANOVA indicated no significant Leg x Visit interaction (F = 0.652 ,p = 0.432, partial eta2 = 0.042) for the number of heel raises performed till fatigue. There was a significant effect for Visit (F = 11.975, p = 0.003, partial eta2 = 0.444) and Leg (F = 17.762, p < 0.001, partial eta2 = 0.542). Post hoc analysis indicated that there was a significant increase in the number of heel-raises performed between pre- and post-intervention in the involved leg (p =0.021, partial eta2 = 0.307) but no significant change in the Non-involved leg (p = 0.061, partial eta2 = 0.215). Post hoc analysis also indicated that the Non-involved leg performed significantly more heel-raises than the Involved leg at both visit 1 (p <0.001, partial eta2 = 0.586) and visit 14 (p = 0.024, partial eta2 = 0.295) (See Table 2).
Foot-taps
Results of the two-way repeated measures ANOVA indicated no significant Leg x Visit interaction (F = 0.008 , p = 0.929, partial eta2 = 0.001) for Foot-tapping rate following the intervention. There was a significant effect for Visit (F = 18.838, p < 0.001, partial eta2 = 0.574) and Leg (F = 9.969 , p = 0.007, partial eta2 = 0.416). Post hoc analysis indicated there was a significant increase in the number of foot-taps from visit 1 to visit 14 in both the Involved (p = 0.006, partial eta2 = 0.433) and Non-involved legs (p 0.002, partial eta2 = 0.508). Post hoc analysis also indicated there was a significantly higher number of foot-taps in the Non-involved leg compared to the Involved at both Pre (p =0.008, partial eta2 = 0.405) and Post (p = 0.015, partial eta2 = 0.354) timepoints (See table 2). 
	Paired samples t-tests indicated that the MAS was significantly reduced from pre- to post-intervention (p = 0.003, partial eta2 = 0.445). Similarly, there was an improvement from pre- to post-intervention in the 25FWT (p = 0.006, partial eta2 = 0.399) and 6MWT (p <0.001, partial eta2 = 0.649) (See Table 2).
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Acute Changes in Heel Raise sEMG Characteristics
	The acute (within visit) changes in sEMG were split between the two intervention periods each patient received, the Dry-needling + FESW Visits (Visits 2-5) and FESW Only Visits (Visits 6-13).  Initial analyses used three-way repeated measures ANOVAs which assessed the Leg x Visit x Time interactions which revealed no significant interactions or main effects for Visit for any of the sEMG variables (p>0.05). To simplify interpretation of the acute results, it was decided to collapse across visits resulting in a single averaged value for each subject’s Pre-needling, Post-needling, and Post FESW timepoints. Although statistical power was lost by switching to a two-way repeated measures model, it ultimately did not affect interpretation of subsequent analyses or results.

Dry-Needling + FESW Visits (Visits 2-5)
	The averaged sEMG activity from heel-raises at each timepoint (Pre-needling, Post-needling, and Post-FESW) are presented in Table 3. Results from the two-way repeated measures ANOVA indicated no significant Leg x Time interactions or Leg effect for sample entropy, mean frequency, or median frequency (p>0.05) but found a significant Leg x Time interaction for amplitude (F = 3.695, p = 0.037, partial eta2 = 0.198).There was a significant Time effect for sample entropy (F = 6.589, p=0.004, partial eta2 = 0.305 ) and mean frequency (F = 4.031, p = 0.045, partial eta2 = 0.212) but not for mean amplitude (F = 0.600, p = 0.555, partial eta2 = 0.038) or median frequency (F = 2.460, p = 0.121, partial eta2 = 0.141).
For sample entropy, the two-way repeated measures ANOVA indicated a significant effect for Time (F = 6.589, p = 0.004, partial eta2 = 0.305) but not for Leg (F = 0.549, p =0.470, partial eta2 = 0.035). Post hoc analysis indicated a significant increase in sample entropy in the involved leg at the post-needling (p = 0.035 partial eta2 = 0.323) and post-FESW (p = 0.027, partial eta2 = 0.323) compared to the pre-needling. In the non-involved limb, sample entropy was significantly higher at post-FESW compared to the pre-needling timepoint (p = 0.017, partial eta2 = 0.436) (See Table 3 and Figure 1). 
Results of the two-way repeated measures ANOVA for the mean amplitude indicated a significant interaction for Leg x Time (F = 3.695, p = 0.037, partial eta2 = 0.198). When assessed with post hoc comparisons, there was a significantly higher mean amplitude in the non-involved limb compared to the involved limb’s mean amplitude (p = 0.043, partial eta2 =0.245) at the post-needling timepoint. (See Table 3 and Figure 2). 
The two-way repeated measures ANOVA for the mean frequency indicated a significant Time effect (F = 4.031, p = 0.045, partial eta2 = 0.212) but not Leg (F = 0.185, p = 0.673, partial eta2 = 0.012). Post hoc analysis indicated that the non-involved leg’s, mean frequency was significantly higher at post-FESW compared pre-needling (p =0.033, partial eta2 =0.281) and post-needling (p = 0.032, partial eta2 = 0.281) (See Table 3 and Figure 3.). 
The two-way repeated measures ANOVA for the median frequency indicated no significant effects for Time (F = 2.460, p = 0.121, partial eta2 = 0.141 or Leg (F = 0.404, p = 0.534, partial eta2 =0.026. (See Table 3 and Figure 4). 
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Figure 1. – sEMG Sample Entropy at Pre-Needling, Post-Needling and Post-Functional Electrically Stimulated Walking in the Involved and Non-involved Legs

Values are means ± SD. Sample entropy considered a unitless measure. + represents a statistically significant difference between respective timepoints for the Involved leg whereas # represents a significant difference for the Non-involved leg at p ≤ 0.05. FESW = functional electrically stimulated walking 








Figure 2. – sEMG Mean Amplitude at Pre-Needling, Post-Needling and Post-Functional Electrically Stimulate Walking in the Involved and Non-involved Legs

Values are means ± SD.  * represents a statistically significant difference at that timepoint between the Involved and Non-involve legs at p ≤ 0.05. FESW = Functional Electrically Stimulated Walking











Figure 3. – sEMG Mean Frequency at Pre-Needling, Post-Needling and Post-Functional Electrically Stimulated Walking in the Involved and Non-involved Legs


Values are means ± SD.  # represents a statistically significant difference between respective timepoints for the Non-involved leg at p ≤ 0.05. FESW = Functional Electrically Stimulated Walking 




















Figure 4. – sEMG Median Frequency at Pre-Needling, Post-Needling and Post-Functional Electrically Stimulated Walking in the Involved and Non-involved Legs
 
Values are means ± SD. FESW = Functional Electrically Stimulated Walking

Pre-needling, Post-needling, and Post-FESW Correlation Statistics 
	The correlation statistics between the sEMG variables were calculated using repeated measures correlations (RMCORR) across the three timepoints (Pre-needling, Post-needling, and Post-FESW) for each leg. The results of RMCORR tests are displayed in Table 4 as the correlation coefficient, p value. Significance for the RMCORR statistics was set at p ≤ 0.05. 
In the involved leg, sample entropy significantly correlated with mean frequency (r = 0.670, p < 0.001) and median frequency (r = 0.608, p < 0.001). In the non-involved leg, sample entropy also correlated with the mean frequency (r = 0.814, p < 0.001), median frequency (r = 0.756, <0.001) (See Table 4).
In the involved leg, mean amplitude did not significantly correlate with any of the other sEMG measures. In the non-involved leg, the mean amplitude was significantly negatively correlated with mean and median frequency. 
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FESW Only Visits (Visits 6-13)
The averaged sEMG activity during heel-raises at Pre-FESW and Post-FESW from the Involved and Non-involved legs are presented in Table 5. The two-way repeated measures ANOVA indicated no significant Leg x Time interactions or main effects for Leg or Time in the measures of sample entropy (See Table 5 and Figure 5), mean amplitude (See Table 5 and Figure 6), or median frequency (See Table 5 and Figure 8) (p > 0.05). There was however a significant Leg x Time interaction for the mean frequency (F = 8.874, p = 0.01, partial eta2 = 0.388). Post-hoc analysis indicated that the Non-involved leg’s mean frequency was significantly higher at Post-FESW compared to Pre-FESW (p = 0.006, partial eta2 = 0.427) (See Table 5 and Figure 7). median frequency was significantly higher at Post-FESW compared to Pre-FESW (p = 0.009, partial eta2 = 0.399). There was no significant between leg differences for any of the measures at either Pre or Post-FESW (p > 0.05). 
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Figure 5. – sEMG Sample Entropy at Pre-Functional Electrically Stimulated Walking and Post-Functional Electrically Stimulated Walking in the Involved and Non-involved Legs

Values are means ± SD. FESW = Functional electrically stimulated walking 











Figure 6. – sEMG Mean Amplitude at Pre-Functional Electrically Stimulated Walking and Post-Functionally Stimulated Walking in the Involved and Non-involved Legs

Values are means ± SD. FESW = Functional electrically stimulated walking 












Figure 7. – sEMG Mean Frequency at Pre-Functional Electrically Stimulated Walking and Post-Functional Electrically Stimulated Walking in the Involved and Non-involved Legs
#


Values are means ± SD. # represents a statistically significant difference between Pre- and Post FESW in the Non-involved leg at p ≤ 0.05. FESW = Functional electrically stimulated walking






















Figure 8. – sEMG Median Frequency at Pre-Functional Electrically Stimulated Walking and Post-Functional Electrically Stimulated in the Involved and Non-involved Legs
 
Values are means ± SD. # represents a statistically significant difference between Pre- and Post FESW in the Non-involved leg at p ≤ 0.05. FESW = Functional electrically stimulated walking


Pre-FESW and Post-FESW sEMG Correlation Statistics 
The correlation statistics between the sEMG variables were calculated using repeated measures correlations (RMCORR) across Pre-FESW and Post-FESW for each leg. The results of the RMCORR tests are displayed in Table 6 as the correlation coefficient, p value. Significance for the RMCORR statistics was set at p ≤ 0.05. 
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Chronic Changes in sEMG Characteristics Following Intervention
The pre-needling or pre-FESW heel-raise sEMG activity from the Pre-intervention (Visit 2), Mid-intervention (Visit 6), and Post-intervention (Visit 13) are presented in Table 7. Results from the two-way repeated measures ANOVA indicate that there were no significant effects for Leg, Visit, or Leg x Visit interaction for any of the measures (p>0.05). Post-hoc analyses further revealed no significant differences for any of the measures at any time point (p>0.05). (See Table 7 and Figures 9-12). 
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Figure 9. – sEMG Sample Entropy at Pre-intervention, Mid-intervention, and Post-intervention in the Involved and Non-involved Legs

Values are means ± SD. 

Figure 10. – sEMG Mean Amplitude at Pre-intervention, Mid-intervention, and Post-intervention in the Involved and Non-involved Legs

Values are means ± SD.

Figure 11. – sEMG Mean Frequency at Pre-intervention, Mid-intervention, and Post-intervention in the Involved and Non-involved Legs

Values are means ± SD.


















Figure 12. – sEMG Median Frequency at Pre-intervention, Mid-intervention, and Post-intervention in the Involved and Non-involved Legs


Values are means ± SD. 

Pre-intervention and Post-intervention sEMG Correlation Statistics 
The correlation statistics between the sEMG variables and functional measures (MFIS, 6MWT, etc.) were calculated using repeated measures correlations across Pre-intervention and Post-intervention for each leg. The results of repeated measures correlations tests are displayed in Table 8 as the correlation coefficient, p value. Significance for the repeated measures correlation statistics was set at p ≤ 0.05. 
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Absolute Changes in Foot-Tapping Rate of Force Development

The absolute mean change in Foot-tapping measures from Pre-intervention to Post-intervention are presented in Table 9.  Results of the two-way repeated measures ANOVA indicated no significant Leg x Visit interaction (F = 0.008 , p = 0.929, partial eta2 = 0.001) for Foot-tapping rate. There was a significant effect for Visit (F = 18.838, p < 0.001, partial eta2 = 0.574) and Leg (F = 9.969, p = 0.007, partial eta2 = 0.416). Post hoc analysis indicated there was a significant increase in the number of foot-taps from Pre to Post-intervention in both the Involved (p = 0.006, partial eta2 = 0.433) and Non-involved legs (p 0.002, partial eta2 = 0.508). Post hoc analysis also indicated there was a significantly higher number of foot-taps in the Non-involved leg compared to the Involved leg at both Pre (p =0.008, partial eta2 = 0.405) and Post (p = 0.015, partial eta2 = 0.354) timepoints (See table 9 and Figure 13).  
AUC was found to have a significant effect for Leg (F = 5.459, p=0.035, partial eta2 = 0.281). Post hoc analysis revealed AUC was not significantly different between legs at Pre-treatment (p = 0.088, partial eta2 = 0.194) but was significantly higher in the Involved leg at Post-treatment (p = 0.030, partial eta2 = 0.293) (See Table 9 and Figure 14). No significant effects or differences were found for peak force measures (p>0.05) (See Table 9 and Figure 15). 
Time to peak was found to have a significant effect for leg (F = 7.233, p = 0.018, partial eta2 = 0.341). Post-hoc analysis found time to peak was higher in the Involved leg compared to the Non-involved leg at both Pre (p = 0.037, partial eta2 = 0.276) and Post-intervention (p = 0.019, partial eta2 = 0.333) (See table 9 and Figure 16). Time to base was found to have a significant effect for leg (F = 10.581, p = 0.006, partial eta2 = 0.430). Post-hoc analysis found time to base was higher in the Involved leg compared to the Non-involved leg at both Pre (p = 0.031, partial eta2 = 0.290) and Post-intervention (p = 0.004, partial eta2 = 0.464) (See Table 9 and Figure 16). Total tap time was found to have a significant effect for Leg (F = 10.967, p = 0.003, partial eta2 = 0.478). Post-hoc analysis found total tap time was higher in the Involved leg at both Pre (p = 0.010, partial eta2 = 0.386) and Post-intervention (p = 0.007, 0.415) (See Table 9 and Figure 16). 
Percent time to peak was found to have a significant effect for leg (F = 9.709, p = 0.008, partial eta2 = 0.410). Post-hoc analysis found that percent time to peak was significantly lower in the involved limb at Pre-intervention (p = 0.026, partial eta2 = 0.306) and Post intervention (p = 0.037, partial eta2 = 0.276) (See Table 9 and Figure 17). Percent time to base was found to have a significant effect for leg (F = 9.766 , p = 0.007, partial eta2 = 0.411). Post-hoc analysis found percent time to base was significantly higher in the Involved leg at Pre-intervention (p = 0.026, partial eta2 = 0.308) and Post intervention (p = 0.037, partial eta2 = 0.276) (See Table 9 and Figure 17).
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Figure 13. – Foot-Taps Performed at Pre-intervention and Post-intervention in the Involved and Non-involved Legs

Values are means ± SD. * represents a statistically significant difference between legs at the respective timepoints. + represents a statistically significant difference between Pre and Post intervention in the Involved leg. # represents a statistically significant difference between Pre and Post intervention in the Non-involved leg at p ≤ 0.05.











Figure 14 – Foot-tapping Area Under the Curve at Pre-intervention and Post-intervention in the Involved and Non-involved Legs

Value are means ± SD. * represents a statistically significant difference between legs at the respective timepoints at p ≤ 0.05.











Figure 15. – Foot-tapping Peak Force at Pre-intervention and Post-intervention in the Involved and Non-involved Legs



Values are means ± SD.










Figure 16. – Foot-tapping Time to Peak and Time to Base

Values are means ± SD. * represents a statistically significant difference between legs at the respective timepoints at p ≤ 0.05.












Figure 17. – Foot-tapping Average Percent Time to Peak and Time to Base

Values are mean percentage ± SD. * represents a statistically significant difference between legs at the respective timepoints at p ≤ 0.05.



Relative Changes in Foot-Tapping Rate of Force Development
	The relative percent differences between the Involved and Non-involved legs at the Pre (Visit 1) and Post (Visit 14) timepoints are displayed in Table 10. Results of the paired samples T tests indicated no significant differences between the Pre and Post intervention timepoints (p>0.05) (Figure 18).   The relative percent change from Pre (Visit 2) to Post (Visit 13) intervention for the Involved and Non-involved legs are presented in Table 11. Results from the paired samples T tests found no significant differences in the percent change between the involved and non-involved legs (p > 0.05) (Figure 19). 

[image: ]



[image: ]













Figure 18. Percent (%) Difference in Foot-tapping between legs in the Involved vs. Non-involved Legs

Values are mean percentage ± SD. AUC = area under the curve






















Figure 19. Percent (%) Change in Foot-tapping from Pre to Post Intervention in the Involved vs. Non-involved Legs


Values are mean percentage ± SD. AUC = area under the curve



Foot-Tapping and Functional Measures Correlations

The correlation statistics between the foot-tapping and functional performance measures (MFIS, 6MWT, etc.) were calculated using repeated measures correlations across Pre (Visit 2) and Post (Visit 13) timepoints for each leg. The results of repeated measures correlations tests are displayed in Table 12 as the correlation coefficient, p value. Significance for the repeated measures correlation statistics was set at p ≤ 0.05. 
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Effect Size Calculations
	The partial eta squared effect sizes for the ANOVA statistics ran for the sEMG and foot-tapping measures are listed in Tables 13 and 14. A partial eta of 0.01, 0.06, and 0.14 are indicative of small, medium, and large effect sizes respectively.
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Discussion

The main findings of this study are as follows:
Acute (Within Visit) Changes in sEMG
1. Dry-needling + FESW Visits (Visits 2-5):
a. Sample entropy was significantly higher following dry-needling and FESW compared to the Pre-needling timepoint for the involved leg. The non-involved leg however was only significantly higher at the Post-FESW timepoint compared pre-needling.
b. Mean frequency did not significantly change in the involved leg but was significantly higher in the non-involved leg at Post-FESW compared to Pre and Post-needling timepoints.
c. No significant changes occurred in the mean amplitude or median frequency at any of the timepoints for either leg.
d. No significant between leg differences were seen for any of the sEMG measures at any timepoint.
e. In the involved leg sample entropy significantly correlated with the mean frequency and median frequency. The mean amplitude did not significantly correlate to mean and median frequency.
f. In the non-involved leg sample entropy also significantly correlated with mean frequency and median frequency. Mean amplitude significantly correlated with both mean and median frequency.
2. FESW Only Visits (Visits 6-13)
a. Neither sample entropy or mean amplitude significantly changed from Pre to Post FESW in both the involved and non-involved leg.
b. Mean and median frequency did not significantly differ from Pre to Post in the involved leg, but significantly increased in the non-involved leg at post-FESW.
c. No significant between leg differences were seen in any of the sEMG measures at either timepoints.
d. In the involved leg sample entropy significantly correlated with mean amplitude, mean frequency, and median frequency. Mean amplitude was significantly correlated with mean frequency.
e. In the non-involved leg mean amplitude and mean frequency were significantly correlated. 
Chronic (Between Visits) Changes in sEMG
1. Neither leg showed significant changes in sample entropy, mean amplitude, mean frequency or median frequency across visits. 
2. There were no significant between limb differences in sample entropy, mean amplitude, mean frequency or median frequency at any timepoints.
3. The involved leg sEMG measures (sample entropy, mean amplitude, mean frequency, and median frequency) did not significantly correlate to any of the functional performance measures done at the Pre - Post assessments (MFIS, 6MWT, 25FWT, Heel Raises, or Foot-taps).
4. The non-involved leg had significant correlations between the 25FWT and median frequency.

Chronic (Between Visits) Changes in Foot-Tapping
1. There was a significant increase in the number of foot-taps performed from pre to post intervention in both legs.
2. Peak force, time to peak, time to base, total tap time, % time to peak, and % time to base did not significantly change from pre to post intervention in either leg.
3. AUC did not significantly differ between legs at the pre-treatment but was significantly higher in the involved leg at post treatment.
4. No significant difference in peak force was found between the involved and non-involved legs.
5. Time to peak, time to base and total tap time were significantly higher in the involved leg at both pre and post intervention.
6. % time to peak was significantly higher in the non-involved leg at both pre and post intervention.
7. % time to base was significantly higher in the involved leg at both pre and post intervention.
8. When expressed as a percent difference between legs, there were no significant difference between the pre and post intervention timepoints for the foot-tapping measures.
9. When expressed as a percent change from pre to post intervention, there was no significant difference between the pre and post intervention timepoints for the foot-tapping measures.
10. In the involved leg AUC, peak force, time to base, total tap time % time to peak and % time to base were significantly correlated with the MFIS, 25FWT, # of heel raises, and # of foot-taps but not the 6MWT. Time to peak did not significantly correlate with any of the functional performance measures. 
11. In the non-involved leg time to base, % time to peak, and % time to base significantly correlated with the MFIS, 25FWT, and # of foot taps but not the number of heel raises. AUC, peak force, time to peak, and total tap time did not significantly correlate with any of the functional measures.
12. When expressed as a percent difference between legs, the AUC significantly correlated with the # of foot-taps. Time to base, total tap time, % time to peak, and % time to base significantly correlated with the 25FWT and the # of foot-taps but not the MFIS, 6MWT, or number of heel raises. Peak force and time to peak did not significantly correlate with any of the functional measures. % time to base significantly correlated with the number of foot-taps but none of the other functional measures.

Acute (within visit) Changes in sEMG
During the dry-needling + FESW treatments visits, there was a significant acute increase in sEMG sample entropy in the involved leg which is in direct opposition with our hypothesis. In the non-involved leg there was no significant change in sample entropy at post-needling but there was a significant increase after walking. We originally hypothesized that both dry-needling and FESW would produce muscular fatigue or damage leading to a decreased sample entropy. A previous study using a rat model showed that acute muscle damage results in a decreased sample entropy46. Following dry-needling treatments there was an acute increase in sample entropy in the damaged muscle. The results of the study agree with the current study which suggests that dry-needling results in an acute increase in sample entropy46. Although we found no significant between leg differences, it’s worth noting that the non-involved leg (which didn’t receive treatment) saw no significant change in sample entropy from the pre to post dry-needling timepoint. At the Post-FESW timepoint there was a significant increase in both legs which suggests that it was not necessarily the FESW that is attributable for the increase in the involved leg’s sample entropy. 
To our knowledge this is one of the first studies examining the changes in sample entropy following dry-needling and FESW treatments in humans. It is unknown why sample entropy increases following intervention in the present study. It has been hypothesized that dry-needling exerts its effects by altering sensory spinal processing thereby decreasing motor neuron excitability and spasticity symptoms. Another theory suggests that dry-needling acts as a noxious stimuli resulting in the activation of diffuse noxious inhibitory control systems and muscular relaxation92. The present study suggests that dry-needling and FESW treatments led to an increase in sample entropy via modulation of motor unit amplitude and frequency. 
Within visit there were no significant changes in sEMG amplitude at post-needling or post-FESW timepoints. This was contrary to our hypothesis that there would be an acute increase in sEMG amplitude post-needling and post-FESW. Our hypothesis was that an increase in amplitude would occur due to either muscle fatigue or damage. Unfortunately, neither were assessed at the Pre- or Post-intervention timepoints within visit so we can’t say with any certainty that either happened. Although not significant in the current study, the mean amplitude appears to have decreased in the involved leg and increased in the non-involved leg post-needling. Had the results been significant, they would have agreed with previous research which showed a decrease in sEMG amplitude after dry needling of the gluteus medius muscle141. The study suggests that individuals with weakened muscles require a higher activation (amplitude) to perform a contraction than a non-weakened or affected muscle141. Therefore, the muscle activation (amplitude) needed to perform a contraction could be a useful measure of muscle function141. One of the major limitations of our study was the lack of a maximal contraction to normalize the sEMG measures to. Significant differences may have been found if it had been possible to normalize each heel raise to a maximal contraction to get a % activation value.
In the present study we hypothesized that the mean and median frequency would be significantly decreased in the involved leg following dry-needling and FESW. A drop in the sEMG frequency would be suggestive of muscular fatigue induced by the treatments. However, the involved leg showed no significant changes, whereas the non-involved leg showed a significant increase in mean frequency at post-FESW compared to both the pre needling and post-needling timepoints. It’s interesting that the non-involved leg showed a significant increase in mean frequency, but the non-affected leg did not. Differences in sEMG frequency changes over time could be indicative of a treatment effect or bilateral asymmetries during task performance. Previous research has suggested that PwMS may experience differences in glucose metabolism between legs while cycling136. A difference in glucose metabolism between legs during the FESW may in part explain why we see between leg differences in the sEMG response over time. 
Typically, with fatiguing or maximal tasks, sEMG amplitude and frequency are inversely related127. As fatigue occurs there is an increase in sEMG amplitude and a decrease in frequency. Originally, we did not hypothesize how sEMG amplitude and frequency would relate to each because we had no reason to believe they would differ between legs. It was found that the involved leg’s amplitude did not significantly correlate with mean and median frequency but there was a medium negative correlation between amplitude and frequency in the non-involved leg. It is unclear why there was a lack of correlation in the involved leg between mean amplitude and frequency but a significant medium correlation in the non-involved leg. A lack of correlation in the involved leg could be indicative of higher spasticity, fatigue or even a treatment effect in that leg. It has been previously reported that fatigued muscles show a lower correlation between force and EMG values compared to non-fatigued muscles127. 
The current study exhibited strong positive correlations between sample entropy and the mean and median frequencies. Our study found as sample entropy increased, so did mean and median frequency. This is interesting because sEMG mean and median frequency measures have been previously used in research as fatigue measures124,127. In these studies, it has been found that mean amplitude is increased, and mean/median frequency is reduced in fatigued muscle. This suggests sample entropy may also be a useful measure of fatigue in spastic muscles. Unfortunately, the current study did not assess fatigue at each timepoint, so it cannot be said with any real certainty how fatigue influenced sEMG measures. It does however makes sense that a spastic muscle could be more fatigued, leading to an increased sEMG frequency.
During the FESW only visits, there were no significant changes in sEMG sample entropy or mean amplitude in either the involved or non-involved legs. Again, mean and median frequencies significantly increased from pre to post-FESW in the non-involved leg but not the involved leg. It is unclear why the non-involved leg’s frequency increased post-FESW when the expected response would be for it to drop due to fatigue. Though not significant, there was a slight drop in the involved leg’s frequency post-FESW which could be explained by the combined e-stim and walking.
In FESW only visits sample entropy was negatively correlated with mean amplitude and positively correlated with mean/median frequency. Previous studies suggest that as fatigue occurs, there tends to be an increase in sEMG amplitude and a decrease in the frequency. The direction of the correlations between sample entropy and sEMG amplitude and frequencies suggests that as fatigue occurred during walking, there is a drop in sample entropy. These findings agree with another study done in stroke patients which found that mean amplitude and entropy were negatively correlated during a quick stretching movement166. 

Chronic (between visits) Changes in sEMG
The previous sections assessed changes in sEMG values within visit to assess the acute effects of dry-needling and FESW treatments. We were also interested in understanding how the interventions affected sEMG over several weeks. In order be useful measures of spasticity, sEMG measures should be able to detect chronic changes over time and not just acute changes in spasticity. A chronic change in sEMG measures (e.g. sample entropy or mean frequency) would be suggestive of a treatment effect of either the dry-needling or FESW interventions. 
Our original hypotheses were that that sample entropy and mean/median frequency would be increased, and mean amplitude would be decreased across visits. When compared at Pre (visit 2), Mid (visit 6), and Post-intervention (visit 13) timepoints there were no significant differences in any of the sample entropy, mean amplitude, mean frequency, or median frequency measures across visits. Despite non-significance, there was a trend for sample entropy to be increased at Mid-intervention in both legs. Sample entropy continued to increase at Post-intervention for the involved leg but appears to have decreased in the non-involved legs. Both the involved and non-involved legs showed a small effect size for visit (partial eta2 = 0.50 and 0.34 respectively). 
When post-hoc comparisons were done, it was found that the sample entropy effect sizes between Pre-intervention and Mid-intervention were higher in the involved leg (partial eta2 = 0.045) than in the non-involved leg. There was a very small effect size indicting an increase in the sample entropy from Mid-intervention to Post-intervention in the involved leg (partial eta2 = 0.006) but a moderate effect size for a reduction in sample entropy in the non-involved leg (partial eta2 = 0.091). Taken at face value, these results suggest that the dry-needling + FESW visits resulted in larger changes in sample entropy than the FESW only visits in the involved leg. It’s interesting that the non-involved leg saw a moderate effect size for a reduction in sample entropy suggesting that the leg got worse. 
Although not significant, there appeared to be a trend towards the mean amplitude increasing across visits. This goes against our hypothesis which suggested that mean amplitude would decrease because of treatment. We initially thought that amplitude would decrease over time due to dry-needling and FESW reducing spasticity resulting in a lower activation (amplitude) needed to complete the heel-raise. 
Our original hypotheses stated that mean and median frequency would be increased across visits. These hypotheses were formed under the assumption that sEMG amplitude and frequency are inversely related. We originally predicted that amplitude would increase, so it would only make sense for frequency to increase. Although not significant, there was a trend towards the mean and median frequencies increasing in the involved leg and decreasing in the non-involved leg. Despite not being significant, this finding is interesting as it suggests a possible treatment effect in the involved leg. 
It was originally hypothesized that the sEMG measures would not significantly correlate with any of the functional performance measures (MFIS, 6MWT, 25FWT, Heel raises and Foot-taps). The findings of the study fully agreed with our hypothesis in the involved leg but not in the non-involved. It was found that none of the involved leg’s sEMG measures significantly correlated with either the MFIS, 6MWT, number of heel raises, or number of foot-taps. The final significant correlation was a large positive correlation between the median frequency and the 25FWT. A positive correlation suggests that as the 25FWT time was reduced there was also a decrease in the median frequency. 

Chronic (between visit) Changes in Foot-tapping
		The foot-tapping test was done at Pre-intervention and Post-intervention as a measure of spasticity. This study found that the number of foot-taps performed in 10-seconds was significantly increased in both legs from Pre-intervention to Post-intervention. There was also a significantly higher number of foot-taps performed in the non-involved leg at both Pre-intervention and Post-intervention. Even though foot-tapping rate increased, it’s hard to say with certainty that it was due to dry-needling and FESW or whether subjects just improved at doing the foot-tapping test. For that reason, several other measures from the force plate were examined. 
	Area under the curve (AUC) is a product of the amount of force and time that it takes to complete a foot-tap. The AUC was not significantly different between legs at pre-intervention but was significantly lower in the non-involved leg at Post-intervention. The peak force tended to be higher in the involved leg at both timepoints but was found to be non-significant. The time to peak, time to base, and total tap time were significantly higher in the involved leg at both Pre-intervention and Post-intervention. 
The % time to peak and % time to base represent the proportion of time spent plantar flexing and dorsi flexing respectively during the FTT. Expressing them as a percentage made them easier to compare at pre vs. post and in the involved vs. non-involved legs. The % time to peak was significantly lower in the involved leg compared to non-involved at both Pre-intervention and Post-intervention. The difference was not significant, but there was a tendency for the % time to peak to increase from Pre-intervention to Post-intervention. The % time to base was significantly higher in the involved leg compared to non-involved at both Pre-intervention and Post-intervention. 
The difference between % time to peak and % time to base in each leg were not statistically compared between visits, but the difference appears to be smaller at Post-intervention compared to Pre-intervention. At Pre-intervention, the involved leg’s time to base represents ~62% of the total tap time, whereas time to peak was ~38%, meaning there was a 24% difference between the two movement times. At Post-intervention, time to peak increased to ~42% and time to base decreased to ~58% of the total tap time, resulting in a 16% difference. At Pre-intervention the non-involved leg’s, time to peak represented ~43% of the total tap time, whereas time to base was ~57%, for a difference of 14% between movements. Post intervention the % time to peak increased to 44% and the % time to base decreased 56% of the total tap time, for a difference of 12% between movements. Not only was the difference greater in the involved leg, but it appears to have changed more than the non-involved leg at Post-intervention.  It is unknown how much time the average healthy person spends during each portion of a foot-tap, but this study suggests that as spasticity is reduced, there is a shift towards time to peak and time to base each representing 50% of the total tap time.
The change in the time to base was of especial interest in this study because the targeted muscle for the dry-needling was the gastrocnemius. If there was an increased spasticity in the gastrocnemius, it would impede the antagonistic muscle (tibialis anterior) from quickly dorsiflexing the foot. In turn, this would result in a higher time to base and % time to base. We did not see a significant change in the current study, but it trended towards a reduced time to base. Another previous study that used foot-tapping in PwMS, found significant group differences between control individuals, patients with primary progressive MS, and relapsing remitting MS139. The study found that the healthy controls had the shortest dorsiflexion time and fastest velocity followed by the relapsing remitting and the primary progressive MS groups. Both the dorsi and plantar flexion movements were significantly different between groups, but it was found that the dorsiflexion portion was an especially sensitive measure139. The results of both studies suggests the foot-tapping test is a useful measure for assessing MS related leg deficits. 
A study examining dry-needling in the trapezius muscles of healthy individuals found that contraction time differed immediately (30-minutes) post and 72 hours post needling138. Their study showed that contraction time was significantly increased 30-mins post dry-needling but was then significantly decreased at 72-hours post-dry-needling. Although not significant, muscle tone and stiffness was also increased immediately post-needling and then significantly decreased 72-hours compared to pre-needling. Although we did not assess foot-tapping immediately post-needling, we would suspect a similar increase in the contraction time of foot-taps. The increased muscle tone, stiffness, and contraction time of the previously mentioned study supports our hypothesis that there will be some kind of localized muscle fatigue immediately post-dry-needling138. 
When the foot-tapping measures were assessed as a percent difference between legs, no significant changes were seen between Pre-intervention and Post-intervention. Despite non-significance, there were medium effect sizes for the difference in the number of foot-taps performed (partial eta2 = 0.062) and time to peak (partial eta2 = 0.116), and large effect sizes for the % time to peak (partial eta2 = 0.186) and % time to base (partial eta2 = 0.148). When expressed as a percent change from Pre-intervention to Post-intervention there were no differences between legs but there were medium effect sizes for the number of foot-taps (partial eta2 = 0.119), time to peak (partial eta2 = 0.077), % time to peak (partial eta2 = 0.117) and % time to base (partial eta2 = 0.064). The medium effect sizes suggest that although the changes were not statistically significant, there was still some kind of meaningful improvement in tapping performance between visits. 
This study was unique because it applied an intervention unilaterally and tested patients using a bilateral movement (heel raises). Bilateral asymmetries in force production have been previously reported in PwMS36,85,87. In affected patients, bilateral asymmetries can lead to balance and gait issues, decreased movement efficiency and increased risk of injury. The current study saw a ~31% difference in peak force between leg at Pre-intervention and did not significantly change at post assessment at ~32% difference. A 30% difference in force between legs is quite a large difference, especially when you consider we are looking at a movement that it done repetitively. If a leg is producing 30% more force than the other, it might explain why the same leg (presumably) fatigued and performed less taps. 
Despite no significant change in the % difference of peak force, there was a medium effect size for the change in foot-taps and a large effect size for change in % time to peak and % time to base. This suggests that although the involved leg was still producing more force than non-involved, it became faster and/or more fatigue resistant because of the intervention.
	The foot-tapping measures showed higher and more significant correlations to the functional performance measures compared to the sEMG measures. 
The MFIS showed a positive medium/moderate correlation with the involved leg’s AUC, peak force, time to base, total tap time, and % time to base and a negative correlation with % time to peak. In the non-involved leg the MFIS positively correlated with the time to base and % time to base and negatively correlated with % time to peak. Although not significant, the MFIS also exhibited moderate positive correlations with the between leg differences of the time to base and the % time to peak. These findings suggest that as spasticity was reduced and foot-tapping improved, there was a decrease in perceived fatigue.
The 6MWT did not significantly correlated with any of the foot tapping measures but the 25FWT exhibited several significant correlations. In the involved leg the 25FWT had a large positive correlation with the AUC, peak force, time to base, total tap time, and % time to base and a negative correlation with % time to peak. The non-involved leg positively correlated with the time to base and % time to base and negatively correlated with the % time to peak. It’s interesting that the foot-tapping measures significantly correlated with the 25FWT but not the 6MWT. This suggests that the FTT is a useful measure of how PwMS will perform during shorter tasks (i.e. 6MWT) but not longer ones (i.e. the 6MWT). 
The % between leg difference in time to base and % time to peak exhibited significant positive correlations with the 25FWT. The number of heel raises was significantly negatively correlated with the AUC, peak force, time to base, total tap time, % time to peak, and % time to base. The significant correlations between foot-tapping measures and functional performance measures suggests that the FTT could be a useful substitute for individuals who are not ambulatory.    





















Chapter V:

Purpose
	The purpose of this study was to reexamine a previously collected dataset from a sample of patients with multiple sclerosis (PwMS) to see if there were significant differences in sEMG measures (sample entropy, mean amplitude, mean frequency, and median frequency) and foot-tapping rate (# of foot taps, AUC, peak force, time to peak, time to base, total tap time, % time to peak and % time to base) following dry needling and functional electrically stimulated walking. We also investigated the relationship between the sEMG measures and functional outcome measures (MFIS, 6MWT, 25FWT, # of heel raises and # of foot-taps.

Hypotheses

1. Following dry-needling and FESW treatments, there will be a within visit reduction of sEMG sample entropy and frequency, and an increase in amplitude.
a. For the dry-needling + FESW visits, there was an increase in the involved leg’s sample entropy at post-needling and post-FESW compared to the pre-needling timepoint. The non-involved leg had a significant increase in sample entropy at post-FESW only. There were no changes in the mean amplitude in either leg following either treatment. There was no change in the mean frequency in the involved leg after either treatment. There was an increase in the mean frequency in the non-involved leg compared to pre- and post-needling timepoints. Median frequency did not significantly change following either treatment.
b. For the FESW only visits, there were no changes in the involved leg’s sample entropy, mean amplitude, mean frequency, or median frequency at post-FESW. In the non-involved leg there was no change in the sample entropy or mean amplitude but there was an increase in the mean and median frequency post FESW.
2. There will be a chronic increase in sEMG sample entropy and frequency, and a decreased amplitude.  The number of foot-taps performed, and the rate of force development will increase following the dry-needling and FESW intervention.
a. There was no changes in sample entropy, mean amplitude, mean frequency, or median frequency from Pre-intervention to Mid-intervention and Post-intervention in either leg.
b. There was an increase in the total number of foot-taps performed at Post-intervention compared to Pre-intervention in both legs. There was no change in the AUC, peak force, time to peak, time to base, total tap time, % time to peak, or % time to base from Pre-intervention to Post-intervention.
3. The involved leg will exhibit a lower sEMG complexity and frequency, and an increased amplitude compared to the Non-involved leg. Foot-tapping and rate of force development will similarly be reduced in the Involved-leg. Post-intervention, there will be an improvement in function leading to a reduced between leg differences in foot-tapping. 
a. There were no differences between legs for the sample entropy, mean amplitude, mean frequency, or median frequency measures at any timepoint.
b. There was a lower number of foot-taps performed in the involved leg compared to the non-involved leg at both Pre-intervention and Post-intervention. AUC was higher in the involved leg at Post-intervention, but not at Pre-intervention. There were no differences in peak force at either Pre-intervention or Post-intervention. Time to peak, time to base, and total tap time was higher in the involved leg at both Pre-intervention and Post-intervention. % time to peak was lower in the involved leg at both Pre-intervention and Post-intervention. % time to base was higher at Pre-intervention and Post-intervention.
c. When expressed as a percent difference between legs, there was no difference between Pre-intervention and Post-intervention for any of the foot-tapping measures.
4. The sEMG measures will not significantly correlate with the functional outcome measures, but foot-tapping and the rate of force development will.
a. The Dry-needling + FESW visits’ sample entropy positively correlated with mean and median frequency. The mean amplitude was negatively correlated with the mean and median frequency in the non-involved leg but not in the involved leg. 
b. The FESW Only visits’ sample entropy negatively correlated with mean amplitude and positively correlated with mean and median frequency in the involved leg but not the non-involved leg. The mean amplitude was negatively correlated with the mean frequency in both legs. The mean frequency was negatively correlated with the mean frequency in the non-involved leg but not the involved leg.
c. The involved leg’s sEMG measures did not correlate to any of the functional measures. The non-involved leg’s median frequency positively correlated with the 25FWT.
d. The AUC positively correlated with the MFIS and 25FWT and negatively correlated the # of heel raises and the # of foot-taps in the involved leg only. The peak force positively correlated with the MFIS and 25FWT and negatively correlated with the number of heel raises and number of foot-taps. The time to peak did not correlate with any of the functional measures. The time to base was positively correlated with the MFIS, 25FWT and negatively correlated with the number of foot-taps in the involved and non-involved legs. The time to base also negatively correlated to the number of heel raises in the involved leg but not the non-involved leg. The total tap time positively correlated the MFIS and 25FWT and negatively correlated with the number of heel raises and foot-taps in the involved leg but not the non-involved leg. The % time to peak negatively correlated with the MFIS and 25FWT and positively correlated with the # of foot-taps in the involved and non-involved legs. The % time to peak was also positively correlated with the number of heel raises in the involved leg but not the non-involved leg. The % time to base was positively correlated with the MFIS and 25FWT and negatively correlated with the number of foot taps in the involved and non-involved leg. The % time to base was also negatively correlated with the number of heel raises in the involved but not the non-involved leg.

Strengths and Limitations
	The results of this study are limited to patients with multiple sclerosis who are between the ages of 18 to 64 and can walk at least 25-feet. Over the course of the study, none of the participants reported a relapse, change in medication, or change in disability over the entire course of the study. The study sample was composed of 10 patients with relapsing MS and 6 with progressive MS. Although not reported in the current study, the differences between the relapsing and progressive patients’ measures were investigated. The group difference was found to not be statistically significant for any of the measured variables. It is still possible that there may have been a clinical, but not statistically significant, difference between how the sEMG and foot-tapping measures changed in the relapsing vs progressive MS patients. A control group was not used for this study, but because one leg did not receive treatment it was able to serve as the control leg. The lack of a control group is a limitation, but having the control leg is an strength because it allows the direct comparison between legs for a movement that is done bilaterally. This allows the individual contribution of each leg to be identified.
One of the major limitations of the study was the study design which did not include a washout period between the dry-needling + FESW visits and the FESW only visits. The study would have been stronger and the difference between treatments more obvious had there been more time separating them. Even patient randomization of treatment order would have been preferable to nothing at all. It is well known that fatigue can differ from day to day in patients with MS, and unfortunately the current study did not have a measure of fatigue at each timepoint. It would have been interesting to see how fatigue affected the sEMG and foot-tapping measures’ response to treatment. The day-to-day changes in fatigue may have helped to explain some of the variability seen between visits. Another limitation was issue with how to normalize sEMG, in the current study. Normally, sEMG is normalized to a maximal contraction, however the current study did not include a maximal heel raise. 
This is one of the first studies to examine how sEMG measures change acutely and chronically as the result of dry-needling and FESW treatments. The measurement of acute and chronic changes in sample entropy after treatment is also something that is potentially novel about this study. Not many previous studies have not shown how sEMG sample entropy changes as the result of an intervention.  It’s also one of the first studies to use foot-tapping rate measures (time to peak, time to base, % time to peak %time to base, etc.) to assess the effectiveness of dry-needling and FESW treatments and between limb differences. 
Significance
	Except for mean frequency in the non-involved leg, sample entropy was the only sEMG measure to (significantly) acutely change as a result of dry-needling and FESW. The lack of significance highlights the need for sEMG measurements to be normalized to a maximal contraction. It’s possible that sample entropy achieved significance because it relies on nonlinear analysis as opposed to the calculations of amplitude and frequency. Had amplitude and frequency been normalized, it’s possible that a significant difference could have been detected. When assessed acutely, sample entropy significantly correlated with several of the sEMG measures suggesting it may yet be a useful measure for assessing acute changes in function after intervention. The fact that there was no chronic (between visit) changes in sEMG measures again highlight the importance of normalizing sEMG values if planning to compare contractions. 
Although the number of foot-taps increased as result of the interventions, its individual measures (e.g. time to peak, time to base, etc.) did not significantly differ between visits. This could again be explained by differences in fatigue between visits. Several significant differences were seen between the involved and non-involved legs at both pre and post intervention. This suggests that they may still potentially be a useful measure of detecting bilateral asymmetries in patients with MS. There were also several significant correlations between the foot-tapping measures and the MFIS, 25FWT, and # of heel raises suggesting that they are still useful measures of physical function. The correlations between the foot-tapping measures and the functional measures tended to be higher in the involved leg than in the non-involved leg. This suggests that the more effected leg is a larger determinant of how patients with MS will perform on functional performance tests.
Conclusions
	The results of this study suggest that sample entropy may be useful measure of acute sEMG changes in sEMG measures after an intervention in PwMS. Similarity, sample entropy positively correlated with mean and median frequency which could be indicative of fatigue. The lack of chronic differences highlights the need for normalizing sEMG when comparing different contractions across time. Foot-tapping rate measures did not significantly differ after the interventions, but they appear to be a useful measure for assessing the between leg differences at both pre and post intervention. Foot-tapping rate measures significantly correlated with the MFIS, 25FWT, # of heel raises, and # of foot-taps suggesting that they may be useful indicators of fatigue and task performance.

Future Research Directions
	Future studies should include more sample entropy measures to assess changes in complexity before and after spasticity treatments. To assess its relationship to spasticity, there should also be more spasticity measures (besides the MAS) such as patient reported outcomes or myotonometry. When assessing the foot-tapping test, it would also be useful if it could be paired with video analysis or electrogoniometer to assess changes in range of motion during tapping. Finally, the impact of daily and hourly changes in fatigue should not be neglected in PwMS. Future studies should assess fatigue at every timepoint to see how fatigue affects the measures.
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Appendix A:
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Involved Leg	0.14000000000000001	0.12	0.17	0.14000000000000001	0.12	0.17	Pre-Needling	Post-Needling	Post-FESW	1.1599999999999999	1.22	1.22	Non-involved Leg	0.13	0.14000000000000001	0.14000000000000001	0.13	0.14000000000000001	0.14000000000000001	Pre-Needling	Post-Needling	Post-FESW	1.19	1.2	1.27	
Sample Entropy




Non-involved Leg	33.979999999999997	37.450000000000003	32.39	33.979999999999997	37.450000000000003	32.39	Pre-Needling	Post-Needling	Post-FESW	57.97	61.57	53.2	Involved Leg	36.18	25.22	39.31	36.18	25.22	39.31	Pre-Needling	Post-Needling	Post-FESW	49.85	41.54	48.67	
Amplitude (uV) 




Involved Leg	14.27	8.84	18.84	14.27	8.84	18.84	Pre-Needling	Post-Needling	Post-FESW	146.72999999999999	148.22999999999999	151.22	Non-involved Leg	25.12	26.48	25.12	25.12	26.48	25.12	Pre-Needling	Post-Needling	Post-FESW	144.66	140.66999999999999	153.22	
Mean Frequency (Hz) 




Involved Leg	16.27	10.35	22.12	16.27	10.35	22.12	Pre-Needling	Post-Needling	Post-FESW	131.4	131.85	134.16999999999999	Non-involved Leg	30.76	31.37	32.229999999999997	30.76	31.37	32.229999999999997	Pre-Needling	Post-Needling	Post-FESW	125.87	122.63	135	
Median Frequency (Hz)




Involved Leg	0.22	0.26	0.22	0.26	Pre-FESW	Post-FESW	1.2	1.2	Non-involved Leg	0.2	0.2	0.2	0.2	Pre-FESW	Post-FESW	1.19	1.23	
Sample Entropy




Non-Involved Leg	32.49	36.299999999999997	1	Pre-FESW	Post-FESW	56.71	54.89	Involved Leg	34.43	101.65	34.43	101.65	Pre-FESW	Post-FESW	58.02	82.71	
Amplitude (uV) 




Involved Leg	30.06	39.229999999999997	30.06	39.229999999999997	Pre-FESW	Post-FESW	141.69999999999999	139.97	Non-involved Leg	38.99	41.16	38.99	41.16	Pre-FESW	Post-FESW	139.22	149.29	
Mean Frequency (Hz) 




Involved Leg	33.71	39.85	33.71	39.85	Pre-FESW	Post-FESW	123.85	123.23	Non-involved Leg	43.16	48.39	43.16	48.39	Pre-FESW	Post-FESW	120.71	127.87	
Median Frequency (Hz)




Involved Leg	0.22	0.25	0.19	0.22	0.25	0.19	Pre	Mid	Post	1.1399999999999999	1.2	1.22	Non-involved Leg	0.14000000000000001	0.19	0.21	0.14000000000000001	0.19	0.21	Pre	Mid	Post	1.22	1.23	1.18	
Sample Entropy




Non-Involved Leg	32.130000000000003	42.33	54.87	32.130000000000003	42.33	54.87	Pre	Mid	Post	52.65	65.37	66.739999999999995	Involved Leg	35.619999999999997	31.76	46.21	35.619999999999997	31.76	46.21	Pre	Mid	Post	50.52	50.31	61.92	
Amplitude (uV) 




Involved Leg	25.31	34.770000000000003	26.42	25.31	34.770000000000003	26.42	Pre	Mid	Post	148.93	148.80000000000001	149.54	Non-involved Leg	22.83	37.82	42.84	22.83	37.82	42.84	Pre	Mid	Post	147.19999999999999	145.33000000000001	138.12	
Mean Frequency (Hz) 




Involved Leg	27.78	40.68	33.130000000000003	27.78	40.68	33.130000000000003	Pre	Mid	Post	128.21	131.68	133.28	Non-involved Leg	30.41	44.84	49.47	30.41	44.84	49.47	Pre	Mid	Post	128.11000000000001	125.93	120.17	
Median Frequency (Hz)




Non-Involved	7.6	7.06	7.6	7.06	Pre	Post	25.81	29.94	Involved	9.5299999999999994	9.1199999999999992	9.5299999999999994	9.1199999999999992	Pre	Post	18.25	22.38	
# of Foot-Taps




Non-Involved	350.77	386.66	350.77	386.66	Pre	Post	546.6	493.88	Involved	1935.22	431.18	1935.22	431.18	Pre	Post	1381.09	773.51	
Area Under the Curve (arbitrary units)




Non-Involved	15.84	16.72	15.84	16.72	Pre	Post	35.17	36.76	Involved	33.04	12.96	33.04	12.96	Pre	Post	44.63	40.590000000000003	
Peak Force (N)





Time To Peak	2.64	5.29	1.48	5.46	2.64	5.29	1.48	5.46	Non	Involved	Non	Involved	10.18	13.99	10.48	13.7	Time To Base	4.51	6.33	5.47	23	4.51	6.33	5.47	23	Non	Involved	Non	Involved	12.99	18.920000000000002	14.83	27.55	
centiSeconds




Time To Peak	3.94	3.26	5.52	6.95	3.94	3.26	5.52	6.95	Non	Involved	Non	Involved	44.39	42.2	43.12	38.76	Time To Base	3.94	3.26	5.52	6.95	3.94	3.26	5.52	6.95	Non	Involved	Non	Involved	55.61	57.8	56.88	61.244999999999997	
Percent




Pre	34.24	53.9	32.409999999999997	25.95	43.3	35.979999999999997	14.7	7.78	34.24	53.9	32.409999999999997	25.95	43.3	35.979999999999997	14.7	7.78	Foot-Taps	AUC	Peak Force	Time to Peak	Time to Base	Total Tap Time	% Time to Peak	% Time to Base	32.11	64.849999999999994	31.44	28.01	46.33	37.39	15.76	9.7799999999999994	Post	26.4	35.369999999999997	27.81	26.89	28.97	27.87	6.33	4.6500000000000004	26.4	35.369999999999997	27.81	26.89	28.97	27.87	6.33	4.6500000000000004	Foot-Taps	AUC	Peak Force	Time to Peak	Time to Base	Total Tap Time	% Time to Peak	% Time to Base	24.97	64.64	32.08	36.39	40.229999999999997	38.14	7.73	5.72	
Percent Difference (%)




Involved	56.05	131.41	70.37	35.76	46.05	42.71	33.39	10.62	56.05	131.41	70.37	35.76	46.05	42.71	33.39	10.62	Foot-Taps	AUC	Peak Force	Time to Peak	Time to Base	Total Tap Time	% Time to Peak	% Time to Base	40.71	46.01	26.65	7.55	-2.92	-0.39	15.17	-5.28	Non	19.18	112.02	66.510000000000005	0	29.74	27.01	15.52	9.07	19.18	112.02	66.510000000000005	0	29.74	27.01	15.52	9.07	Foot-Taps	AUC	Peak Force	Time to Peak	Time to Base	Total Tap Time	% Time to Peak	% Time to Base	23.88	15.1	16.260000000000002	-1.88	-6.54	-5.15	5.85	-2.52	
Percent Change (%)
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Table 2. Changes in Subject Characteristics and Functional Measures from Pre- to Post-
intervention

Pre Post p Partial eta?
Age (years) 47.94 + 10.04 47.94 + 10.04 1.000 0.000
# of Heel Raises (Involved) 7.381+7.94 13.00 + 10.28 0.021* 0.307
# of Heel Raises (Non) 16.44 + 8.98 19.75 + 8.87 0.061 0.215
# of Foot-taps (Involved) 19.47 +8.48 23.87+7.14 0.006* 0.433
# of Foot-Taps (Non) 25.81+7.60 29.94 £ 7.06 0.001* 0.502
MAS +1.31+1.01 1.62+1.15 0.003* 0.445
25FWT (seconds) 7.441+2.61 6.22 +£1.67 0.006* 0.399
6MWT (meters) 332.54+124.06 369.55+113.80 <0.001* 0.649
MFIS 38.19+15.24 30.62 +19.81 0.166 0.124

Values are mean * SD. * represents a statistically significant difference across visits at p < 0.05.
MAS = Modified Ashworth scale, 25FWT = 25-foot walk test, 6MWT = six-minute walk test, MFIS =
modified fatigue impact scale









 

Table 2. Changes in Subject Characteristics and Functional Measures from Pre- to Post-
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Pre  Post  p  Partial eta

2

 

Age (years)  47.94 ± 10.04  47.94 ± 10.04  1.000  0.000 

# of Heel Raises (Involved)  7.38 ± 7.94  13.00 ± 10.28  0.021*  0.307 

# of Heel Raises  (Non) 

16.44 ± 8.98  19.75 ± 8.87  0.061  0.215 

# of Foot-taps (Involved)  19.47 ± 8.48  23.87 ± 7.14  0.006*  0.433 

# of Foot-Taps (Non)  25.81 ± 7.60  29.94 ± 7.06  0.001*  0.502 

MAS  +1.31 ± 1.01  1.62 ± 1.15  0.003*  0.445 

25FWT (seconds)  7.44 ± 2.61  6.22 ± 1.67  0.006*  0.399 

6MWT (meters)  332.54 ± 124.06  369.55 ± 113.80  <0.001*  0.649 

MFIS 

38.19 ± 15.24  30.62 ± 19.81  0.166  0.124 

Values are mean ± SD. * represents a statistically significant difference across visits at p ≤ 0.05. 

MAS = Modified Ashworth scale, 25FWT = 25-foot walk test, 6MWT = six-minute walk test, MFIS = 

modified fatigue impact scale 
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Table 3. Acute Changes in SEMG Measures Pre-needling, Post-needling and Post-Functional Electrically Stimulated Walking in Involved
vs. Non-involved Legs

Involved Leg Non-involved Leg
Pre-Needling Post-Needling Post-FESW p-value Pre-Needling Post-Needling Post-FESW p-value
SampEn 1.16+0.14 1.22 £ 0.12%* 1.22 £ 0.17* 0.028 1.19+0.13 1.20+0.14 1.27 £ 0.14* 0.017
MnAmp (uV) 49.85+36.18 41.54+2522  48.67 +39.31 0.158 57.97+33.98 61.57+37.45 53.20 £ 32.39 0.138

MnFreq (Hz)
MdFreq (Hz)

146.73 £ 14.27 148.23+8.84 151.22+18.84 0.478 144.66 +25.12 140.67 +26.48 153.22 +25.12*t 0.029
131.40+16.27 131.85+10.35 134.17+22.12 0.805 125.87+30.76 122.63+31.37 135.00+*32.23 0.057

Values are means + SD. * represents a statistically significant difference compared to Pre-Needling and 1 represents a statistically
significant difference compared to Post-Needling at p < 0.05. FESW = Functional Electrically Stimulated Walking, SampEn = sample entropy,

MnAmp = mean amplitude, MnFreq = mean frequency, MdFreq = median frequency
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Table 4. Pre-needling, Post-needling, and Post-Functional Electrically Stimulated Walking
SEMG Repeated Measures Correlations

SampEn MnAmp MnFreq MdFreq

Involved

SampEn X X X X

MnAmp -0.162, 0.367 X X X

MnFreq 0.670, <0.001 <0.001, 0.998 X X

MdFreq 0.608, <0.001 0.073, 0.687 0.974, <0.001 X
Non

SampEn X X X X

MnAmp -0.276, 0.120 X X X

MnFreq 0.814, <0.001 -0.453, 0.008 X X

MdFreq 0.756, <0.001 -0.459, 0.007 0.984, <0.001 X

Values are repeated measures correlation coefficients, p value with significance set p <
0.05. SampEn = sample entropy, MnAmp = mean amplitude, MnFreq = mean frequency,
MdFreq = median frequency
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Table 5. Acute (Within Visit) Changes in SEMG Measures Pre- and Post-FESW in Involved vs. Non-involved Legs

Involved Leg Non-involved Leg
Pre-FESW Post-FESW p-value Pre-FESW Post-FESW p-value
SampEn 1.20+£0.22 1.20+£0.26 0.911 1.19+0.20 1.23+0.20 0.081
MnAmp (uV) 58.02 + 34.43 82.71 £ 101.65 0.362 56.71+32.49 54.89 + 36.30 0.609

MnFreq (Hz) 141.70+£30.06  139.97 £39.23 0.658 139.22 £ 38.99 149.29 £ 41.16* 0.006
MdFreq (Hz) 123.85+33.71 123.23 £39.85 0.873 120.71 +43.16 127.87 + 48.39* 0.009

Values are means + SD. * indicates a statistically significant difference compared to Pre-FESW at p < 0.05. FESW
= Functional electrically stimulated walking, SampEn = sample entropy, MnAmp = mean amplitude, MnFreq =
mean frequency, MdFreq = median frequency
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Table 6. Pre- and Post-Functional Electrically Stimulated Walking sEMG Repeated
Measures Correlations

SampEn MnAmp MnFreq MdFreq

Involved

SampEn X X X X

MnAmp -0.819, <0.001 X X X

MnFreq 0.837, <0.001 -0.581, 0.018 X X

MdFreq 0.724, 0.002 -0.373,0.155 0.963, <0.001 X
Non

SampEn X X X X

MnAmp 0.293,0.271 X X X

MnFreq -0.101, 0.710 -0.570, 0.021 X X

MdFreq 0.266, 0.319 -0.425,0.100 0.833, <0.001 X

Values are repeated measures correlation coefficients, p value with significance set p <
0.05. SampEn = sample entropy, MnAmp = mean amplitude, MnFreq = mean frequency,
MdFreq = median frequency










image7.emf
Table 7. Chronic (Between Visit) Changes in SEMG measures at Pre, Mid, and Post-intervention Timepoints

Involved Non-involved
Pre Mid Post p Pre Mid Post p
SampEn 1.14+0.22 1.20 +0.25 1.22 +0.19 0.489 1.22+0.14 1.23+0.19 1.18 +0.21 0.618

MnAmp (uV) 50.52 *+35.62 50.31+31.76 61.92 £+46.21 0.326  52.65 +32.13 65.37 £42.33 66.74 £54.87 0.352
MnFreq (Hz) 148.93 +25.31 148.80 +34.77 149.54 +26.42 0.997 147.20 +£22.83 145.33 +37.82 138.12 +42.84 0.534
MdFreq (Hz) 128.21 £27.78 131.68 +40.68 133.28 +33.13 0.901 128.11 £30.41 125.93 +44.84 120.17 £49.47 0.651

Values are means + SD. SampEn = sample entropy, MnAmp = mean amplitude, MnFreq = mean frequency, MdFreq = median frequency









 

Table 7. Chronic (Between Visit) Changes in sEMG measures at Pre, Mid, and Post-intervention Timepoints 

   Involved     Non-involved    

 

Pre  Mid  Post  p  Pre  Mid  Post  p 

SampEn 

1.14 ± 0.22  1.20  ± 0.25  1.22  ± 0.19  0.489  1.22 ± 0.14  1.23 ± 0.19  1.18  ± 0.21  0.618 

MnAmp (uV) 

50.52  ± 35.62  50.31 ± 31.76  61.92  ± 46.21  0.326  52.65  ± 32.13  65.37  ± 42.33  66.74  ± 54.87  0.352 

MnFreq (Hz) 

148.93  ± 25.31  148.80  ± 34.77  149.54  ± 26.42  0.997  147.20  ± 22.83  145.33  ± 37.82  138.12  ± 42.84  0.534 

MdFreq (Hz) 

128.21  ± 27.78  131.68  ± 40.68  133.28  ± 33.13  0.901  128.11  ± 30.41  125.93  ± 44.84  120.17  ± 49.47  0.651 

Values are means ± SD. SampEn = sample entropy, MnAmp = mean amplitude, MnFreq = mean frequency, MdFreq = median frequency 
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Table 8: Chronic (Between Visits) SEMG Repeated Measures Correlations in Involved and Non-Involved

Legs
MFIS 6MWT 25FWT Heel Raises Foot-Taps
Involved
SampEn  -0.328,0.214  0.000, 0.999 -0.270, 0.312 0.361, 0.170 0.432,0.095
MnAmp  -0.046,0.866  0.356,0.176 -0.073, 0.787 0.084, 0.756 0.101, 0.711
MnFreq -0.371,0.157 -0.085,0.754  -0.108, 0.692 0.309, 0.244 0.142, 0.601
MdFreq -0.330,0.212  -0.138,0.611 0.059, 0.830 0.042,0.878  -0.069, 0.801
Non
SampEn 0.191, 0.479 -0.361, 0.169 0.273, 0.306 -0.192,0.477 -0.072,0.791
MnAmp  -0.043,0.874  0.211,0.432 -0.106,0.696  -0.322,0.224  0.253,0.345
MnFreq 0.296, 0.265 -0.412,0.113 0.352,0.181 -0.361,0.169  -0.051, 0.852
MdFreq 0.205, 0.445 -0.371,0.158  0.780, <0.001 0.015,0.957  -0.009, 0.975

Values are repeated measures correlation coefficients, p value with significance set p < 0.05. SampEn =
sample entropy, MnAmp = mean amplitude, MnFreq = mean frequency, MdFreq = median frequency,
MFIS = modified fatigue impact score, EBMWT = six-minute walk test, 25FWT = 25-foot walk test
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Table 9. Chronic (Between Visits) Changes in Foot-Tapping Rate of Force Development

Visit 1 Visit 14
Involved Non p-value Involved Non p-value
# of Foot-Taps 18.25 +9.53 25.81 + 7.60* 0.010 22.38 £ 9.12% 29.94 + 7.06*+ 0.015
AUC (arbitrary units) 1381.09 £ 1935.22  546.60 £ 350.77 0.088 773.51+431.18 493.88 + 386.66* 0.030
Peak Force (N) 44.63 +33.04 35.17 +15.84 0.195 40.59 £ 12.96 36.76 £ 16.73 0.338
Time to Peak (cs) 13.70 £ 5.46 10.48 + 1.48* 0.037 13.99 +5.29 10.18 + 2.64* 0.019
Time to Base (cs) 27.55 +23.00 14.83 +5.47* 0.031 18.92 +6.33 12,99 +4.51* 0.004
Total Tap Time (cs) 39.57 + 20.87 25.24 + 6.66* 0.010 32.90 £ 11.40 23.12 + 6.88* 0.007
% Time to Peak (%) 38.33+6.89 42.55 +5.76* 0.026 42.20 +3.14 44.39 + 3.80* 0.037
% Time to Base (%) 61.67 + 6.89 57.43 +5.73* 0.026 57.80+3.14 55.61 + 3.80* 0.037

Values are means + SD. * indicates a statistically significant difference compared to the involved leg at p < 0.05. t Indicates a
statistically significant difference compared to the Pre-intervention in the respective leg at p < 0.05. AUC = area under the curve
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Table 10. Percent Difference Between Legs at Pre- and Post-intervention

% Difference (Involved vs Non-Involved Leg)

Pre Post p-value P:::La !
# of Foot-Taps 32.11+34.24 2497 £ 26.40 0.354 0.062
AUC (Arbitrary Units)  64.85+53.90  64.64 + 35.37 0.989 0.000
Peak Force (N) 31.44+32.41  32.08+27.81 0.951 0.000
Time to Peak (cs) 28.01 £ 25.95 36.39 + 26.89 0.198 0.116
Time to Base (cs) 46.33+43.30  40.23 +28.97 0.570 0.024
Total Tap Time (cs) 37.39+35.98 38.14+27.87 0.927 0.001
% Time to Peak (%) 15.76 £ 14.70 7.73+6.33 0.096 0.186
% Time to Base (%) 9.78£7.78 5.72 +4.65 0.142 0.148

Values are mean percent (%) differences + SD. AUC = area under the curve









 

Table 10. Percent Difference Between Legs at Pre- and Post-intervention  

   % Difference (Involved vs Non-Involved Leg) 

  

Pre  Post  p-value 

Partial 

eta2 

# of Foot-Taps 

32.11 ± 34.24  24.97 ± 26.40  0.354  0.062 

AUC (Arbitrary Units) 

64.85 ± 53.90  64.64 ± 35.37  0.989  0.000 

Peak Force (N) 

31.44 ± 32.41  32.08 ± 27.81  0.951  0.000 

Time to Peak (cs) 

28.01 ± 25.95  36.39 ± 26.89  0.198  0.116 

Time to Base (cs) 

46.33 ± 43.30  40.23 ± 28.97  0.570  0.024 

Total Tap Time (cs) 

37.39 ± 35.98  38.14 ± 27.87  0.927  0.001 

% Time to Peak (%) 

15.76 ± 14.70  7.73 ± 6.33  0.096  0.186 

% Time to Base (%) 

9.78 ± 7.78  5.72 ± 4.65  0.142  0.148 

Values are mean percent (%) differences ± SD. AUC = area under the curve 
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Table 11. Percent Change from Pre to Post Intervention in the Involved vs Non-

Involved Legs

% Change (Pre- to Post-intervention)

Involved Non p-value P:::Za !
# of Foot-Taps 40.71 + 56.05 23.88 £ 19.18 0.191 0.119
AUC (Arbitrary Units)  46.01+131.41 15.10%112.02 0.413 0.048
Peak Force (N) 26.65 +70.37 16.26 £ 66.51 0.583 0.022
Time to Peak (cs) 7.55+35.76 -1.88 + 24.05 0.298 0.077
Time to Base (cs) -2.92 £46.05 -6.54 £ 29.74 0.705 0.011
Total Tap Time (cs) -0.39+42.71 -5.15+27.01 0.598 0.020
% Time to Peak (%) 15.17 +33.39 5.85 +15.52 0.195 0.117
% Time to Base (%) -5.28 £10.62 -2.52£9.07 0.345 0.064

Values are mean percent (%) differences + SD. AUC = area under the curve









 

Table 11. Percent Change from Pre to Post Intervention in the Involved vs Non-

Involved Legs 

   % Change (Pre- to Post-intervention) 

 

  

Involved  Non  p-value 

Partial 

eta

2 

# of Foot-Taps 

40.71 ± 56.05  23.88 ± 19.18  0.191  0.119 

AUC (Arbitrary Units) 

46.01 ± 131.41  15.10 ± 112.02  0.413  0.048 

Peak Force (N) 

26.65 ± 70.37  16.26 ± 66.51  0.583  0.022 

Time to Peak (cs) 

7.55 ± 35.76  -1.88 ± 24.05  0.298  0.077 

Time to Base (cs) 

-2.92 ± 46.05  -6.54 ± 29.74  0.705  0.011 

Total Tap Time (cs) 

-0.39 ± 42.71  -5.15 ± 27.01  0.598  0.020 

% Time to Peak (%) 

15.17 ± 33.39  5.85 ± 15.52  0.195  0.117 

% Time to Base (%) 

-5.28 ± 10.62  -2.52 ± 9.07  0.345  0.064 

Values are mean percent (%) differences ± SD. AUC = area under the curve 
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Table 12: Foot-Tapping and Functional Measures Repeated Measures Correlations (Pre- to Post-Intervention)

MFIS 6MWT 25FWT Heel Raises Foot-Taps
Involved
AUC 0.569,0.022 -0.357,0.174 0.786,<0.001 -0.671,0.004 -0.774,<0.001
Peak Force 0.610,0.012 -0.187,0.489 0.655,0.006 -0.557,0.025 -0.693, 0.003
Time to Peak 0.149,0.583  -0.020,0.942 0.270,0.312  -0.057,0.835 -0.458, 0.075
Time to Base 0.577,0.019 -0.382,0.144 0.789,<0.001 -0.718,0.002 -0.815, <0.001
Total Tap Time 0.547,0.028 -0.355,0.177 0.740,0.001 -0.624,0.010 -0.821, <0.001
-0.687,
% Time to Peak 01110.003 0.472,0.065 -0.728,0.001 0.717,0.002 0.749, <0.001
% Time to Base 0.687,0.003 -0.472,0.065 0.782,0.001 -0.717,0.002 -0.749, <0.001
Non
AUC 0.430,0.097  -0.015, 0.956 0.296,0.266  -0.183,0.497 -0.234,0.382
Peak Force 0.380, 0.146 0.139, 0.607 0.093,0.732  -0.234,0.383 -0.029,0.916
Time to Peak 0.152,0.575 0.003, 0.992 0.135,0.619 -0.021,0.939 -0.227,0.399
Time to Base 0.587,0.017 -0.242,0.366 0.570,0.021 -0.194,0.471 -0.525,0.0378
Total Tap Time 0.457,0.075 -0.170,0.528 0.446,0.083  -0.143,0.597 -0.456, 0.076
% Time to Peak  -0.687,0.003  0.254,0.343 -0.578,0.019 0.179,0.508  0.545, 0.029
% Time to Base 0.687,0.003  -0.254,0.343 0.578,0.019 -0.179,0.508 -0.545, 0.029
% Difference
AUC 0.247,0.356  -0.135,0.619 0.491,0.053  0.273,0.306  0.598, 0.014
Peak Force 0.361,0.170  -0.163, 0.546 0.474,0.063  0.111, 0.681 0.331,0.210
Time to Peak 0.024,0.931 0.190, 0.480 0.069,0.798 -0.392,0.133  0.341,0.197
Time to Base 0.428,0.098 -0.250,0.351 0.638,0.008 0.365,0.164 0.846, <0.001
Total Tap Time 0.382,0.144  -0.120, 0.657 0.498,0.050 0.201,0.455 0.789, <0.001
% Time to Peak  0.347,0.188  -0.441,0.087 0.581,0.0018 0.453,0.078  0.678, 0.004
% Time to Base 0.199,0.459 -0.411,0.114 0.427,0.099  0.248,0.354  0.575,0.020

Values are repeated measures correlation coefficients, p value with significance set at p < 0.05. AUC = area under the

curve, MFIS = modified fatigue impact scale, EBMWT = six-minute walk test, 25FWT = 25-foot walk test
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Table 13: Acute (Within Visit) Changes in SEMG Measures Effect
Sizes

Partial Eta?

Leg x Time Leg Time

Dry-Needling + FESW

SampEn 0.151 0.035 0.305
MnAmp 0.198 0.131 0.038
MnFreq 0.108 0.012 0.212
MdFreq 0.092 0.026 0.141
FESW Only
SampEn 0.076 0.013 0.080
MnAmp 0.065 0.059 0.052
MnFreq 0.388 0.009 0.131
MdFreq 0.246 0.000 0.102

Values are partial eta squared from two-way repeated measures
ANOVA. FESW = Functional electrically stimulated walking, SampEn
= sample entropy, MnAmp = mean amplitude, MnFreq = mean
frequency, MdFreq = median frequency









Table 13: Acute (Within Visit) Changes in sEMG Measures Effect 
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2 

     

Leg x Time  Leg  Time 

Dry-Needling + FESW 

       

 

SampEn 

0.151  0.035  0.305 

 

MnAmp 

0.198  0.131  0.038 

 

MnFreq 

0.108  0.012  0.212 

 

MdFreq 

0.092  0.026  0.141 

FESW Only 

       

 

SampEn 

0.076  0.013  0.080 

 

MnAmp 

0.065  0.059  0.052 

 

MnFreq 

0.388  0.009  0.131 

  

MdFreq 

0.246  0.000  0.102 

Values are partial eta squared from two-way repeated measures 

ANOVA. FESW = Functional electrically stimulated walking, SampEn 

= sample entropy, MnAmp = mean amplitude, MnFreq = mean 

frequency, MdFreq = median frequency 
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Table 14: Chronic (Between Visit) Changes in SEMG and Foot-Tapping Measures Effect
Sizes

Partial Eta?
Leg x Visit Leg Visit
SEMG Measures
SampEn 0.072 0.116 0.020
MnAmp 0.055 0.047 0.078
MnFreq 0.025 0.048 0.012
MdFreq 0.032 0.034 0.003
Foot-Tapping Measures
Foot-taps 0.001 0.416 0.574
AUC 0.093 0.281 0.081
Peak Force 0.041 0.147 0.003
Time to Peak 0.020 0.341 0.000
Time to Base 0.100 0.430 0.124
Total Tap Time 0.067 0.478 0.098
% Time to Peak 0.081 0.410 0.206
% Time to Base 0.083 0.411 0.206

Values are partial eta squared from two-way repeated measures ANOVA. SampEn = sample
entropy, MnAmp = mean amplitude, MnFreq = mean frequency, MdFreq = median

frequency









Table 14: Chronic (Between Visit) Changes in sEMG and Foot-Tapping Measures Effect 

Sizes 

 

      Partial Eta2 

      Leg x Visit  Leg  Visit 

sEMG Measures 

 

     

 

SampEn  0.072  0.116  0.020 

 

MnAmp  0.055  0.047  0.078 

 

MnFreq  0.025  0.048  0.012 

 

MdFreq  0.032  0.034  0.003 

Foot-Tapping Measures 

 

     

 

Foot-taps  0.001  0.416  0.574 

 

AUC  0.093  0.281  0.081 

 

Peak Force  0.041  0.147  0.003 

 

Time to Peak  0.020  0.341  0.000 

 

Time to Base  0.100  0.430  0.124 

 

Total Tap Time  0.067  0.478  0.098 

 

% Time to Peak  0.081  0.410  0.206 

   % Time to Base  0.083  0.411  0.206 

Values are partial eta squared from two-way repeated measures ANOVA. SampEn = sample 

entropy, MnAmp = mean amplitude, MnFreq = mean frequency, MdFreq = median 

frequency
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Measures of Spasticity in Patients with Multiple Sclerosis

On behalf of the Institutional Review Board (IRB), | have reviewed the Determination of Human Research
Worksheet for the above-referenced project. Based on the information provided, | have determined this
does not meet the criteria for human subjects research. No additional action is required by the IRB.

Your submission packet has been withdrawn as of the date noted above. Please note that this project
is still subject to HIPAA if you are creating, using, or maintaining protected health information.

If you have questions about this notification or using iRIS, contact the HRPP office at (405) 271-2045 or
irb@ouhsc.edu.

Sincerely,

Christine Allen, MD, Chair
Institutional Review Board

865 Research Parkway, Suite 400, Oklahoma City, OK 73104 (FWA 00007961)
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