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ABSTRACT 

High-frequency vibration applied to the musculotendinous junction of a joint induces an illusory 

perception of the stimulated joint’s position. Historically, the illusory perception of movement 

during tendon vibration was described as a certain outcome, but more recently has been 

reportedly difficult to elicit in many instances. This poses problems for researchers who have 

expressed interest in manipulating human responses to tendon vibration for the purpose of 

neurorehabilitation. The purpose of this dissertation was to investigate factors that may influence 

the perception of the movement illusions induced by tendon vibration.The first experiment 

examined the influence of one’s knowledge and expectations about the illusion, as well as, 

whether directing attention to or away from the tendon vibration stimulation influenced the 

magnitude of movement illusions experienced. Providing instructions about the expected 

direction of movement illusions during tendon vibration, irrespective of their accuracy, reduced 

the magnitude of movement illusions perceived. Directing the attention to the external aspects of 

the joint positioning task, reduced the magnitude of the illusions the greatest extent, while the 

addition of a 1-back cognitive task meant to dilute attention resources was not challenging 

enough to alter the movement illusions perceived.The second experiment compared movement 

illusions induced by tendon vibration in a group of young and older adults. Participants 

experienced tendon vibration while performing both a continuous and discrete contralateral 

matching task, at both the elbow and knee, on both sides of the body. Older adults experienced a 

larger magnitude of movement illusions at the elbow and in the continuous contralateral 

matching task, while no differences between young and old were observed in the discrete 

matching task, at the knee or between the left and right limbs. A positive correlation was 



 

 

observed in movement illusions experienced between the continuous and discrete matching 

tasks, and between the left and right side of the body. In the second experiment, we also 

observed a weak but positive correlation between motor imagery ability and the magnitude of 

movement illusions perceived in the continuous contralateral matching task and at the elbow. 

Together, these outcomes suggest that the perception of movement illusions during tendon 

vibration results from the integration of both central and peripheral neural processes. Instructions 

about the illusions and the task can bias the outcome of experiments regarding tendon vibration 

and researchers should carefully consider their instructions and maintain consistency across 

participants and conditions. Elderly individuals and those who experience more vivid motor 

imagery experience greater movement illusions during tendon vibration stimulation, although the 

duration and location of stimulation would also influence the extent to which someone would 

experience movement illusions. These factors may be used to improve future investigations into 

human responses to tendon vibration. Future investigations should examine movement illusions 

in additional joints and a broader age range of participants before using these factors to identify 

individuals for the use of tendon vibration in neurorehabilitation. 
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I.  Introduction 

 Proprioception is the body’s sense of position and movement of itself and its parts and is 

useful for guidance and coordination of movement. Proske & Gandevia (2012) offer a thorough 

review of the literature that defines the sense of proprioception and the consequences of its 

decay. Proprioception is also responsible for the sense of effort and work. There are various 

sensory receptors that contribute to proprioception, but muscle spindles are reported to be the 

primary sources of proprioceptive input (Bianconi & Van Der Meulen, 1963). The muscle 

spindles are known to detect the magnitude, direction, and velocity of change in muscle length, 

while Golgi Tendon organs are presumed to detect changes in muscle tension. Many times vision 

is also considered a proprioceptive receptor because it also provides us with information about 

the location of our body and limbs. Proprioception is especially important for movement. When 

this sensory modality is impaired, movement is difficult, less coordinated, and likely to result in 

injury (Proske & Gandevia, 2012).  

 Traditional illusions of joint motion were observed in response to muscle tendon 

vibration (tV) decades ago (Goodwin, McCloskey, & Matthews, 1972). In these early 

experiments, tV was applied to the primary muscle tendon operating on the elbow joint of one 

limb, and volunteers were asked to replicate any perceived changes in position with the 

contralateral limb. When tV was applied to flexor muscles, most participants indicated an 

illusion in the direction of extension of the designated joint. Figure 1.1 offers a visual example. 

On the other hand, when tV was applied to extensor muscles, the opposite was true (Goodwin, 
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McCloskey, et al., 1972; Rogers & Bendrups, 1985). Therefore, it was decided that tV 

traditionally causes an illusion of muscle lengthening (MI).  

 In certain circumstances, tV can also lead to muscle contractions in the agonist or 

antagonist muscle (Burke & Schiller, 1976; Eklund & Hagbarth, 1966). This could be reflexive 

or may be an act of the central nervous system to try to correct or reconcile the contradiction 

between the proprioceptors indicating an MI and other sensory information that opposes the 

illusion. Muscle spindles are the primary receptor responsible for MI (Bianconi & Van Der 

Meulen, 1963). Thus, tV was uncovered as a tool both to study proprioception and the role of the 

muscle spindle.  

Figure 1.1: Traditional Illusion of movement. When vibration ~80-100 Hz is applied to a flexor muscle, an illusion of 

joint extension (shaded area) is experienced 
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However, many studies of the response to tV point to more individual variability than is 

suggested above. In fact, many times individuals who did not respond as expected to tV were 

excluded from participation in these studies. Figure 1.2 lists several examples of studies, which 

note that the expected response to tV was not observed in several participants. The practice of 

excluding individuals whose responses do not fit the traditional theory of perception of tV, 

whether at the recruitment or analysis stage, has left us with an incomplete understanding of the 

conditions in which the traditional perceptual and motor consequences occur and the factors that 

either diminish or change the responses. 

 

Paper Specimen Examples of Non-responders 

Bianconi et al., 1963 Cat Tendons 11 of 58 cat tendons did not exhibit changes in background 

muscle spindle firing during tV 

Fuentes et al., 2012 Human 20-25% per experiment were excluded because they did not 

respond to tV 

Seizova-Cajic et al., 2007 Human 40% of subjects did not experience after effects when tV was 

removed 

Burke & Schiller, 1976 Human 1 of 6 participants did not respond to tV 

Burrack, & Brugger, 2005 Human 2 of 32 did not experience MI during tV; the remaining 30 

responded on at least 1 of 6 trials.  It is not clear which 

percentage of trials a response was observed. 

Calvin Figuiere et al., 2000 Human Pre-screened subjects to find 13 who responded to vibration.  

Not clear how many they tested that did not respond. 

Cordo et al., 2005 Human 4 of 15 did not exhibit Tonic Vibration Reflex of biceps brachii; 

10 of 15 did not experience Tonic Vibration Reflex of Triceps 

Figure 1.2: Papers that reference unexpected responses to tV  
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 While many parameters of vibration stimulation have been investigated, there are still 

many unknowns. It is least understood whether MI requires an optimum amount of cognitive 

awareness and processing. It is possible that cognitive processing strongly influences MI during 

tV stimulation. The combination of motor imagery with tendon vibration has been shown to 

influence MI direction and velocity (Shibata & Kaneko, 2013; Thyrion & Roll, 2009). The 

presentation of a visual distractor task reduces the perceived velocity and duration of MI after 

effects (Seizova-Cajic & Azzi, 2010) which indicates that attention to tV stimulation may be 

required for the perception of MI. The depth of thinking one devotes to the sensations induced tV 

may mitigate the perception of MI (Burrack & Brugger, 2005). Furthermore, one’s expectations 

about the possibility of movement during MI have also been observed to impact the magnitude 

of MI experienced (Rabin & Gordon, 2004a). When MI were not immediately apparent, 

investigators have reported that providing instructions about the expected illusion increased the 

chance of observing an MI (Rabin & Gordon, 2004a, 2006; Schofield, Dawson, Carey, & Hebert, 

2015). This indicates that the power of persuasion is an important factor in the presence of MI 

during application of tV. It also raises questions of whether participants in early studies were 

equally influenced by instructions about the task and prior knowledge of the effects of vibration. 

Contextual factors such as the location of stimulation may also contribute to variations in 

responses. First, the perceptual and motor responses to tV likely differ depending on the limb to 

which tV is applied. Investigators have presented evidence that the left arm is specialized for 

proprioceptive feedback (Goble & Brown, 2008a). This may indicate greater susceptibility to the 

perceptual and motor consequences of tV because proprioceptive information is weighed more 
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heavily. As evidence of this, position matching performance differs during tV stimulation 

between left and right limbs (Adamo, Scotland, & Martin, 2012; Martin & Adamo, 2011). 

Despite known differences, a positive relationship between the MI experienced in the right and 

left limbs has been reported, such that a large MI in one limb, would predict a large MI in the 

other (Naito et al., 2007), which may be related to the fact that MI on both the right and left side 

of the body reportedly are processed in the same area of the cortex (Naito et al., 2007).  

 Second, there may be differences in responses to tV between upper and lower limb. 

Proprioceptive acuity at each joint is thought to be independent of proprioceptive acuity at 

another (Han, Anson, Waddington, & Adams, 2013; E. Naito et al., 2007), and knee joint 

position sense is less accurate than elbow joint position sense (Paschalis, Nikolaidis, Giakis, 

Jamurtas & Koutedakis, 2009). Furthermore, no relationship was observed between MI 

experienced at joints of the hand and the foot (Naito et al., 2007). So it seems likely that the 

magnitude of the responses to tV differs between the upper and lower limbs as well.  

 The age of an individual is a potential contributor to the variability of responses to tV. 

The aging process invariably results in impairment of many sensory and motor skills.   

Proprioception is not the least of these. Variability of dynamic position matching of the upper 

limb increases exponentially with age (Herter, Scott, & Dukelow, 2014). The deficit in the ability 

of elderly individuals to detect changes in position is greater in the lower extremity than the 

upper extremity, and dependent on the velocity of that change (Kokmen, Bossemeyer, & 

Williams, 1978). Both older and young adults yield the same direction of error when performing 

a position task with tV stimulation; however, the absolute error of older adults is much greater 
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than young (Verschueren, Brumagne, Swinnen, & Cordo, 2002). Furthermore, the literature 

states that elderly individuals are less sensitive to vibration, with the most abrupt declines in the 

perception of tV stimulation occurring between 50-65 years of age (Verrillo, 1980). Yet, older 

adults exhibit greater backward sway in response to tV stimulation of Achilles tendons than 

young adults and tend to overcorrect when returning to their starting (vertical) position when the 

tV stimulus is removed (Abrahámová, Mancini, Hlavačka, & Chiari, 2009). Cognitive abilities 

such as attention and working memory are generally impaired with age (Sylvain-Roy, Lungu, & 

Belleville, 2015) and these abilities are also associated with performance on position sense tasks 

when tV is applied (Seizova-Cajic & Azzi, 2010). Therefore, if any of the contextual or cognitive 

factors is found to have a relationship with the perception of MI, these relationships are likely to 

be mediated by age.   

Investigators have reported activation in specific central processing areas during the 

perception of MI and so the influence of task context and age may reflect differences in central 

processing. Researchers agree that perception of MI uniquely activates the right inferior frontal 

parietal areas connected by the superior longitudinal fasciculus although other areas such as the 

pre and post central gyri are also activated by both tV and MI (Amemiya & Naito, 2016; Goble 

et al., 2012; Naito et al., 2007; Naito, Morita, & Amemiya, 2016). The right inferior frontal 

parietal cortex is activated regardless of whether MI is experienced in the hand or foot or on the 

right or left side of the body  (Naito et al., 2007). Humans experience both structural and 

functional changes of the cerebrum as they age, which may explain why some researchers have 

noted differences in how young and older adults process MI (Goble et al., 2012).  
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1.1 Motivation 

In the absence of vision, proprioception is the primary means by which we determine the 

location of our limbs relative to ourselves. Individuals who are impaired in this sensory modality 

are highly reliant on vision to guide even the simplest of movements, making both control and 

coordination of movement cognitively demanding, clumsy and slow (Proske & Gandevia, 2012). 

Consequently, loss of proprioception often results in injury.   

 tV  has proven to be a powerful tool in studying proprioception, and recently some 

investigators have suggested that vibration has the potential for diagnostic or rehabilitative 

purposes. However, a deeper examination of the literature implies that the human response to tV 

is actually volatile in nature since on many occasions researchers report a failure to elicit a 

response in many of their study participants. So, the true nature of this phenomenon is not fully 

understood, and it is important to clarify which factors significantly impact the perceptual and 

motor responses to tV in order to move forward in discovering whether tV has potential as a tool 

for either diagnosing impairment or assisting in motor recovery. 

1.2 Problem statement 

  Some researchers have begun to pursue tV as an assistive device for improved control in 

gait and posture. While some have been able to find changes in motor behavior after application 

of tV to muscle tendons, the effects are small and highly variable (Duclos, Kemlin, Lazert, 

Gagnon, & Dyer, 2014; Verschueren et al., 2002). Others have inferred that perceptual and 

motor responses to tV could be used in a diagnostic way, as there are clear differences in 

responses between healthy and impaired adults (Bonan, Marquer, Eskiizmirliler, Yelnik, & 
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Vidal, 2013; Eklund & Hagbarth, 1966; Verrillo, 1980). However, without a clear understanding 

of the conditions that precede the traditional perceptual and motor consequences of tV, clinicians 

and researchers alike can neither discern whether responding in one way or another is indicative 

of impairment, nor whether any one person would benefit from practice with tV stimulation 

during motor tasks.   

1.3 Research Objectives  

 The purpose of this dissertation was to identify whether age, cognitive processing, and 

task context contribute to the variation in direction and magnitude of muscle responses to tV. In 

regards to this, three specific questions were examined. 

Question 1.   Is there a relationship between responses to tV in upper and lower limb 

matching tasks?  

Question 2.  Do perceptual and motor responses to tV during matching tasks differ with age 

and task context?   

Question 3.  What is the role of cognitive processing in the perceptual and motor illusions 

induced by tV during a matching task?  

These questions were addressed through the following set of events. In Experiment 1, 

healthy young and elderly adults were recruited to participate in two tasks at both the elbow and 

knee of both the right and left side of the body. In the continuous contralateral matching task, 

participants matched the position of their reference limb, by moving their contralateral limb to 

the same position continuously for a period of 10 seconds. In the discrete matching task, 
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participants immediately moved the contralateral limb to match the position of the reference limb 

as soon as the reference limb was restrained at the target position. The angular displacement of 

each limb during the matching task was measured as an indicator of the presence of MI. For 

question 1, Pearson’s correlation was used to determine whether responses in either task, joint, or 

side of the body were related to each other or related to the age of the individual. For question 2, 

a multivariate, repeated measures analysis of variance (rANOVA) was used to determine if there 

was a significant difference between matching performance in joint, limb, task and age group.   

In Experiment 2, cognitive factors that may impact the perceptual and motor responses to 

tV were specifically addressed. The same elbow Continuous Matching task was used as 

described previously where vibration is applied to the biceps brachii of the reference arm. The 

task was performed when vibration was applied under four different conditions: 1. no 

instructions provided about attention or MI, 2. either correct or incorrect instructions about the 

direction of the anticipated MI provided, 3. either an internal or external focus of attention 

adopted by participants and 4. an additional attention demanding task completed during the 

matching task. In Experiment II, angular position error was used to infer the presence of MI. To 

answer question 3, multivariate rANOVA was employed to determine whether significant 

differences exist between each cognitive condition.   

1.4 Hypotheses 

For Experiment I, it was hypothesized that there is a positive relationship between responses 

to tV in the right and left limbs, but not between the elbow and knee, or between the two 

different tasks, based on literature that has reported these relationships in position matching tasks 
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(Grob, Kuster, Higgins, Lloyd, & Yata, 2002; Han, Waddington, Adams, Anson, & Liu, 2015;  

Naito et al., 2007).  

H1a.  There would be a positive relationship between MI experienced at the right and left 

limbs. 

H1b. There would be a significant relationship between MI experienced at either the elbow or 

knee.  

H1c. There would be a significant relationship between MI experienced during the continuous 

or discrete matching task.    

In Experiment I, it was hypothesized that there would be differences between and within 

tasks due to the differences in proprioceptive acuity between task, joint and side of the body. 

Also, because elderly individuals are reportedly impaired in both motor control and 

proprioception, it is expected that task performance would differ between young and older 

adults. 

H2a.  tV to the reference (stationary) limb will result in greater MI when the reference limb is 

the non-dominant (left) limb compared to the dominant (right) limb.  

H2b.  tV to the knee will result in greater MI than tV to the elbow. 

H2c.  Older adults will generally display greater MI than young adults. 

Experiment II specifically examined the cognitive factors that either enhance or diminish the 

perceptual and subsequent motor effects. It was anticipated that participants would alter the 

magnitude and direction of their matching error depending on the type of instructions provided.   

H3a.  The additional attention demanding task would increase MI during tV. 
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H3b.  Priming participants to the expected direction of the MI (congruent instructions) would 

increase the magnitude of MI compared to incongruent instructions. 

H3c.  Directing the participant’s attention to the external effects of their movement would  

 reduce MI. 

1.5 Outline 

I. Introduction. 

 Summary of the ideas and motivation leading to this dissertation. 

II. Literature Review.  

Comprehensive analysis of the current knowledge of the field surrounding the dissertation 

topic 

III. Manuscript I. Influence of one’s expectations and focus of attention on movement 

illusions induced by tendon vibration.  

An evaluation of the effects of the accuracy of the instructions provided, attentional focus 

and distraction on the manifestation of MI. 

IV. Manuscript II. Influence of age on the magnitude of illusions induced by tendon 

vibration.  

An evaluation of the effects of age on the perception of MI, and whether the effect of age is 

generalizable across two position matching tasks, two joints, and the two sides of the body. 
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V. Manuscript III. The relationship of cognitive and motor imagery ability to the perception 

of illusions induced by tendon vibration.  

An evaluation of the relationship between the ability to perform cognitive tasks and the 

ability to conjure motor imagery with the strength of perception of MI. 

VI. Conclusions.  

Evaluation of the outcome of the three manuscripts and their contribution to the field.  

1.6 Potential Contributions 

 Accomplishing these research objectives has added much to our current understanding of 

MI associated with the application of tV. This knowledge will aid clinicians and scientists in 

future explorations of tV as a tool for diagnostic or rehabilitation purposes. Based on the volatile 

nature of this phenomenon, as described in both the literature and the current study, it is unlikely 

that tV can be used as a method of classifying patients. There are already many known factors 

that can contribute to the magnitude and direction of responses to tV, and this dissertation adds 

to the literature of the influence of cognitive and contextual factors in the perception of MI and 

associated motor responses. Thus, it would be difficult to determine whether any one 

individual’s response or lack of a response to tV is due to disease or a multitude of other factors.   

Since correlations were observed between MI in various contexts, the exploration of tV 

as a rehabilitative tool for improvement of movement or acceleration of motor learning may be 

more feasible. Clinicians could use this information to determine before application whether a 

client would benefit from the application of tV. Determining the relationship of age to MI was 
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important because many of the diseases proposed as benefactors of tV stimulation are more 

prominent in the elderly population. The fact that older adults were found to experience greater 

MI in specific contexts may indicate that these individuals will benefit from the use of tV in 

neurorehabilitation. Even though the outcome of this study was that MI were dependent on 

several internal and external factors related to the individual and the task, information gained 

from this dissertation may still provide general information to guide clinicians and researchers in 

further studies.   

The role of cognitive processing in the perception of tV and subsequent motor responses 

were primarily overlooked before the commencement of this dissertation. This dissertation 

further added to evidence that investigators’ instructions and participants’ prior knowledge of the 

expected results influence MI, indicating that this factor should be controlled in future studies of 

human responses to tV to prevent investigators from inadvertently biasing the responses of the 

individuals they are observing. This practice will result in better science and greater 

understanding of the phenomenon of MI. A greater understanding of the origin, contributing 

factors and resilience of this phenomenon was gained from the completion of this dissertation. 

1.7 Terms and Abbreviations 

CM – Continuous, contralateral matching task 

DM – Discrete, contralateral matching task 

HO – Healthy older adult participants 

HY – Healthy young adult participants 
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MI – Movement illusions induced by tendon vibration 

tV – vibration applied to the muscle-tendon 
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II. Literature Review 

The literature review provides an overview of research regarding the premise of this 

dissertation from proprioception and muscle spindle physiology to the sensory and motor 

responses evoked by tV. The background information provided here is to guide the reader to the 

conclusions that not enough has been done in this area, and that MI are not fully understood. 

Until it is determined what characteristics of an individual or experiment make the person more 

or less likely to experience the expected sensory and motor responses to tV, MI cannot be used 

effectively as a diagnostic or therapeutic tool.  

2.1 Proprioception 

Proprioception is the sense of the position and movement of the body relative to the 

environment and it self. This sense involves the integration of sensory afferents from various 

receptors located mainly in the muscle and joints as well as collaboration with the vestibular and 

visual sensory systems (Proske & Gandevia, 2012). As in any other field, if you want to obtain a 

goal, you first have to determine your current state. Thus, proprioception is especially important 

for coordination of movement. For example, in the task of finding a coffee mug early in the 

morning hours, the visual system provides information on the location of the shelf that holds the 

coffee mugs, and the distance between that location and one’s self. This is known as 

exproprioception, the sense of the relationship of the body to the surrounding environment. If 

visual attention is focused upward toward the cup, the distance from the body overall to the cup 

can be estimated, but without redirecting the direction of gaze, visual input is not available to 

inform the central nervous system of the position of the arm and hand, by which one would 

potentially obtain and grasp the mug. That is the role of the proprioceptors. Muscle spindles 
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located in the belly of the muscle, are capable of detecting the position of one’s limbs, and the 

sensory motor system is able to use this information to determine how to get from the starting 

position to the desired position of the mug in hand, and then proceeds to execute a motor plan. 

During slow, precise movements, proprioception can even be used to guide the movement while 

it is occurring. This may be especially important during the grasp phase of reaching, in which the 

fingers must make very fine movements to close the aperture of the hand around the breadth of 

the mug, and lift with an appropriate amount of force to avoid slipping. The importance of the 

proprioceptive should thus be obvious.  

2.1.1 Primary Receptors 

Proprioception is aided by many different receptors including the muscle spindles, the golgi 

tendon organs, and joint receptors. Golgi tendon organs are positioned perpendicular to the 

juxtaposition of the muscle and its tendon. This position allows them to detect strain or tension 

on the muscle. Joint receptors are located in the joint capsule and fire rapidly as the joint 

approaches the end of its range of motion. It is thought to aid in the prevention of hyperextension 

or flexion, which would cause injury. The vestibular organs detect changes in head position and 

are also considered proprioceptors. Vision can also be used to detect the position of the body and 

limbs (Proske & Gandevia, 2012). 

The muscle spindles are considered the primary receptors for proprioception (Proske & 

Gandevia, 2012). They are aptly positioned in the belly of skeletal muscles and can detect 

muscle stretch as well as the rate of change. Muscle spindles are made up of nuclear bag and 

nuclear chain fibers called intrafusal muscle fibers. Nuclear bag fibers are composed of a broad 
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middle portion (the bag) and cylindrical striated expansions on either side that connect to the 

extrafusal, muscle fibers. Nuclear chain fibers are primarily cylindrical but have striated endings 

that attach to the ends of nuclear bag fibers. Muscle stretch deforms the intrafusal fibers and 

mechanically stimulates the sensory afferents that encapsulate the intrafusal fibers. The Primary 

Ia afferents spiral around the middle portion of the intrafusal fibers and are capable of detecting 

both static and dynamic change in muscle length, whereas Secondary Type II afferents are 

located in the endings of the intrafusal fibers and detect only static changes in length (Shumway-

Cook & Woollacott, 2007). 

Figure 2.1: Muscle spindles  

2.1.2 Pathways  
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The muscle spindles are innervated by the gamma motor system. Gamma motor neurons 

located in the spinal cord stimulate the muscle spindles to adjust the sensitivity of the intrafusal 

fibers to muscle stretch. When the muscle is relaxed, there is no tension in the muscle spindle, 

and it takes a larger change in length to initiate excitation of the Primary and Secondary 

afferents. The gamma motor system is typically stimulated during active movements, readying 

the intrafusal fibers so that detection of changes in muscle length can occur faster. A 

monosynaptic pathway connects the intrafusal afferents to the alpha motor neuron associated 

with the agonist muscle in the spinal cord and allows for a quick, simple pathway between the 

intrafusal fibers detecting muscle stretch and the extrafusal fibers creating it. This pathway is 

responsible for what is commonly known as the stretch reflex. A quick stretch of the muscle 

produced by a tendon tap excites the Primary Ia fibers in the muscle spindle, which stimulates 

the alpha motor neuron and subsequently produces a rapid muscle contraction. This reflex 

protects against movements that would damage the muscles or joint (Shumway-Cook & 

Woollacott, 2007) 

In the spinal cord spindle afferents from the upper extremity synapse in the dorsal column 

and project axons upward through the medial lemniscus to the thalamus, the sensory relay. In the 

lower extremity, spindle afferents leave the dorsal column, synapse on Clark’s nucleus and 

project to the cerebellum through the dorsal spinocerebellar tract (Proske & Gandevia, 2012). 

2.2 Human Responses to Tendon Vibration 

Much of the research illuminating the role of muscle spindles in proprioception has come 

from the application of tendon vibration to human skeletal muscles. Bianconi & Van Der Meulen 
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(1963) applied tendon vibration at 40-500 Hz to the muscle belly or tendon of the gastrocnemius 

and soleus muscles of cat hindlimbs. Most of the intrafusal fibers fired at a 1:1 rate from 75 to 

350 Hz. The greatest number of responses was gained when the vibrator was applied over the 

muscle belly. Goodwin, et al., (1972) extending this finding to human skeletal muscle and were 

able to relate it to the perception of limb position. 100 Hz tV was applied to the biceps brachii of 

one arm while participants were instructed to match any change in position with their 

contralateral (non-vibrated) arm. The initial response to tV was a reflexive contraction of the 

stimulated muscle, known as the tonic vibration reflex. This was indicated in the flexion of the 

contralateral arm only after a change of position of more than 10° and the error grew 

proportionally larger throughout the trial. When the stimulated arm was restrained, movement of 

the tracking arm indicated a change to perceived extension, although the stimulated arm was now 

stationary. See Figure 1 for a visual example. By the end of the trial, a discrepancy of 40° was 

present between the final positions of the joint angles of each arm. This discrepancy represents 

the experience of MI. 

If vibration is applied for extended periods of time, a reversal of MI is perceived when the tV 

stimulus is deactivated. Seizova-Cajic, et al., (2007a) applied tV at 90 Hz to the tendon of the 

biceps brachii for six minutes while participants reported perceived MI by left or right key 

presses. They were asked to continue reporting any perceived changes in the movement for two 

minutes after tV was deactivated. During the six minutes of tV stimulation participants reported 

periods of perceived joint extension, however, after tV was removed they reported feeling joint 

flexion. The duration of illusions during tV stimulation was highly correlated to duration of 
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illusions after tV was removed. The probability of perceiving extension during tV stimulation 

was .5 and reduced to .4 in the second trial. They also found that participants were more likely to 

experience an illusion during the first 30 seconds of tV stimulation. This suggests that the 

perception of illusions induced by tV fades with experience. So other studies may have been 

influenced by whether participants had previously participated in similar experiments, as well as 

the number of trials the participants underwent.  

2.2.1 Central and peripheral processing of tV and MI 

MI was attributed to the firing of action potentials by muscle spindles (Goodwin, 

McCloskey, et al., 1972). Cutaneous receptors were eliminated because the mismatch did not 

occur when the elbow was passively extended during tV, or when tV was applied directly over 

the bone or joint. Thus, the hypothesis was proposed that tV excites muscle spindles, and the 

firing of these afferents is interpreted by the central nervous system as indicative of muscle 

lengthening, which results in an MI at the joint (Goodwin, McCloskey, et al., 1972).  

MI were later more specifically attributed to Primary Type Ia afferents (Roll, Vedel, & Ribot, 

1989). tV in the range of 20-100 Hz was applied to the tibialis anterior or extensor digitorum 

longus muscles of healthy young adults. Single unit microelectrodes were inserted into the 

primary and secondary endings of muscle spindles and Golgi Tendon Organs and recorded 

during stimulation. All of the primary afferents responded at a 1:1 ratio to tV between 80-100 Hz 

and secondary endings were best stimulated between 10-30 Hz tV. Golgi Tendon Organs were 

best stimulated by tV less than 10 Hz. However, there were many secondary afferents and Golgi 

Tendon Organs that did not respond at all to tV stimulation. Therefore, Roll et al., (1989) 
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confirmed the hypothesis of Goodwin et al. (1972) and added that tV between 80-100 Hz was the 

optimum frequency range for stimulation of the muscle spindle and thereby inducing MI. So 

vibration was realized as a simple way to study muscle spindles, proprioception, and sensory-

motor perception. 

More recent studies have investigated the central neural processing of the perception of MI. 

The perception of MI has been reported to elicit neural activation of several cortical and 

subcortical neural processing centers including the ipsilateral primary and sensory cortices, the 

dorsal premotor area, the ventrolateral thalamus, supplementary motor area, inferior parietal 

areas, inferior frontal areas, cingulate motor area, and basal ganglia (Amemiya & Naito, 2016; 

Goble et al., 2012; Naito et al., 2007). The right inferior frontal parietal cortices connected by the 

third tract of the superior longitudinal fasciculus are uniquely activated by the experience of MI 

when compared to motor execution and motor imagery (Amemiya & Naito, 2016) and are 

activated by tV to the ipsilateral and contralateral limbs (Naito et al., 2007). Thus, these specific 

areas have been uniquely identified as the primary central processors of the perception of MI. 

These areas include the right insula, the right inferior frontal gyrus, the anterior insula, the 

middle frontal gyrus, the orbitofrontal gyrus and the inferior parietal gyrus (Amemiya & Naito, 

2016). This indicates that there is a right cortical dominance in the processing of MI (Amemiya 

& Naito, 2016; Goble et al., 2012; Naito et al., 2007; Naito et al., 2016). 

 

2.3 Varying Nature of Human Responses to Tendon Vibration 
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The problem lies in that many of these studies report that a large proportion of their 

participants did not experience this same phenomenon. For example, in a study of the temporal 

contributors to the illusions induced by tV, 20-25% were excluded from each experiment 

because of a lack of a vibratory response (Fuentes, Gomi, & Haggard, 2012). Only 60% of 

subjects experienced the after effects of reversal of the illusory movement experienced when 

vibration was removed (Seizova-Cajic et al., 2007a). Calvin-Figuiere, Romaiguère & Roll, 

(2000) pre-screened volunteers to find 13 who responded to tV as expected. The authors make no 

mention of how many were excluded before finding these 13 individuals. While it by no means 

represents a majority, it is large enough not to be ignored. Table 1 provides more examples of the 

absence of expected tV responses. It is not clear what is unique about these individuals that 

precludes tV induced illusions. Perhaps, it is not the individual but the specific conditions, 

procedures or instructions provided that limits the presentation of MI. 

2.3.1 The role of vibration parameters  

Some of the variability in perceptual and motor responses to tV is certainly due to the 

frequency and duration of the vibratory stimulus itself, as well as the location and contractile 

properties of the muscle to which it is applied. Vibration frequencies ranging from 70-100 Hz 

most often induce an illusion of movement corresponding to extension of the stimulated muscle 

while frequencies between 5-20 Hz do not typically cause such proprioceptive discrepancies (P. 

Cordo, Gurfinkel, Bevan, & Kerr, 1995; Sittig, Gon, & Gielen, 1985). Investigators also found 

that the illusion is dependent on an optimum duration of presentation (Fuentes et al., 2012). 

Perception of vibration differs depending on the position of the vibrator relative to the muscle 

(Wentink, Mulder, Rietman, & Veltink, 2011). The response is thought to be best observed when 
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the muscle to which tV is applied is relaxed (Burke & Schiller, 1976). Co-vibration of the 

agonist and antagonist causes the respective illusions of change in position to nullify each other 

(Gilhodes, Roll, & Tardy-Gervet, 1986). These parameters of the vibration stimulation have been 

well studied. What is left is to decide whether task, body, or cognitive factors that are rarely 

controlled also influence perception of MI. 

2.3.2 The role of task context 

Even without the influence of tV, joint position matching is a complex task dependent on 

many factors. The task is easily influenced by hemispheric differences in the preference of each 

limb for the type of sensory information that is invoked for the guidance of movement (Goble & 

Brown, 2008a). Since the upper and lower limbs serve distinct roles it is reasonable to assume 

that differences in position matching will exist between elbow and knee position sense as well. 

Position matching performance can also depend on how the task is set up such as the plane in 

which the position task is performed, whether the limb is actively or passively positioned, and 

even how far the target position is from the starting position (Goble, 2010). These factors may all 

contribute to differences in the MI induced by tV since similar tasks are used to evaluate the 

direction and magnitude of such illusions. 

2.3.2.1 Limb asymmetry 

There is evidence that asymmetry exists between the left and right upper extremities’ usage 

of sensory information to guide movement. Goble & Brown (2008b) tested right handed, young 

adults’ ability to use proprioceptive or visual sensory feedback to remember and reproduce arm 

positions. In the visual target matching task, a target was projected on a screen in front of the 



24 

 

participants and then they were instructed to memorize the position and reproduce it by 

extending the elbow to point at the target position after the visual target was removed from the 

screen. In the proprioceptive target matching task, participants’ arms were passively extended to 

the target joint angle. Blindfolded participants were given 3 seconds to memorize the position 

using proprioceptive feedback, and then reproduce it after they were returned to the starting 

position. The tasks were performed with 15° and 30° of elbow extension as targets, and using the 

ipsilateral or contralateral arm to reproduce the target. They found that that participants 

performed better at the proprioceptive target matching task when using their left arm, and the 

visually guided task when using their right, dominant arm.  

The preference for each type of sensory information may arise from the typical role of the 

dominant and non-dominant arms. In upper extremity bilateral tasks, the dominant arm is 

typically used for mobility while the non-dominant arm is typically used for support (Goble & 

Brown, 2008a). For example, when opening a jar, visual attention is directed toward the 

dominant arm, which is twisting the lid, so the non-dominant arm must rely on proprioceptive 

information while stabilizing the jar. While most lower extremity bilateral tasks rely equally on 

each leg, for instance, standing or walking, preferences exist during other tasks such as kicking a 

ball. The dominant leg is used to kick the ball, while the non-dominant leg is used to stabilize 

posture (Sadeghi, Allard, Prince, & Labelle, 2000). Thus, we may expect differences to exist 

between the ability to use proprioceptive information in each leg as well.  

In fact, Han, Anson, Waddington and Adams (2013) examined symmetry of proprioceptive 

acuity in four different joints: the ankle, the knee, the shoulder, and the fingers. Healthy young 
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adults, presenting as right dominant, were instructed to move each joint through the given plane 

of motion until they reached a physical stopper. They were then asked to report the amount of 

displacement their joint previously underwent. In all cases, performance was best with the left 

limb than the right. Additionally, they observed a strong correlation in performance between left 

and right limbs at the same joint, despite a left side preference, but found no relationship between 

the performances of different joints regardless of side.  

Relationships of MI between the dominant and non-dominant limbs are also similar. In a 

neurological examination of MI in both the right and left hand and foot, a positive correlation 

was observed between MI on the right and left sides of the body in both joints (Naito et al., 

2007). Additionally, the authors reported that the same cortical area was activated by the 

perception of MI on both the right and left side of the body. Right, inferior frontal parietal areas 

were activated by the experience of MI regardless of whether tV was applied to the right or left 

hand or foot (Naito et al., 2007). 

The concept of hemispheric specialization for various tasks is not new. In fact, it is well 

known the left hemisphere is primarily responsible for the production of speech. MacNeilage, 

Studdert-Kennedy & Lindblom (1984) was the first to associate the left hemisphere 

specialization for language with bimanual coordination. MacNeilage proposed that the 

preference for the dominant hand to control the object, “the content”, held steady by the non-

dominant hand, “the frame”, was also due to a specialization of the left hemisphere, and that this 

lateralization was a precursor for the specialization of the left hemisphere for speech production. 

The division of labor proposed by MacNeilage et al. has been further supported by an abundance 
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of evidence since that time and they have further extended their hypotheses to a variety of other 

tasks (MacNeilage, Rogers, & Vallortigara, 2009). 

These studies in combination not only point to differences in the ability of each limb to use 

proprioceptive feedback but suggest that the limb to which tV is applied will affect the 

experience of MI.  

2.3.2.2 Joint independence 

There have not been many investigations into the differences in proprioceptive acuity 

between different joints, despite the fact that the few studies that have compared performance at 

multiple joints have reported that proprioceptive acuity is independently acquired at each body 

site. Han, et al. (2013) compared proprioceptive acuity in the shoulder, the knee, the ankle and 

the fingers. They found no correlation between measures of performance at either joint indicating 

that the sense of proprioception is uniquely developed at each joint depending on experience and 

function. One weakness of the study design is that the joints compared across the body had no 

similarity. The joints were each different types of synovial joints and located in different sections 

of their respective limbs. For example, the shoulder connects the arm to the trunk while the knee 

connects two mobile segments of the leg. The shoulder is a ball joint capable of moving in all 

three planes, while the knee is a hinge joint for which movement is restricted to the sagittal 

plane. The types of movement at each joint were also dissimilar: hyperflexion was performed at 

the shoulder while inversion was performed at the ankle, and a pinching movement was 

performed with the fingers (Han et al., 2013). Therefore it is unclear from this study alone 
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whether a lack of correlation between task performances at each of these joints was found 

because proprioceptive acuity is uniquely developed in each joint or each type of joint. 

Support of a lack of correlation of proprioceptive acuity between each joint is found in one 

study which compared MI in upper and lower extremity joints. 100 Hz tendon vibration was 

applied for 30 seconds to either the extensor carpi ulnaris of the hand or the tibialis anterior of 

the foot (Naito et al., 2007). Subjects verbally reported the onset and duration of the perceived 

MI and then replicated the illusory movement in the ipsilateral joint after cessation of the tV. The 

magnitude of MI was greater at the wrist than the ankle and the onset of MI in the wrist was 

earlier than in the ankle. The magnitude of MI was not correlated between the wrist and ankle. 

The authors conclude that this is evidence that upper and lower limb proprioception are 

independent of each other (Naito et al., 2007).  

2.3.2.3 Matching task procedures 

A set of experiments by Goble & Brown (2010) evaluated the influence of matching task 

procedures on the error of matching contralateral elbow position. In the first experiment, they 

evaluated matching performance at three different joint displacements of 10°, 20° or 30°. They 

found that absolute error tended to increase with the amplitude of joint displacement, although 

there were larger increases in error between the 10° and 20° than the 20° and 30° targets. The 

early experiments by Goble & Brown (2008b) showed similar results. The second experiment, 

evaluated the effect of movement speed, and the tau effect. Tau is the concept that slower 

movements are perceived as occurring over longer distances (Goble & Brown, 2010). The 

investigator moved the reference arm to the target position at either 2.5°/s 5°/s or 10°/s whereas 



28 

 

the matching arm was always moved at 5°/s. They predicted that the faster speed would result in 

an undershoot of the target and the slower speed would result in an overshoot of the target. Their 

hypothesis was validated by their results. The slow speed was especially detrimental to 

performance. If movement speed is not held constant, this could easily impact matching 

performance, and may also be one of the reasons that expected consequences of tV are not 

revealed when asked to represent the position of the vibrated arm with the contralateral arm.  

Goble, Lewis & Brown (2006) also suggested that asymmetry between limbs for 

proprioceptive matching is dependent on whether participants are allowed to actively move their 

reference arm to the target position or they are passively extended to the target position by the 

investigator. Active positioning may allow for the use of efference copy to guide the matching of 

the position by the contralateral arm (Goble & Brown, 2010). Briefly, efference copy is the 

notion that a copy of the motor command is available to compare to incoming sensory 

information (Schmidt & Lee, 2005). So in the case of passive movement or no movement as in 

illusions, the lack of efference copy indicates to the central nervous system that the incoming 

sensory information was not produced by the movement of itself. 

2.3.3 The role of cognition 

While factors of task context may contribute to differences in the magnitude of MI, they 

cannot fully explain why tV induced illusions would be absent or present in participants of the 

same experiment, since one would assume that the procedures were the same for each individual. 

However, cognitive factors such as control of attention, working memory and ability to conjure 

motor imagery may help to explain this gap in knowledge. 
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2.3.3.1 Motor imagery 

Motor imagery is the ability to mentally conjure images or feelings of movement (Gregg, 

Hall, & Butler, 2010). There are two types of motor imagery. Visual motor imagery involves 

imagining what a given movement sequence would look like either from first or third person 

perspective, while kinesthetic imagery involves imagining what the movement would feel like as 

it was produced. Shibata & Kaneko (2013) tested the persistence of motor illusions when tV was 

combined with motor imagery. The participants were always asked to imagine maximum wrist 

flexion, while investigators applied several sets of vibration frequencies from 40-100 Hz to the 

agonist and antagonist of the wrist joint. When motor imagery was performed in addition to tV 

stimulation the velocity of MI was greater than when MI was experienced with tV alone. Thyrion 

& Roll (2009) produced similar results in their study. 80 Hz vibration was applied to the wrist 

with and without the addition of motor imagery of a movement in the opposite direction of that 

of the MI at the wrist. The addition of motor imagery changed the direction of the MI perceived. 

These studies suggest that the perception of MI involves the integration of both central 

processing of motor imagery and peripheral afferent information induced by tV. Individuals 

likely differ in their ability to conjure motor imagery, so does motor imagery ability correlate 

with the ability to perceive MI? 

According to one study, the answer is yes. Participants were instructed to imagine either 

palmar or dorsiflexion of the wrist while 83 Hz tV was applied to the wrist to induce MI of 

palmar flexion (Naito et al., 2002). Like the previous studies, the direction of motor imagery 

mediated the perception of MI. Additionally, motor imagery ability was quantified with an 

inventory called Controllability of Motor Imagery, and the authors observed a correlation 
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between scores on the controllability of motor imagery test and the influence of motor imagery 

on the MI. This suggests that individuals with greater ability to conjure motor imagery will be 

more likely to experience changes in MI, during motor imagery. However, while some overlap is 

evident between the processes of perceiving MI and conjuring motor imagery, the primary 

central processing areas in the right inferior frontal parietal cortex is not activated during motor 

imagery (Amemiya & Naito, 2016). So it is not clear from the literature whether motor imagery 

ability influences the perception of MI when no instructions about motor imagery are provided 

during MI. If an individual uses active imagery of the perception of MI to monitor joint position 

during the matching task, it would be reasonable that motor imagery ability is always related to 

the perception of MI. 

2.3.3.2 Locus of attention 

In motor learning studies, extensive work has been put into determining the exact instructions 

that lead to the greatest amount of learning. Often very fine details of feedback and instructions 

can greatly influence the retention of a learned skill. One of these factors is where to direct the 

learner’s attention. It has generally been supported that an external focus of attention, in which 

the learner is encouraged to focus on the effects of their movement is more beneficial (Wulf & 

Prinz, 2001). The alternative is to adopt an internal focus of attention in which the learner directs 

their attention to the actual production of the movement.  

The constrained action hypothesis suggests that an internal focus of attention interferes with 

automatic, typically subconscious processes that occur in the control of the desired movement, 

whereas directing attention away from the production of the movement and on to its effects 
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facilitates motor learning (Wulf, McNevin, & Shea, 2001). Similarly, it is reasonable to assume 

that directing the participant’s attention directly toward the illusion of movement induced by tV 

may also be inhibitive. At the very least, investigators should take great care to make sure that 

the exact same instructions are given to each individual. Even small variations could impact both 

the performance on matching tasks and the perception of MI. Thus, one of our aims is 

specifically to determine the impact of an internal or external focus of attention on the magnitude 

of MI. 

2.3.3.3 Amount of Attention  

Perhaps more elementary is determining whether the MI require attention at all. The Dual 

Task Paradigm is often used to determine whether one of two tasks requires attention. If the 

performance of one or both tasks suffers when the two tasks are performed simultaneously, then 

both tasks must require attentional resources (Pashler, 1994). This paradigm is often used to 

examine motor tasks that are thought to operate automatically without conscious attention, such 

as posture or walking.  

Seizova-Cajic & Azzi (2010) examined the effects of adding a distractor task to the period of 

tV stimulation on the presentation of after effects, the illusion of reversal of movement after tV is 

withdrawn. 90 Hz tV was applied to the biceps brachii of the participants arm for 1 minute 

followed by a 1 minute period where tV was deactivated. The investigators used a rapid serial 

presentation task (RSVP) as the distractor task. A series of random alphanumeric characters were 

presented on a screen in front of the participant and they were asked to press a key when the 

character was a number and ignore the presentation of letters. 1 in every 8 stimuli were numbers 
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to which the participant should respond. During tV stimulation, participants either sat in a dark 

room, performed the RSVP task, or just observed the presentation of several alphanumeric 

characters without responding. The velocity and duration of the after-effects were reduced by 

participating in the distractor task during tV stimulation compared with just sitting in a dark 

room. However, there was little difference between responding to the RSVP and just viewing the 

series of stimuli. They did not examine the influence of the distractor task on presentation of MI 

during tV. So while it is possible to infer from this study that if after effects are reduced by the 

presence of a distractor test so would the actual MI, this has not been explicitly tested yet. 

2.3.3.4 Thinking about feelings 

Other evidence that suggests that cognitive processing may be involved in must be devoted to 

the expected MI includes a study by Burrack & Brugger (2005). Right dominant young adults 

completed two common tasks inducing MI. The first was illusory arm extension induced by tV 

of the biceps brachii of the dominant arm. The second was the “Pinocchio Illusion” similar to 

illusory arm extension except that this time the index finger of the dominant arm is contacting 

the participant’s nose. The reconciliation of sensory input from muscle spindles indicating the 

elbow joint is extending and haptic input indicating the arm is remaining in contact with the face 

often induces an illusion that the nose is growing (Lackner, 1988). Participants were to respond 

verbally when they perceived an illusion, and then reported the vividness of the illusion after 

each trial. These responses were compared to a Perceptual Aberation scale, a measure of 

individual susceptibility to illusions of body schema, and a Need for Cognition questionnaire, a 

measure of the inclination toward internal reflection. Higher scores on the Perceptual Aberation 

scale correlated with reduced latency of onset and higher ratings of vividness of illusions of arm 
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extension but not the Pinocchio Illusion. So some individuals may simply be more susceptible to 

illusions than others. A high Need for Cognition was also positively correlated with ratings of 

vividness of illusions of arm extension, which suggests that thinking about the incoming 

sensations is directly related to the magnitude of MI. However, Need for Cognition was 

negatively correlated with the extent of Pinocchio Illusions. This also makes sense, as 

individuals who tend to think deeply seemingly would be inhibited by the impossibility of nose 

lengthening. This leaves to reason that one’s expectations about the possibility of movement 

during tV stimulation would directly relate to the magnitude of MI perceived. 

2.3.3.4 Expectations 

Rabin & Gordon (2004a) performed an experiment in which tV was applied at 100 Hz for 

15s to the left biceps brachii of the participant’s arm. This application of tV induced an MI in the 

direction of elbow extension. When the participant’s left index finger was placed in contact with 

a seemingly stable surface the MI was dissipated, but when the investigator revealed that the 

surface in contact with their finger was in fact freely mobile in the direction of the previously 

perceived MI, the previously perceived MI of elbow extension returned. Thus, the perception of 

MI during tV stimulation is filtered through its perceived possibility, and when the perception is 

deemed impossible, the afferents stimulated by tV may be down weighted by the central nervous 

system. If one’s expectations about MI influence how MI are perceived, then it is possible that 

instructions about the expected direction of MI would influence the magnitude of MI as well. 

These authors and others also reported difficulty inducing MI in participants until they 

instructed the individual about the expected perception (Rabin & Gordon, 2004a; Schofield et al., 
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2015). This begs the question: to what extent have subjects reported a perception of MI because 

investigators told them that they should feel a certain way during tV stimulation and less because 

they actually perceived such an illusion? The instructions that investigators provide may be very 

important in the perception of MI. 

2.3.4 The role of age 

It is well known that many of the body’s systems decline with age. One of the most notable is 

cognitive function, as older individuals are known to have difficulties with memory. Age-related 

changes that are specific to the illusions induced by tV is discussed here. These include a decline 

in proprioception, working memory, and the ability to produce vivid motor imagery. All of these 

things could affect the perception of illusions induced by tV and support the hypothesis that there 

would be differences between old and young in the proposed tasks. 

2.3.4.1 Age and proprioception 

Older adults show evidence of a decline in joint position sense. Petrella, Lattanzio & Nelso, 

(1997) tested whether activity levels mediated the decline in joint position sense at the knee in 

elderly individuals. They compared active individuals who were participating in aerobic or 

strength training exercise on a regular basis with sedentary elderly individuals who were not 

participating in any active activities on a regular basis as well as young adults who did not report 

their activity level. Participants stood upright while actively producing a series of joint angles 

from 10° - 60° of knee flexion with their dominant leg. The absolute error was significantly 

different between the active and sedentary adults and between the young adults and both older 

groups. The absolute error was the greatest in sedentary adults and the smallest in young adults. 
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However, the investigators did not report the activity level of the young adults, which seems 

pertinent to their question. Also, young and older adults began with different starting positions. 

The older groups starting at 0° knee flexion while the young adults started at 35°. So older adults 

always flexed their knee to the target position while young adults might have either flexed or 

extended. While this study provides evidence for differences in lower limb position sense 

between young and older adults, it is not clear how much of that difference can be attributed to 

age and how much was simply due to the differences in task procedures between groups. Future 

studies should keep the starting angle constant so that this factor does not impact the results.  

Herter, et al., (2014) compared position matching in adults ranging from 18-90 years of age. 

Participants completed a position matching task in three-dimensional space that required 

movement of both the shoulder and the elbow using the KINARM (BKIN Technologies, LTD, 

Kingston, Ontario) exoskeleton. One arm was passively moved to one of nine target locations 

within a 3 x 3 matrix, and then the participant actively replicated the position with the 

contralateral arm. They completed the task once with the dominant arm and once with the non-

dominant arm as the matching arm. They observed an exponential increase in variability of 

matching performance with age. Shifts, distance from the target, in the x-y plane, were 

influenced by age, however, shifts in the y-axis were only influenced by age in the non-dominant 

arm, and shifts in the x-axis were not affected by age. Contraction, indicative of a general 

undershoot, increased with age as well. This provides further evidence that proprioception 

declines with age, although the authors concede that age cannot fully explain the changes in 
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position matching ability and that other factors such as sensorimotor performance in other skills 

should also be considered (Herter et al., 2014). 

Not only is proprioception generally less accurate in elderly individuals, but tV stimulation 

may also impact old and young adults differently. Old and young adults participated in a study in 

which ankle position sense was examined while being stimulated with 60 Hz tV to the tendon of 

the tibialis anterior (Verschueren et al., 2002). The right ankle was passively plantar flexed from 

10° of dorsiflexion to 20° of plantar flexion with a target position of 10° of plantar flexion. 

Participants were to signal that their ankle was in the target position by opening their hand. They 

examined constant error, the algebraic difference between the actual and perceived target 

position, and absolute error, the absolute difference between the perceived and actual target 

position, and variable error, which considers the variability of responses.  

Young and older adults performed similarly when examining constant error, but there were 

clear group differences in absolute and variable error (Verschueren et al., 2002). Older adults had 

a larger degree of error and were more variable in their performance of the task. When 

examining narrower age ranges, it was at 70 years of age that differences were found in absolute 

error between young and older adults, although even after 60 years of age there were differences 

in variable error between the older and young adults groups. With vibration, both groups tended 

to undershoot the target, but older adults opened their hands even earlier than young during tV 

stimulation. There was not a difference between narrower age ranges of older adults. With a few 

subjects, they conducted a reaction time experiment to determine if the differences were related 

to a decline in the speed of neurotransmission. In this task, old and young participants opened 



37 

 

their hand as soon as they perceived movement. There was no difference between young and old 

adults in the neuromuscular delay evaluated by this task (Verschueren et al., 2002). This suggests 

reaction time is not responsible for differences in the position task, and further supports an age-

related decline in proprioception. 

However, Kokmen, et al. (1978) achieved a slightly different outcome in a similar reaction 

time task. Young and older (>60 years) adults were asked to close a switch as soon as they felt 

joint motion at either the right or left metacarpal phalangeal joint of the hand or the metatarsal-

phalangeal joint of the foot. The joint was passively moved at either .5, 1, 2, 4 or 8 Hz. Given the 

aptitude of each joint for different motor tasks, namely fine control of digits of the hand and 

gross motor control of the foot, the differences reported in performance between upper and lower 

extremity are not unusual. This fact was the same for both young and old. At .5 Hz, the threshold 

for perceiving joint motion was also the same between young and older adults, however, the 

difference in thresholds between young and old increased with higher frequencies. This suggests 

that movement velocity is important for the perception of movement and so vibration frequency, 

as well as the passive movement of the reference joint, should be held constant to whatever 

extent possible. 

There is evidence that there are physiological changes to the muscle spindles, the primary 

receptor of proprioception. Intrafusal fibers are smaller, and there are less nuclear chain fibers in 

the muscles of older adults (>69 years old), although these changes may be specific to certain 

muscles (Shaffer & Harrison, 2007). Muscle spindle capsular thickness increases also increases 
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with age (Swash & Fox, 1972). In rat gastrocnemius muscles, the dynamic sensitivity of spindles 

is reduced in response to muscle stretch (Miwa, Miwa, & Kanda, 1995).  

2.3.4.2 Age and mental imagery 

Schott (2012) specifically examined the effects of age on motor imagery and working 

memory. They observed four age groups: Healthy Young (20-30 years), Young Old (60-69 

years), Old (70-79 years) and Old-Old (>80 years old). All participants completed the Movement 

Imagery Questionnaire–Revised (MIQ-R). They found that both visual and kinesthetic mental 

imagery ability reduced with age. Mental imagery ability of young adults was greater than those 

of the old and old-old groups, and the mental imagery ability of the young-old group was greater 

than that of the old-old group. The same pattern of degeneration was found for the ability to 

transform motor imagery, meaning the ability to change their imaginary position. Old and Old-

Old adults were also less adept at mentally estimating the amount of time it took them to 

complete a task. They concluded that motor imagery is significantly degraded after 70 years of 

age. Additionally, they found that age was negatively correlated with working memory and that 

working memory was correlated with motor imagery ability. They suggested that working 

memory acts as a mediator of motor imagery ability and that age alone does not determine motor 

imagery ability (Schott, 2012). 

However, one study found that the mental imagery index was not correlated to age (Lebon, 

Byblow, Collet, Guillot, & Stinear, 2012). The motor imagery index combines the movement 

imagery questionnaire with both electromyography, to verify that imagined movements were not 

activating the associated muscles, and mental chronometry, to assess the similarity of the timing 
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of actual and imaginary movements. However, healthy adults were recruited in a range of ages 

from 18-58 and not specifically allocated to age groups, which suggests that the study was not 

specifically designed to test age effects.  

2.3.4.3 Age and working memory 

Working memory is one-third of the memory system and its purpose is for storage, 

manipulation, and retrieval of information. There are three components of working memory the 

central executive, the phonological loop and the visuospatial sketchpad. The central executive 

may primarily coordinate the two other divisions of working memory. The phonological loop is 

useful for activities such as remembering a phone number long enough to enter it into your 

phone, or performing simple arithmetic. The visuospatial sketchpad is important for 

remembering and manipulating spatial maps or patterns (Baddeley, 2003).  

Hayes, Kelly & Smith (2013) investigated selectivity of working memory in old and young 

adults. They adapted a value based memory task of English words to investigate the ability of 

young and older adults to remember words given a high point value and inhibit remembering of 

words that were given a negative point value. The task was to get the highest score possible 

when they recalled the words previously presented. This task was supplemented by a recognition 

task in which the participants only had to distinguish between words that were new and words 

that were presented in the first task. A Stroop task in which participants were asked to identify 

whether a word (name of a color) was the same (congruent) or different (incongruent) as the 

color of its font was used as one of two indicators of working memory capacity. For example, the 

word GREEN written in green ink would be congruent, whereas the word BLUE written in green 
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ink would be incongruent. The second indicator of working memory capacity was performance 

on the Automated Operation Span (AOSPAN) task, in which participants completed rapid 

arithmetic tasks while remembering a series of letters presented in between each arithmetic 

problem. Older adults (age 65-79) were less adept at this task. They recalled approximately the 

same amount of negative point value words but much fewer positive value words than young 

adults (age 19-23). The same was true in the recognition task. A regression model revealed that 

working memory capacity as determined by performance on the Stroop and AOSPAN tasks was 

more predictive of recall and recognition than age. Thus, the influence of age on the selectivity 

of remembering was mediated by working memory capacity in this case.  

Burke, Poyser, & Schiessl (2014) specifically evaluated age-related changes in visual-spatial 

working memory, citing evidence that deficits in this type of working memory may be more 

pronounced. Young (age 20-26) and Old (age 60-79) completed a visual spatial working memory 

task in which a set of blue squares was presented on a screen in front of them, and then briefly 

(1000ms) changed in either color or shape. After the screen was returned to the original set of 

stimuli, participants were asked to recall the changes by touching the stimuli in the order that 

they were changed. The number of stimuli that were changed on each trial was either 3, 4, or 5. 

Older adults were slower at detecting changes, slower at reporting changes, and less accurate 

overall. Generally, the difference between young and old increased with the number of stimuli 

that were changed. So the authors concluded that visual spatial working memory is indeed 

impaired in older adults.  
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Working memory is relevant to the proposed experiments because the use of unilateral 

position matching tasks, or those in which participants are asked to report change in position 

verbally or by pointing at a diagram after the task are likely to be influenced by working memory 

ability and capacity, because one must recall position and transpose it into a different element 

entirely. Thus, a bilateral position matching task in which the indicator arm is allowed to move to 

match the position of the reference arm while it is still in the target position is preferable because 

it allows for online comparison of each arms position, and would isolate proprioceptive acuity as 

the main factor in the performance of the task. Also, working memory was engaged during the 

second experiment to perform the n-back task since each participant was asked to recall the 

previous stimulus, and may also be necessary for participants to remember the instructions about 

focus area and expected sensations while comparing them to incoming proprioceptive afferents. 

2.3.4.4 Age and hemispheric specialization 

The HAROLD model introduced by Cabeza (2002) suggests that the typical asymmetric 

pattern of activity related to working memory and other frontal cognitive tasks found in younger 

adults is not observed in older adults. Older adults typically show activity bilaterally in the 

region of interest, which may be either a compensatory mechanism for loss of cognitive function, 

or simply a shift from functional specialization of the cortical areas to generalization with age. In 

either case, it is likely this bilateral pattern of activation is not limited to the prefrontal cortex and 

affects cortical activity in general. For instance, in an fMRI study of cortical activation during a 

manual motor reaction time task, older adults showed activation of bilateral sensorimotor cortex 

and cerebellum, whereas young adults only showed activation of these areas unilaterally (Mattay 

et al., 2002). We were expecting to find distinct differences between limbs based on 
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lateralization of brain function regarding proprioception and motor function, however, it is likely 

that differences between limbs are less distinct in older adults than young adults because they 

may not share this same hemispheric asymmetry.  
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Abstract  

Tendon vibration can produce illusions of movement at the vibrated joint in some individuals 

under certain circumstances. Researchers are currently investigating whether movement illusions 

can be translated into physical improvements when tendon vibration is employed as a tool for 

neurorehabilitation. A clear understanding of which individuals would benefit from tendon 

vibration in neurorehabilitation under what conditions is yet to be realized. There is evidence that 

a right cortex specialization exists for processing movement illusions. However, with the 

generalized changes in central and peripheral neural processing that occur with age, it is likely 

that older adults process sensory information and therefore may experience movement illusions 

differently than younger adults. The purpose of this study was to investigate whether the age of 

an individual affected the magnitude of movement illusions experienced during tendon vibration. 

The magnitudes of movement illusions were compared in a sample of young and old adults, in a 

discrete and continuous matching task in the right and left elbow and knee. The magnitude of 

movement illusions was greater in the older than younger adults, especially at the elbow. 
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Furthermore, there was a positive relationship in the magnitude of movement illusions between 

the left and right limbs and between the continuous and discrete matching task. These 

relationships were more pronounced in the old age group suggestive of a greater generalizability 

of the experience of movement illusions with age. These results are consistent with literature that 

suggests that performance on sensorimotor tasks are affected by the general reduction in 

hemispheric specialization that occurs with age. The fact that older adults experience a greater 

and more generalizable magnitude of illusions may suggest that these adults may have greater 

potential than younger individuals to benefit from the use of tendon vibration induced 

neurorehabilitation. 

Keywords 

Proprioception, tendon vibration, perception, aging, movement illusions 
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Tendon vibration (tV) between 70-100Hz is known to produce an illusion that the associated 

joint has moved in a manner indicative of the vibrated muscle lengthening (Goodwin, 

Mccloskey, & Matthews, 1972). The movement illusions induced by tV (MI) are thought to be a 

product of mechanical stimulation of the primary end organs of the muscle spindle (Bianconi & 

Van Der Meulen, 1963) which are a prime source of proprioceptive information.  

There has been some consideration of manipulating this phenomenon in conjunction with 

neurorehabilitation to improve physical movement (Duclos et al., 2014; Field-Fote, Ness, & 

Ionno, 2014; Gay et al., 2007; Naito et al., 2016). However, it is known that MI can be difficult 

or impossible to elicit in some individuals (Cignetti et al., 2014; Fuentes et al., 2012; Seizova-

Cajic, Smith, Taylor, & Gandevia, 2007b) making the possible use of tV for rehabilitation 

potentially problematic for some patients. It is still unclear why some individuals do not 

experience MI every trial or at all. The purpose of this investigation was to determine to what 

extent the age of an individual influences the magnitude of MI experienced in a variety of tasks 

and body segments.  

There is evidence from multiple fMRI studies that processing of MI may be localized 

within the right hemisphere of the cerebral cortex (Amemiya & Naito, 2016; Cignetti et al., 

2014; Goble et al., 2012; Naito et al., 2007; Naito et al., 2016). In fact, while some regional 

activations of the cortex were limb-specific, the right inferior frontal regions were preferentially 

activated during MI regardless of whether tendon vibration was applied to the right or left hand 

or foot (Naito et al., 2007). This type of laterality within cerebral processing is common and is 

well studied in other facets of central processing such as language, handedness and visual spatial 
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attention (Herve, Crivello, Perchey, Mazoyer, & Tzourio-Mazoyer, 2006; MacNeilage et al., 

1984; Schotten et al., 2011; Sussman & MacNeilage, 1975).  

However, age-related decline in central processing may affect the processing of MI in 

these areas. It has been reported that older adults display less hemispheric specialization than 

younger adults, and this reduction in lateral processing may be tied to changes in performance 

(Cabeza et al., 2002; Cabeza, 2002; Dolcos, Rice, & Cabeza, 2002; Goble et al., 2011; Mattay et 

al., 2002). Furthermore, older adults display more generalized activation than younger adults 

during bilateral coordination tasks, and this enhanced neural activation is positively related to 

performance (Heuninckx, Wenderoth, & Swinnen, 2008). So it is possible that MI are also 

processed more broadly in the aging adult, and the apparent loss of a right cortical specialization 

for processing MI could influence the extent to which MI are perceived in the aging adult. 

Changes in central processing may be related to changes in responsiveness to tendon vibration 

that have been reported to occur with age.  

Several studies have reported age-related differences in the responses to tendon vibration. 

There was a notably, sharp decline in vibration sensitivity in the upper extremity after age 50 that 

was reported to progress through age 65 (Verrillo, 1980). This may be related to degeneration of 

primary afferents that occurs with age. Others have reported that older adults are more affected 

by tV. In one comparison of the effects of tV on dynamic position sense, older adults were more 

likely to undershoot the target when vibration was applied (Verschueren et al., 2002). Co-

vibration to the ankles induced a larger perturbation to the postural control of older than younger 

adults and older adults took longer to adapt when the vibratory perturbation was removed (Hay, 
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Bard, Fleury, & Teasdale, 1996; Teasdale & Simoneau, 2001). This finding indicates that 

differences exist in both sensory weighing of proprioceptive information, and in processing time 

of sensory afferents by young and older adults. Either of these processing differences could 

potentially affect the processing of MI and lead to differences in the perception of MI by older 

adults. Overall, the literature suggests that vibration would lead to a larger perturbation to the 

sensorimotor system of older adults, which would be depicted by a greater magnitude of MI in 

older than younger adults in the current study.  

In this study, the magnitude of MI experienced by young and older adults was compared 

at two joints (elbow, or knee) on both sides of the body (left, or right) during two position 

matching tasks (Continuous and Discrete) to determine whether the effect of age was generalized 

to the location and length of time of stimulation. First, it was hypothesized that the older adults 

would generally exhibit a greater magnitude of MI, due to previous reports that older adults are 

more affected by tV. Second, it was hypothesized that a positive relationship would be observed 

between MI in the right and left limbs, but not between the elbow and knee. Finally, it was 

hypothesized that the differences and relationships between task, limb, and joint would be 

mediated by age. 

Methods 

Twenty healthy, right-handed (Oldfield, 1971) adults were recruited for this study. All 

limbs were present and capable of moving through a full range of motion at the elbow and knee 

joint without assistance. Volunteers were excluded if they reported neurological, motor, or 

sensory disease. All had normal cognitive health as classified by the Montreal Cognitive 
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Assessment (Nasreddine et al., 2005). Ten participants represented the healthy young (HY) 

group (22 ± 5, 5 females) and ten represented the healthy old (HO) group (73 ± 3; 4 females). 

The protocol was approved by the University of Houston Committee for Protection of Human 

Subjects and Ouachita Baptist University’s Institutional Review Board. All participants were 

provided informed consent before beginning experimental procedures. 

Both HY and HO performed a continuous, contralateral matching task (CM) and a 

discrete, contralateral matching task (DM) on the right and left elbow and knee, with and without 

vibration stimulation. An 80Hz, 1 mm amplitude vibration stimulus was applied to the primary 

flexor muscle tendon of the reference limb with a VB115 Vibrasens (Techno concept, France) 

vibrator during vibration present trials. Vibration began before the investigator-initiated any 

movement of the limb and ceased at the end of the trial. 

The position matching apparatus was designed to be similar to those described elsewhere 

(Trevor J Allen, Leung, & Proske, 2010; Givoni, Pham, Allen, & Proske, 2007) with the addition 

of an electric motor to control movement speed. The position sense apparatus consisted of two 

wooden levers. The levers were 10cm wide and have three sections. The upper limb rests on the 

first section, which was 20 cm long. This section connects to the second at the hinge joint. The 

second section was 30.5cm long and was where the forearm or shank would primarily rest. The 

third section was approximately 13 cm long and connects at the distal end of the second section 

by wooden pegs. The third section was removed during the lower limb tasks so that the foot 

could rest over the end of the lever. The levers were connected by a sliding rod that allows the 

width of the levers to be adjusted up to 30.5 cm between them. The levers were covered by 5mm 
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thick foam, which serves to cushion the limb. The levers rested on top of a flat wooden surface 

51cm x 76 cm. Two wooden posts extend 76 cm vertically from the wooden surface to support a 

third wooden board where the motor rests. The motor was a standard automotive window lift 

motor and was powered by a 6-volt dc power supply. A plastic appendage was added to the 

motor that extends outward with a string wound around it to create a pulley. At the opposite end 

of the string was a clasp that connects to a coated wire loop attached to the lever by two 

eyehooks extending laterally from the side of the lever. A toggle switch connected to the motor 

determines whether the motor rotates clockwise to wind the string and pull the lever upward, or 

counterclockwise to unwind the string and lower the lever.  

When the tasks were performed at the elbow participants were seated in a stationary 

office chair that provided back support. Their shoulders were flexed, and elbows extended with 

forearms resting supinated on wooden levers. The forearms were restrained with neoprene straps 

so that the olecranon processes were aligned with the hinge joint in the wooden lever. When the 

tasks were performed at the knee participants lied prone on a plinth with legs extended off the 

plinth and onto the wooden levers. The patella-femoral joints were aligned with the hinges, and 

neoprene straps were used to constrain the shank to the levers. The feet hung off the end of the 

lever, with the distal metatarsal extending toward the floor. One lever was connected to a 6 Hz 

motorized pulley with coated wire. The motorized pulley was used to passively flex the reference 

limb in the sagittal plane.  

During the CM, the investigator flexed both the reference and indicator limb 20-30 

degrees from the starting position. The reference limb was passively flexed by the motorized 
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pulley, while the indicator limb was passively flexed at the same rate by the investigator. The 

vibrated, reference limb was then restrained at the flexed position and the participant was 

instructed to “begin” matching any perceived movement of the reference limb by actively 

moving the contralateral indicator limb in the same way. Participants were instructed that when 

vibration was present illusory movement was possible and that they should match any perceived 

movement regardless of whether they perceived it was real or illusory. Participants were not told 

that the reference limb would always be restrained. Matching continued for 10 seconds and then 

the trial was stopped and both limbs were returned to the starting position. 

During the DM, the investigator flexed only the reference limb 20-30 degrees from the 

starting position with the motorized pulley. The vibrated, reference limb was then restrained and 

the participant was instructed to move the indicator limb from the starting position to match the 

position of the reference limb. Participants verbally reported when they felt the task was 

complete. The trial was then stopped and both limbs were returned to the starting position.  

Mtx motion sensor (XSENS, USA) were secured to the center, anterior surface of the 

upper arm and forearm and the center posterior surface of the thigh and shank so that joint 

position could be extrapolated. The angular position of each segment was measured by each 

segment’s associated Mtx and the associated quarternion. Segment’s position was determined by 

integrating the accelerometer, gyroscope and magnetometer data in the algorithm native to the 

Mtx and XSENS software. A custom program in Visual C++ (Microsoft, USA) was used to 

compute joint angles. The two related segments of each limb were connected using an 

anatomical frame of reference, by designating the joint center as the intersection of the two 
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segments in the sagittal plane (Roetenberg, Luinge, & Slycke, 2013). The joint angular position 

was derived from the cross product of the quarternion of each segment (Zatsiorsky, 1998). Joint 

angles were displayed in real time so that investigators could accurately position the participant’s 

joints during both the CM and DM. Joint data for each trial were also recorded and used to 

compute the dependent variables as discussed below. 

A custom Matlab (Mathworks, USA) program was used to filter the angular joint data 

with a 2nd order, low pass, Butterworth filter at 6Hz before transforming the date into the 

following dependent variables. The magnitude of MI was represented by a calculation of 

constant or absolute error, and the variability of MI was represented by variable error. The 

maximum constant error (maxCEc) over 10 seconds of continuous matching was computed for 

performance of the CM using the following algorithm based on one used previously (Rabin & 

Gordon, 2004b) computed the maximum difference in the change in position from the start of the 

trial time (0) to time (t) between the reference (R) and indicator (I) limbs,  

𝑚𝑎𝑥𝐶𝐸𝑐 = 𝑚𝑎𝑥[(𝑅(𝑡) − 𝑅(0)) − (𝐼(𝑡) − 𝐼(0))] 

The maximum absolute error (maxAEc) was computed as the absolute value of maxCEc 

for each trial, and variable error (VEc) was computed by dividing the standard deviation of each 

condition by the number of trials for that condition. For the DM, constant error (CEd) was 

computed as the final difference between the reference and indicator limb positions. Absolute 

error (AEd) was computed as the absolute value of CEd for each trial, and variable error (VEd) 

was computed for CEd as described for CM. 
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Each vibration trial was normalized to the average of the vibration absent trials for each 

condition. The grand mean for each subject was used for statistical analysis within SPSS 

statistical software (IBM, USA). Repeated measures 2 x 2 x 2 x 2 multivariate analyses of 

variance (R-MANOVA) was used to evaluate the effect of task, (CM or DM) age (HY or HO), 

joint (elbow or knee), and side (right or left) on the measures of matching performance, and MI.  

Pearson’s correlation was used to explore the relationship between age and measures of 

matching performance collapsed over the task, side, and joint. A second Pearson’s correlation 

was used to define the relationship of matching performance between the CM and DM collapsed 

over the side, joint and age. A third Pearson’s correlation was used to identify the relationship of 

matching performance between the right and left side of the body collapsed over the task, joint 

and age. The final Pearson’s correlation was used to define the relationship of matching 

performance between the elbow and knee when collapsed over the task, side, and age.  

Results  

The dependent variables were found to deviate from normal. Outliers were corrected with 

the following formula [𝑥 =  𝐾 +  1] with K being equivalent to the next nearest value of the 

dependent variable (Field, 2009; Tabachnick & Fidell, 2001). The value 0.1 was used instead of 

1.0 for measures of variability because most of the values were less than 1.0 and so adding 1.0 to 

the outlier often moved the outlier even further from the mean. Since measures of matching 

performance and variability were not directly compared it was deemed acceptable that a different 

value was added to K for the two types of measures.  
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Differences in MI between factors 

The first analytical step was to determine how MI differed between task, joint, side, and 

age. There was a significant effect of task (F(3,16)= 22.03; p < .001) and a significant interaction 

of task with age (F(3,16)= 5.32; p = .01) on MI and the interaction was observed for both VE 

(F(1,18)= 5.17; p < .05) and AE (F(1,18)= 11.03; p < .01). HO generally experienced greater MI 

than HY in the CM task but there were not differences between HY and HO in the DM task 

(Figure 3.1). 

 

Figure 3.1 Effect of the interaction of age with the task on MI, demonstrated by A. Variable Error and B. Absolute 

Error collapsed over joint, and side.  

Since it was determined that the largest effects between young and old were found in the 

CM task, an additional 2 x 2 x 2 repeated MANOVA was conducted to determine how MI varied 

by joint, side and age within the CM task. There was a significant effect of age on MI (F(3,16)= 

4.31; p < .05) and a significant interaction of age with joint (F(3,16)= 3.98; p < .05) for both 
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performance variables VE (F(1,18)= 4.80; p < .05)  and AE (F(1,18)= 8.71; p < .01). The HO 

generally demonstrated greater MI than HY especially at the elbow joint (Figure 3.2). 

Relationships of MI between factors 

The focus of the analysis was then turned to the relationships of the magnitude of MI 

between each of the independent variables. First, the relationship between the MI and age was 

evaluated when performance was collapsed over the task, joint and side of the body. There was a 

positive relationship between age and CE (r = .28; p < .001) and age and AE (r = .18; p < .05). 

Although both relationships were statistically significant the effect size was small (r < .3; Cohen, 

1988).  

Figure 3.2 Effect of the interaction of age with joint on MI, demonstrated by A. Variable Error and B. Absolute 

Error for the CM collapsed over the side of the body.  

Second, the relationships of MI between the CM and the DM were evaluated with 

performance collapsed over age, joint and side. CE in the CM was significantly positively 

correlated with CE in the DM (r = .47; p <  .001) although again the effect was small (J. Cohen, 
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1988). When the relationship of CE between the CM and DM was reevaluated within each age 

group, only the HO displayed a significant correlation between the CM and DM (r = .67; p < 

.001) which reflected a moderate effect size as defined by Cohen (1988) (Figure 3.3). However, 

the z-difference between the r of the HY and HO correlations between CE of the CM and DM 

were not statistically different indicating that the correlation between the CM and DM did not 

differ between the HY and HO age groups even though the relationship was only significant in 

the HO (Field, 2009). 

 

 

Figure 3.3 Relationship of MI between CM and DM demonstrated by CE collapsed over age, joint, and side. Green is 

HO. 
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Figure 3.4. Relationship of MI between the right and left side of the body demonstrated by CE collapsed over the 

task, joint, and age.  

Third, the relationship of MI between the right and left side of the body was tested with 

performance collapsed over age, task and joint. A significant positive correlation was found 

between the CE of the right and left sides (r = .34; p < .01). Again, we reevaluated this 

relationship within each age group and found that the relationship between the right and left 

sides remained significant only in the HO group (r = .48; p < .001; Figure 3.4). However, as with 

the comparison between the CM and DM tasks, the z-difference between the HY and HO 

correlations was not significant in this case either. 

Lastly, the relationship of MI between the elbow and knee joints was evaluated with 

performance collapsed over age, task and side of the body. The relationship between the elbow 

and knee was not significant (p > .05). 
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Discussion 

The purpose of this study was to determine whether there was a relationship between the 

age of an individual and the experience of MI, as well as to what extent this relationship was 

dependent on the context of the task used to observe MI, or the joint or the side of the body 

which was vibrated. Healthy older individuals generally experienced larger MI, and this effect 

was dependent on whether the matching task was continuous or discrete, and whether stimulation 

was applied to the elbow or knee. Furthermore, positive relationships were observed between MI 

experienced in a CM and DM task and between MI experienced on the left and right side of the 

body, but not between MI experienced at the elbow and knee.  

In the present study, age-related increases in the magnitude of MI were observed in the 

CM but not the DM task. This finding is in line with evidence from reports indicating that 

proprioceptive acuity differs between young and older adults (Goble, Coxon, Wenderoth, Van 

Impe, & Swinnen, 2009; Kokmen et al., 1978; Verschueren et al., 2002), and between the type of 

task used to evaluate proprioceptive acuity (Goble, 2010; Grob et al., 2002). A positive 

relationship between MI experienced in the CM and DM was also found. This indicates that an 

individual who experiences a large illusion on one type of matching task is likely to experience a 

large illusion on another. So while the absolute magnitude of MI may differ between two 

different matching tasks, the relative magnitude of MI should be the same. 

The fact that the MI was greater in the HO than HY in the CM rather than DM task may 

be the result of the prolonged vibration stimulation experienced in the CM task. The main 

difference in the CM and DM was that during the CM, individuals matched the position of their 
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vibrated, contralateral limb continuously for 10 seconds, while in the DM, individuals 

immediately matched their contralateral limb immediately after the vibrator limb was passively 

placed in the target position. The CM lasted longer and the added exposure may have allowed for 

the MI to be amplified in HO adults who are known to have difficulty with adapting to sensory 

perturbations (Doumas & Krampe, 2010; Hay et al., 1996; Teasdale & Simoneau, 2001).  

Within the CM task, the effect of age on MI was dependent on the joint to which 

vibration was applied. The MI were greater in the HO than the HY at the elbow, but differences 

between age groups were not apparent at the knee. Furthermore, we found no existence of a 

relationship between the magnitude or variability of the MI between the elbow and knee. This is 

the first study to compare MI between two different joints, but this outcome is in agreement with 

other studies that have reported differences in proprioceptive acuity between the many joints of 

the human body (Han et al., 2013; E. Naito et al., 2007; Paschalis, Nikolaidis, Giakas, Jamurtas, 

& Koutedakis, 2009). Thus our results provide evidence that the perception of MI is unique to 

each joint.  

Although it is known that proprioceptive acuity differs at each joint, it is not clear why 

age-related changes in the perception of MI would be unique to the elbow. While several studies 

have reported physiological changes in the peripheral afferents with age (Kararizou & Manta, 

2005; Liu, Eriksson, Thornell, & Pedrosa-Domellof, 2005; Romanovsky, Mrak, & Dobretsov, 

2015; Shaffer & Harrison, 2007; Swash & Fox, 1972), the literature does not provide a clear 

explanation for why older adults would be specifically more affected by tendon vibration at the 

elbow than the knee. Upon examination of human post-mortem muscle samples, age-related 
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changes in the number and size of muscle spindles were found in the deltoid and the extensor 

digitorum but no changes were reported in the biceps brachii or the quadriceps femoris 

(Kararizou & Manta, 2005). Nuclear chain fibers, known to detect static changes in muscle 

length, are reported to decline with age in the biceps brachii, although no comparison was made 

with other muscle groups in that study (Liu et al., 2005). So the interaction of age and joint is not 

adequately explained by our current understanding of aging of the peripheral proprioception 

processing system.  

Limb specific age related changes in central processing are not any more established in 

the literature. It is known that gray and white matter volume declines with age as young as 50 

years old (Ge et al., 2002; Sullivan, Marsh, Mathalon, Lim, & Pfefferbaum, 1995) which would 

surely affect central processing function. In rats, investigators have reported limb specific 

changes in the topography of the primary motor and sensory cortices. In aged rat hindpaw 

associated cortical area was reduced and receptive fields exhibited greater overlap between digits 

(Dinse, Godde, Berkefeld, & David-ju, 2002). It is likely that humans also exhibit limb specific 

regional cortical changes but to the author’s knowledge, this has not been investigated as of yet. 

So our current understanding of age related changes in central processing of proprioceptive input 

is also insufficient to explain the joint specific differences in perception of MI between HY and 

HO adults.  

Although several studies have reported differences in position matching between the right 

and left limbs specifically during tendon vibration (Adamo et al., 2012; Martin & Adamo, 2011), 

this effect was not replicated in our study. One explanation for this is that the differences in how 



60 

 

MI are processed and experienced on either side of the body were dominated by the larger effects 

of age, task, and joint. In other words, the results of our study suggest that the side of the body, 

which is vibrated is not as important in the experience of MI as the joint vibrated, the age of the 

person or the task undertaken during vibration. Other studies have also found that side specific 

proprioceptive acuity was dependent on the task. For example, in one study constant matching 

error only differed between the left and right hands in a contralateral but not ipsilateral task and 

absolute error did not differ between hands in either task (Adamo & Martin, 2009). In another 

study, average matching acceleration errors differed between the dominant and non-dominant 

arm when performing the ipsilateral but not the contralateral matching task, while peak velocity 

and final position were not differentially affected by limb side (Goble & Brown, 2009). 

A positive relationship between the magnitude of MI experienced in the right and left 

limbs of either joint was also observed which is consistent with a previous report that joint 

position matching in the right limb was positively related to the left limb across several joints 

(Han et al., 2013). Recent neuroimaging studies have also indicated a correlation between MI 

experienced in either the right or left limb (Naito et al., 2007). These studies have documented a 

right hemisphere specialization for the processing of MI (Amemiya & Naito, 2016; Cignetti et 

al., 2014; Goble et al., 2012; Naito et al., 2007; Naito et al., 2016). Specifically, right inferior 

frontal parietal areas are uniquely activated by the experience of tendon vibration, and are 

activated regardless of the side of the body stimulated (Naito et al., 2007). Therefore, the 

correlation between the MI experienced in the right and left limbs may be due to the fact that MI 

are processed in the same cortical hemisphere. 



61 

 

The effect of age cannot be easily explained by what is currently known about the 

activation of neurological networks. Right, cortical areas connected by tract III of the Superior 

Longitudinal Fasciculus were uniquely activated by the presence of an illusion during vibration 

to the right extensor carpi ulnaris, and the amount of activation in the right inferior frontal 

parietal areas were positively correlated to the magnitude of MI (Amemiya & Naito, 2016). The 

evidence suggests that the experience of MI is unique to processing in right inferior frontal 

parietal cortices (Amemiya & Naito, 2016; Cignetti et al., 2014; Goble et al., 2012; Naito et al., 

2007). According to this line of thinking, the greater MI found in older adults should be related 

to an increased activation of the right inferior frontal-parietal network. However, older adults are 

known to generally display reduced hemispheric specialization (Cabeza, 2002; Dolcos et al., 

2002) and have already been reported to demonstrate similar activations in the inferior frontal-

parietal network as young adults (Goble et al., 2012). Although left primary motor, 

somatosensory motor, cingulate motor and dorsal premotor cortices and bilateral basal ganglia 

do not appear to be unique to the experience of the illusion, activation of these areas has also 

been reported during vibration (Amemiya & Naito, 2016; Naito et al., 2007) and older adults are 

known to experience reduced activation in right putamen compared to young adults during 

vibration (Goble et al., 2012). So it is possible that MI are simple processed much differently in 

older than younger adults and further exploration of the changes in the processing of MI with age 

is warranted. 

A positive correlation was found between the magnitude of MI and the age of the 

participant. However, the effect size was small. More importantly, there was an interaction 
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between age with the task when both the CM and DM were compared, and with the joint when 

only the CM performance was entered into the analysis. Therefore, it can be concluded that age 

is not independently related to MI but may be a factor when vibration is applied to specific joints 

and within various types of tasks. In this study, age differences were more predominant at the 

elbow and in the longer duration CM task.  

Proprioception can be considered as a dual process that involves both the receipt of 

information from primary afferents and the cognitive processing and interpretation of that 

information (Han et al., 2015). It cannot be directly deduced from this study, which aspect of 

proprioception is responsible for age-related changes in the perception of MI, but it is probable 

that changes in both central and peripheral processing of tendon vibration are responsible for the 

enhanced magnitude of MI experienced in the HO.  

Individuals interested in manipulating human responses to tendon vibration for the 

purpose of neurorehabilitation should consider how its practicality would be affected by the 

context of the age of an individual, the joint stimulated and the task performed. In older adults, 

tendon vibration appears to have larger effects at the elbow than the knee especially during 

longer periods of stimulation. Thus, the practicality of vibration as a tool for the purpose of 

neurorehabilitation may be joint specific, and positive benefits of tendon vibration applied to one 

joint may not be translatable to other joints. In older adults, longer periods of vibration 

stimulation may produce greater responses than discrete bursts. 
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Conclusion  

The results of this study support the idea that MI are dependent on a number of 

contextual factors which includes the joint to which vibration is applied, the task used to identify 

MI, and the age of an individual. Thus, researchers should use caution when making inferences 

from studies of human responses to tendon vibration, because MI cannot be generalized across 

joints, tasks and age groups. Older adults generally experienced larger illusions at the elbow and 

during prolonged vibration stimulation in a CM than younger adults. The reason for this is not 

clear and should be investigated further. The fact that older adults experience larger MI with 

tendon vibration suggests that the manipulation of tendon vibration as a tool in 

neurorehabilitation may be especially beneficial for elderly individuals, although this will likely 

depend on the joint undergoing rehabilitation. 
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Abstract  

It has previously been determined that the perception of movement illusions induced by tendon 

vibration involves cognitive factors such as expectations and attention suggesting that movement 

illusions are influenced by cognitive processing. In the current study, the role of cognitive 

processing of movement illusions was further explored by examining the relationships between 

movement illusions and the scores on the Montreal Cognitive Assessment, which quantifies 

cognitive ability and the Mental Imagery Questionnaire – revised second version to determine 

whether either motor imagery or cognitive ability influenced the perception of movement 

illusions induced by vibration. Since both motor imagery and cognitive ability are known to 

decline with age, we tested these relationships in both young and older healthy adults. There was 

no difference in scores on either the Montreal Cognitive Assessment or the Mental Imagery 

Questionnaire between age groups, and age was not correlated with scores on either the Montreal 

Cognitive Assessment or the Mental Imagery Questionnaire-revised second version. A 

relationship was detected between scores on the Mental Imagery Questionnaire and the 

perception of movement illusions and these relationships were dependent on the type of task 

performed and the joint to which tendon vibration was applied. The effect was small and should 

be investigated further in a larger sample size, but these findings add to the growing body of 

evidence that movement illusions are task dependent and influenced by cognitive processing. 
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The presence of vibration often induces an illusion of changed position at the joint near the 

vibrated muscle tendon (Goodwin, McCloskey, et al., 1972). This phenomenon has proved to be 

elusive as many investigators have reported difficulty eliciting the movement illusions induced 

by vibration (MI) in certain individuals (e. g. Burrack & Brugger, 2005; Cignetti et al., 2014; 

Martin & Adamo, 2011; Naito, Ehrsson, Geyer, Zilles, & Roland, 1999; Schofield et al., 2015; 

Yaguchi, Fukayama, Suzuki, & Mabuchi, 2010).  

Previously it has been determined that the perception of movement illusions may be 

influenced by cognitive factors such as one’s expectations about the illusion and the locus of 

one’s attention. This suggests that movement illusions are influenced by cognitive processing. 

Whether or not the actual perception of MI requires general cognitive ability, the tasks typically 

employed to observe MI require both sustained attention to the task and working memory. 

Attention is the ability to devote central processing capacity to a stimulus for a period of time 

while working memory is the ability to store, retrieve and manipulate limited amounts of 

information in the mind (Baddeley, 2003). For example, in a contralateral matching task, the 

joint angle of one joint is retained and transferred to the contralateral arm while continuously 

monitoring the two joints position for matching accuracy (e. g. Adamo, Scotland, & Martin, 

2012; Hakuta et al., 2014; Martin & Adamo, 2011). In other cases, participants rely on working 

memory to self-report the sensations they previously felt after vibration is turned off (e. g. 

Burrack & Brugger, 2005; Tidoni et al., 2014). Therefore, general cognitive ability is likely a 

confounding factor in these experiments because an individual who had impaired working 

memory ability or a deficiency in attention would be less able to perform the task and accurately 



81 

 

portray the perception of MI. The relationship of cognitive ability to the perception of MI has yet 

to be examined. 

Another facet of cognitive ability, motor imagery, is the ability to mentally conjure visual 

and kinesthetic perceptions of movement. Visual motor imagery reflects the ability to mentally 

see how a movement would look to an observer, while kinesthetic imagery reflects the ability to 

mentally feel the effects of movement while it is performed (Gregg et al., 2010). The central 

processing of motor imagery and MI may involve a great deal of crossover. Some studies have 

examined the neural correlates of both MI and kinesthetic motor imagery. While some neural 

activation is unique to either motor imagery or MI, there was some overlap in neural activations 

between the two tasks including the contralateral dorsal premotor cortex, cingulate motor areas, 

supplementary motor area and ipsilateral cerebellum (Amemiya & Naito, 2016; Naito et al., 

2002). This overlap in neurological processing may provide some basis for a relationship 

between the ability to conjure motor imagery and the ability to perceive MI.  

The combination of motor imagery with the application of tendon vibration is known to 

affect the perception of MI. In one study, when individuals were instructed to conjure kinesthetic 

motor imagery of wrist flexion during tendon vibration to the wrist, the velocity of the MI was 

increased (Shibata & Kaneko, 2013). Other researchers reported that the trajectory of MI was 

changed by the addition of motor imagery during wrist tendon vibration (Thyrion & Roll, 2009). 

More interestingly, the direction of a palmar flexion MI was enhanced by the motor imagery of 

palmar flexion and reversed by the imagery of wrist dorsal flexion with motor imagery ability 
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being positively correlated with the magnitude of the MI (Naito et al., 2002). Thus, individuals 

that differ in their ability to imagine movements, may also differ in their perception of MI. 

The age of an individual may be one determining factor of motor imagery ability. It was 

reported that motor imagery as measured by the Mental Imagery Questionnaire – Revised (MIQ-

R) was reduced with age in individuals aged 20-80 years old (Schott, 2012). The authors also 

found that working memory ability may be a mediator of the influence of age on motor imagery 

ability such that as working memory declines with age so would the ability to perceive and 

transform visual and kinesthetic imagery. If motor imagery and working memory are necessary 

for the perception and reporting of MI, then the age-related decline in both of these facets is 

likely to impede perception of MI in older adults.  

MI are often used to study the sense of proprioception and are even being considered as a 

tool for neurorehabilitation (Duclos et al., 2014; Field-Fote et al., 2014; Gay et al., 2007; Naito et 

al., 2016), but whilst the contextual factors that enhance or impede these illusions is unknown, 

these investigations will be lacking. The purpose of this study was to investigate factors that may 

differentiate individuals who experience MI from those who do not. The factors specifically 

examined in this study were general cognitive ability and the ability to conjure motor imagery. It 

was anticipated that the potential relationship of both of these factors with MI would be mediated 

by aging and related deficits. Further, the relationship of MI with motor imagery or cognitive 

ability were examined by task, joint and side of the body as these contextual factors may also 

influence the perception of MI. 
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Methods 

Twenty healthy adults with no history of muscular, cognitive or neurological disorders 

participated in this study. All were right handed as defined by the Edinburgh Handedness 

Inventory (Oldfield, 1971). The Healthy Young (HY) group was composed of 6 males and 4 

females, age 22 ± 2 years. The Healthy Old (HO) group was composed of 5 males and 5 females, 

age 73 ± 3 years. 

The MoCA was completed first by all participants. The MoCA has been reported as a 

valid and reliable test for evaluating cognitive abilities such as visual-spatial abilities, short – 

term memory, attention and working memory (Nasreddine et al., 2005). It was preferred over 

other tests such as the Mini Mental State Examination for detecting cognitive impairment (Dong 

et al., 2012).  

Participants then completed the Mental Imagery Questionnaire-Revised Second Version 

(MIQ-RS) (Gregg, Hall & Butler, 2010). The MIQ-RS is a valid and reliable test of both visual 

and kinesthetic imagery (Gregg et al., 2010). There are seven items to evaluate each of Visual 

(MIQ-RS_V) and Kinesthetic imagery (MIQ-RS_K) abilities on a 7-point Likert scale from 1, 

very hard to see (Visual Construct) or feel (Kinesthetic Construct), to 7, very easy to see or feel. 

Each item instructs the participant to produce a simple movement and then stop and imagine how 

the movement either looked or felt. 

Participants performed both a contralateral continuous matching task (CM) and a discrete 

matching task (DM. Both the tasks and the apparatus have been fully described in a previous 
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article and so only a brief description follows here. In the CM, both the right and left limb were 

moved 20-30 degrees to the starting position by the investigator at the beginning of the trial. 

After reaching the starting position, the participant was instructed to continuously match the 

position of their reference limb to which tendon vibration was applied, with their contralateral 

indicator limb for a period of 10 seconds. In the DM, only the reference limb was positioned by 

the investigator at the beginning of the trial. After positioning the reference limb, the participant 

quickly moved their indicator limb from the resting position to match the angular position of 

their reference limb. Both tasks were performed with the right and left, elbow and knee acting as 

the reference limb. Five trials were performed at each limb both with and without 80hz vibration 

applied to the distal flexor tendon of the reference limb by Vibrasens VB115 vibrators (Techno 

concept, France) from the time the investigator began to move the limb until the end of the trial.  

MTx motion trackers (XSENS, USA) were placed above and below the joint on each 

limb to monitor joint angular position during the task. Visual C++ (Microsoft, USA) custom 

programming was used to display and record joint angles in real time during each task. XSENS 

software was used to compute the segment position of each MTx. Visual C++ custom 

programming transformed segment angles into joint angles for each limb by connecting the two 

MTx on each limb using an anatomical reference for which the intersection of the two segments 

in the sagittal plane represented the joint center (Roetenberg et al., 2013; Zatsiorsky, 1998).  

A custom Matlab (Mathworks, USA) program was used to quantify the magnitude and 

variability of the MI for each task. For the CM, the maximum constant error (CE) was computed 

using an algorithm adapted from Rabin & Gordon (2004b) where R represents the reference limb 
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position and I indicates the indicator limb position at time 0 (start of trial) or point in time t. This 

algorithm identified the maximum magnitude of the MI during each 10 second trial of the CM.  

𝐶𝐸 𝑜𝑓 𝐶𝑀 = max [(𝑅(𝑡) − 𝑅(0)) − (𝐼(𝑡) − 𝐼(0))] 

 

For the DM, CE was simply computed as the difference between the final positions of the 

Reference and Indicator limbs. Absolute error (AE) was computed as the absolute difference of 

CE, and variable error (VE) was computed as the average divided by the standard deviation of 

each set of trials for both tasks. CE, VE, and AE for each trial were all normalized to the average 

of the no vibration condition of each task. The grand mean of the normalized variables was used 

for analysis.  

 

SPSS statistical software (IBM, USA) was used to perform Spearman’s rho to determine 

if there was a relationship between MoCA or MIQ-RS scores and age group. Then relations were 

tested between the MoCA and MIQ-RS scores and CE, AE and VE. Relationships between the 

cognitive and motor imagery scores with the outcome measures were also isolated by task (CM 

or DM), joint (elbow or knee) and side (left or right) to determine whether relationships between 

MI and MoCA or MIQ-RS were context dependent. Finally, Mann-Whitney U, non-parametric 

test, was performed to determine if MoCA and MIQ-RS scores differed between the HY and HO 

adults. 

Results  
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The MoCA, MIQ-RS, MIQ-RS_V, and MIQ-RS_K were all found to deviate from 

normal. Transforms were inefficient in correcting skewness and thus Spearman’s non-parametric 

rho was used when testing relationships between these measurement instruments and MI 

performance variables. Measures of matching performance (maxCEc and CEd) were also found 

to deviate from normal. Outliers in constant error and absolute error were corrected with the 

following formula [K + 1] with K being equivalent to the next nearest value of the dependent 

variable (Fields, 2009). For variable error, 0.1 was added to K instead of 1 because the range of 

variable error was generally less than 1. 

An independent Mann-Whitley U test determined that there was no significant difference 

(p > . 05) between the MoCA or either MIQ-RS scores of the HY and HO adults. Spearman’s rho 

was also not significant when testing the relationship between age and the MoCA or either MIQ-

RS scores. All scores were then collapsed over age for the remainder of the analysis. 

CE, collapsed over the task, joint and side was significantly positively correlated with 

scores on the MIQ-RS (r = .17; P < .05), however, this effect was small (Cohen, 1988). No other 

significant correlations were detected when scores were collapsed over all independent factors. 

In the continuous but not discrete matching task, CE was significantly positively 

correlated with MIQ-RS_K scores (r = .23, p < .05) when scores were collapsed over joint and 

side, but the effect size was again small (Cohen, 1988). No other significant correlations were 

detected in the CM or DM performances. 
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In the elbow, CE was significantly positively correlated with MIQ-RS_K scores (r = .30, 

P < .01) and MIQ-RS combined scores (r = .30, p < .01) when scores were collapsed over task 

and side of the body, both of moderate effect sizes (Cohen, 1988). In the knee, VE was 

significantly, negatively correlated with scores on the MIQ-RS (r = - .25, p < .05), although this 

effect was small (Cohen, 1988). No other significant relationships were detected at the elbow or 

knee. 

No significant relationships were detected on the right or left side of the body when 

scores were collapsed over task and joint. 

 In summary, age did not have an effect on motor imagery ability. Significant but weak 

positive correlations were observed between CE and scores on the MIQ-RS overall, and in the 

CM task specifically, between CE and the MIQ-RS_K scores. Moderate, positive correlations 

were observed between CE and MIQ-RS and MIQ-RS_K in the elbow while a weak, negative 

correlation was observed between VE and MIQ-RS in the knee. 

Discussion 

This study was designed to determine whether aspects of cognition such as general 

cognitive ability or motor imagery ability were related to the magnitude of MI experienced 

during tendon vibration and whether any possible relationship was mediated by age, task, joint or 

side of the body. MI was operationalized by measures of constant, absolute and variable error in 

a CM and DM task at the elbow and knee of the right and left sides of the body.  
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MI was positively correlated with motor imagery ability. This is consistent with previous 

authors who have found that MI are altered by the addition of motor imagery (Shibata & 

Kaneko, 2013; Thyrion & Roll, 2009). Furthermore, other authors have identified some 

crossover in central processing of motor imagery and MI in the contralateral cortex and 

ipsilateral cerebellum (Amemiya & Naito, 2016; Naito et al., 2002). Despite the primarily, weak 

correlations observed here, the combination of the result of the current study and the previous 

work is highly suggestive of integration of proprioceptive sensation with motor imagery for the 

perception and depiction of MI. It may be worthwhile to determine whether one can improve MI 

indirectly through training to improve motor imagery. This should be explored further.  

In addition, the relationship between MI and motor imagery was affected by the task 

performed and the joint to which tendon vibration was applied. MI was significantly correlated 

with kinesthetic motor imagery in the CM but not DM task, which indicates that tasks that 

require prolonged indication of MI may be more likely to involve the integration of 

proprioceptive and mental images to accurately depict the magnitude and direction of MI. This is 

consistent with findings that MI were greater in the CM than the DM task in older adults. It is 

sensible that kinesthetic and not visual motor imagery was related to the experience of MI 

because visual information was not available during tendon vibration. Thus, the perception of MI 

involved only somatosensation, and so, it is fitting that the ability to conjure imagery of how the 

movement feels was more relevant to MI than the ability to conjure imagery of how a movement 

appears.  
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When joint was isolated, MI was significantly correlated to kinesthetic motor imagery in 

the elbow but not the knee. It is known that proprioceptive acuity differs between different joints 

(Allen et al., 2010; Han et al., 2013). More specifically, previous authors have reported that the 

magnitude and onset of MI differ between joints of the upper and lower extremity and that MI 

were not correlated between the hand and the foot (Naito et al., 2007). Similarly, it has been 

reported that MI were not correlated between the elbow and knee and are more prominent in the 

elbow, although this relationship was influenced by age.  

It does not appear that age is a factor in the relationship between MI and motor imagery. 

There was no significant difference in MIQ-RS scores between the HY and HO adults and age 

did not correlate with MIQ-RS scores either. The older adults recruited in the current study were 

still highly active individuals who were prominent business owners, educators or community 

volunteers. Being active may limit the decline in cognitive ability. As evidence of this, it has 

been reported that visual imagery scores were correlated with perceived self-efficacy, which can 

be interpreted as a measure of an individual’s activity level (Mulder, Hochstenbach, van 

Heuvelen, & den Otter, 2007). Furthermore, the recruitment of adults from either end of 

adulthood may have also limited the results of this study. A larger sample of adults across many 

decades from young to older adulthood may result in a better representation of the relationships 

between age, motor imagery and the experience of MI. 

Overall, the findings described in this report are indicative of a broad integration of 

central and peripheral processes to perceive and depict MI induced during tendon vibration. 

Additionally, these findings add to the literature that the experience of MI is task dependent. The 
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results of this study suggest that individuals who exceled at performing motor imagery 

experience more robust MI, which may be practical knowledge for researchers investigating the 

use of MI in neurorehabilitation. However, these correlations were weak and should be explored 

further. Future studies should also investigate whether training someone to improve motor 

imagery would also result in greater MI. 
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Abstract  

Decades ago, when tendon vibration was first discovered as a method of inducing movement 

illusions at the elbow decades ago, it was reported as if all people experienced the illusions every 

time. Since that time, many authors have observed that many individuals do not experience such 

illusions. The purpose of this study was to determine if one’s expectations or focus of attention 

impacted whether movement illusions occurred during tendon vibration. Delivering incorrect 

instructions about the expected direction of movement illusions, and focusing attention away 

from stimulation onto other parts of the task reduced movement illusions while providing no 

instructions about the focus of attention or presence of movement illusions resulted in the 

greatest movement illusion.  
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When vibration is applied to the primary muscle tendon of a joint (tV), the end result is often a 

false perception of joint position in the direction of muscle lengthening (Goodwin, McCloskey, 

et al., 1972). Over the years of investigation of responses to tendon vibration, investigators often 

report having to exclude individuals from their studies who did not experience such illusions 

(Bianconi & Van Der Meulen, 1963; Burke & Schiller, 1976; Cordo, Gurfinkel, Brumagne, & 

Flores-Vieira, 2005; Fuentes et al., 2012; Seizova-Cajic et al., 2007b). It is not yet understood 

why the lack of illusions would occur in some trials but not others, or occur in some individuals 

but not all. The purpose of this study was twofold: to first discover if the magnitude of MI are 

affected by expectations about the MI and second discover whether the locus and amount of 

attention directed toward the perception of tV affects the magnitude of MI. 

The first purpose of this study was to evaluate whether one’s expectations about the 

direction of MI affect the magnitude of MI perceived during an elbow joint matching task. It was 

previously reported that MI can be facilitated or hindered by manipulating expectations of 

potential for movement simply by contacting a seemingly stable or mobile surface (Rabin & 

Gordon, 2004b). When movement was expected, the MI experienced during tV stimulation to the 

elbow was enhanced. When movement was thought to be unlikely, MI were lesser. The authors 

suggested that the muscle spindle stimulation induced by tV and the tactile sensation from 

touching the cue surface were integrated and subsequently interpreted in the context of the 

participant’s expectations about the possibility that their arm would move (Rabin & Gordon, 

2004). If one’s expectations influence the perception of MI, then it can be hypothesized that 

providing correct information about the expected direction of MI would facilitate these MI. 
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The second purpose of this study was to evaluate whether the locus or amount of 

attention directed toward the sensation of tV affects the magnitude of MI experienced during a 

joint matching task. This possibility was assessed in two ways. First, the Dual Task paradigm can 

be used to determine whether attention is required to perform a task by observing the decline in 

one task’s performance when a second task is introduced (Pashler, 1994). Seizova – Cajic & 

Azzi (2010) reported that a secondary distraction task reduced the motion after-effects that occur 

when tV stimulation is removed. These investigators did not assess the possible effect of a 

secondary task on MI during tV, however, the magnitude of after-effects are likely proportional 

to the magnitude of MI and if so, a secondary cognitive task should also reduce MI during tV.  

Second, the Constrained Action Hypothesis of motor learning states that an internal or 

external attentional focus can influence the quality of the movement (Wulf, McNevin, Fuchs, 

Ritter, & Toole, 2000). An external focus of attention toward the effects of movement is reported 

to be more beneficial for the performance of a task, whereas an internal focus of attention on the 

movement itself (i.e. kinematic features) can be detrimental. The current protocol compared 

these two types of instructions with the assumption that if an external focus of attention leads to 

better performance on the task, this focus of attention would allow one to improve their sense of 

joint position and result in better matching performance thereby impeding MI. It was 

hypothesized that providing an External Focus of Attention would reduce the magnitude of MI. 

Methods 

Ten healthy adults (24 ± 4 years; 5 females) participated in the study. Participants were 

right-handed, as defined by the Edinburgh Handedness Inventory, in good health, and able to 
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move both elbows through the full range of motion. Participants were excluded if they reported 

disease related to learning, sensory, neurological or motor impairment. They were also excluded 

if they scored less than a 26 on the Montreal Cognitive Assessment which evaluates overall 

cognitive ability (Nasreddine, Phillips, & Chertkow, 2012). Finally, all participants were naïve of 

the possibility of MI. 

Participants completed a contralateral continuous matching task (CM) at the elbow joint. 

The participants’ elbows were positioned inside a custom apparatus designed similarly to others 

(Allen & Proske, 2006). Neoprene straps were used to restrain the participant’s forearms to 

foam-covered wooden levers with their forearms supinated. The wooden levers contained a 

hinge that was positioned under the elbow joint. A motorized pulley (6Hz) was used to passively 

flex the left elbow 25° ± 5° from the resting position on the surface of the table, while the 

investigator guided the right elbow to the same position at the same rate. When the target 

position was reached, the participant was instructed to begin matching their left elbow’s position, 

by actively flexing or extending the right elbow continuously for 10 seconds.  

Vibration was applied with a Vibrasens © VB115 (Techno Concept, France) at 80Hz and 

amplitude of ~ 1mm to the biceps brachii of the left elbow for conditions 1b – 4 described below. 

Vibration was activated prior to movement of the limbs into the target position and deactivated at 

the end of each trial. A 1-minute break was provided between conditions. Subjects were 

blindfolded during all conditions and listened to a recording of white noise via headphones in all 

conditions except during the N-back task.  
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The task was completed under several conditions. Condition 1a was used to normalize all 

tV conditions to joint matching ability when tV was absent. Condition 1b was used as a baseline 

of joint matching performance during tV but without instructions. Condition 2a and 2b were used 

to test the influence of expectations on the magnitude of MI. Conditions 3a, 3b & 4 were used to 

test the relationship of attention to the magnitude of MI. Conditions 1a and 1b were always 

performed first while the participant was still naïve to the sensory-motor experiences related to 

tV. The order of presentation of conditions 1a & 1b were randomly determined for each 

participant. Conditions 2, 3, and 4 were randomly presented to each participant to alleviate the 

effect of the task order on the performance of the CM. Participants performed five trials of each 

condition.  

In Condition 1, no instructions were provided regarding expectations for the participant’s 

performance, nor that the application of tV was expected to result in an MI. Thus, the 

investigator’s influence over the participant’s response was intentionally limited. Condition 1 

was performed with (1b) and without (1a) the presence of tV. 

Condition 2 tested the influence of expectations on MI. The participant was provided 

with either Incorrect Instructions (2a) about the expected illusion: “the vibration stimulus will 

make you feel as though your forearm is moving toward your chest” or Correct Instructions (2b) 

about the expected illusion, “the vibration stimulus will make you feel as though your forearm is 

moving away from your chest.”  These conditions were compared to 1b. No Instructions as a 

reference for when the participant has no expectations.  
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Condition 3 tested whether the locus of attention influenced the perception of MI. 

Instructions were either provided leading to an Internal Focus of Attention (3a), “try to focus on 

the position of your non-dominant arm relative to your trunk”, or an External Focus of Attention 

(3b) “focus on the weight of the board against your left arm”.  

In Condition 4, an N-Back Task was added to test whether the illusion of movement 

induced by tV persists when attention is distracted. The N-back task has been used often and is a 

valid and reliable method of testing working memory (Cohen et al., 1997). In this case, N was 

equal to one because the brevity of a single trial of the CM did not allow for an adequate number 

of stimuli to be performed with a greater value of N. The participant sat at the apparatus while 

wearing headphones and a microphone. Before beginning the experiment, participants utilized 

Microsoft ® Speech Recognition software to train the computer to understand their speech.  

The N-back task began 15 seconds before the investigator placed the non-dominant arm 

in the target position (Single Task) and continued during the 10 seconds CM (Dual Task). A 

custom Visual C++ software program delivered a random series of stimuli to the listener. The 

stimuli consist of 26 vocally produced familiar English words that each began with a different 

letter of the alphabet. The participant was asked to repeat the previous word, immediately upon 

receipt of the current word. The stimuli were presented at 3-second intervals. Their responses 

were recorded via the microphone in the headset and stored locally. The software recorded the 

number of correct and incorrect responses and their associated response times.  

To obtain elbow joint angles, MTx motion trackers (XSENS, USA) were attached to 

neoprene straps around the left and right arms with Velcro. One MTx was placed on the middle 
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of the anterior aspect of the upper arm and one MTx was placed on the anterior aspect of the 

forearm of each arm. Custom software using Visual C++ © (Microsoft, USA) displayed joint 

angles in the sagittal plane in real time so that investigators could accurately position the 

participants’ limbs at the target position of 25° ± 5° at the beginning of the trial. In addition, the 

program recorded joint positions for the duration of each trial. 

XSENS internal software computed the angular position of each segment by integrating 

accelerometer, gyroscope and magnetometer data using the algorithm native to the Mtx. Joint 

angles were computed with a custom program in Visual C++ (Microsoft, USA) by connecting 

the two segments of each limb using an anatomical frame of reference. The joint center was 

defined as the intersection of the two segments within the sagittal plane (Roetenberg et al., 

2013). The joint angular positions of each elbow were computed from the cross product of the 

quarternion of each segment (Zatsiorsky, 1998). A 2nd order, low pass, Butterworth filter (6 Hz) 

was used to filter the joint angular data before transforming it into the dependent variables 

below.  

For each condition of the CM, the magnitude of MI was defined by the following 

variables which were computed in a custom Matlab program (Mathworks, USA). Maximum 

constant error (maxCE) was defined using an algorithm adapted from Rabin & Gordon (2004) 

where N represents the position of the non-dominant elbow and D the position of the dominant 

elbow at either 0, the beginning of the trial, or time t. 

𝑚𝑎𝑥𝐶𝐸 =  𝑚𝑎𝑥[𝑁𝑡 − 𝑁0 − 𝐷𝑡 − 𝐷0] 
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Each trial was normalized to the baseline condition (1a) such that the baseline 

represented a difference of 0. Maximum absolute error (maxAE) was computed as the absolute 

value of maxCE for each trial and then averaged for each condition. Variable error (VE) was 

calculated as the standard deviation of maxCE divided by the number of trials for each condition, 

for each subject. The grand mean of each dependent variable was used for comparison between 

conditions. SPSS statistical software (IBM, US) was used to execute a repeated measures 

multivariate analysis of variance (r-MANOVA) to determine the effect of Condition on the 

magnitude of position differences between all conditions. Planned contrasts were used to 

specifically examine the differences between each experimental condition and the baseline 

condition (1b: No Instructions). 

The average number of correct responses and reaction time were calculated as indicators 

of performance on the N-Back task before (single task) and during the performance of the CM 

(dual task). Reaction time was calculated as the time between receipt of a new stimulus word, 

and the participant’s response to the previous word. Paired t-tests were used to define differences 

between the single and dual task conditions of the N-back task. 

Results 

In the continuous matching task, the magnitude of MI was defined by maxCE and 

maxAE, and the variability of MI was defined by VE. maxCE and VE were found to deviate 

from a normal distribution in one or more of the experimental conditions. Outliers were 
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corrected by using the following (K ± 1) where K is the next nearest value (Field, 2009). For VE, 

.1 was used instead of one because the range of scores was generally less than one.  

There was a significant effect of Condition on the dependent variables (p = .02). 

Univariate posthoc tests revealed that both maxCE (p 

= .04) and maxAE (p = .003) were significantly 

different between Conditions. Planned comparisons 

were conducted using the simple method. 

Conditions 2b: Incorrect Instructions was 

significantly different compared to condition 1b: No 

Instructions for both maxCE (F (1, 9) = 4.40, p = .02) 

and maxAE (F (1, 9) = 9.69, p = .01). The magnitude of 

MI was reduced in Condition 2b: Incorrect 

Instructions compared to Condition 1b: No 

Instructions (Figure 5.1). Condition 2a was not 

significantly different from Condition 1b. There were 

no significant differences between conditions for VE. 

Conditions 3a: Internal Focus of Attention and 3b: External Focus of attention were both 

found to be significantly different than Condition 1b: No Instructions for dependent variables 

maxCE and maxAE. Both maxCE (F (1, 9) = 6.74, p = .03) and maxAE (F (1, 9) = 5.41, p = .05) 

were significantly reduced in Condition 3b compared to Condition 1b. Both maxCE (F (1, 9) = 

6.19, p = .04) and maxAE (F (1, 9) = 6.91, p = .03) were reduced in Condition 3b compared to 
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Condition 1b. Again, no significant effects were found for VE. Condition 4: N-Back task was not 

significantly different from Condition 1b in any of the dependent measures. 

Figure 5.1. CM Performance a. maxCE, b. maxAE, c. VE  

 

 

 

Figure 5.2 N-Back Task Performance in the 

single (gray) and dual (black) task. a. Average 

Percentage of Correct Responses, b. Reaction Time, 

c. Trend line of percentage of correct responses for 

each stimulus within a single trial d. Average 

Percentage of Correct Responses after responses to 

the first stimulus were removed; * p < .05 difference 

from single task condition 

 

The number of Correct Responses was significantly impacted by task type (p = .004) but 

Reaction Time was not. Correct responses on the N-Back task were greater during the Dual Task 

condition (83% ± 15%) than Single Task (56% ± 16%; Figure 5.2a).  

During the experimental procedures, the single task was always performed before the 

dual task. With this in mind, a secondary analysis was performed to determine if there was an 

order effect on these variables. The percentage of correct responses for each stimulus was 

evaluated over the course of a trial (Figure 5.2c). There was a significant positive correlation 
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between the stimulus number and the average percentage of correct responses within a single 

trial (p < .001). The average percentage of correct responses upon the first stimulus was only 

16.5%, this value more than quadrupled by the second stimulus with an average percentage of 

nearly 80%. It was determined that the low accuracy of the first response was more 

representative of an initial challenge with responding adequately to the N-Back task and not 

differences between the Single and Dual-task conditions. After removing the responses to the 

first stimulus from the analysis, the differences between the percentage of correct responses in 

the Single and Dual-task conditions was no longer statistically significant (Figure 3.2d). 

Discussion  

The purpose of this study was to examine how one’s expectations and focus of attention 

affect the presentation of MI during a CM task at the elbow joint. The data support the 

contention that both expectations and attentional focus impact human responses to tV since the 

magnitude of MI were impacted by the manipulation of the information regarding the expected 

illusions and the instructions concerning the focus of attention. 

Manipulating the participants’ expectations by providing incorrect instructions about the 

direction of the expected MI resulted in a significant reduction in the magnitude of MI as 

indicated by changes in both maxAE and maxCE. Although the hypothesis was not supported, 

this outcome is consistent with the original reasoning. If expectations about the direction of MI 

influence the magnitude of MI perceived, it is logical that incorrect instructions lead to internal 

conflict over what is perceived and what was expected, which ultimately reduced the MI. This 

seems to agree with the result of Rabin & Gordon (2004b) that expectations about the potential 



116 

 

for movement impacted the magnitude of MI. However, they as well as others, have reported that 

providing instructions about the possibility of movement during tV stimulation facilitated the 

perception of MI in individuals who previously did not report such a sensation (Rabin & Gordon, 

2006; Schofield et al., 2015). This effect of correct instructions on MI was not replicated in our 

study, however, providing incorrect instructions resulted in a significant reduction in MI from 

the baseline condition. Thus the evidence supports a direct impact of participants’ expectations 

on the perception of MI. 

Two different methods were utilized to test the assumption that attention was required to 

experience MI. In condition 3, instructions to adopt an internal or external focus of attention 

were compared. It was hypothesized that instructing participants to focus their attention on the 

external effects of the sensations induced by tV would lead to a smaller magnitude of illusions. 

This was confirmed by the data. Condition 3b: External Focus of attention led to a significantly 

smaller magnitude of MI than during the baseline condition. In fact, when participants were 

instructed to adopt an external focus of attention, the magnitude of MI was less than one degree. 

The Constrained Action Hypotheses states that motor learning occurs best when the focus of 

attention is taken off of the production of movement (Wulf & Prinz, 2001). Since both an 

Internal Focus of Attention and External Focus of Attention led to significant reductions in the 

magnitude of MI, it is likely less important for MI where the focus of attention is directed 

relative to the task and more important that attention was directed away from tV stimulation. 

Thus, instructing individuals to focus their attention away from tV stimulation may reduce the 
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MI. This would suggest that the MI does require some attention to be specifically directed 

toward the tV stimulation. 

In condition 4, an N-Back test was employed to test whether attention was required for 

the experience of MI by distracting attention completely away from the task. It was hypothesized 

that the addition of the N-Back task would reduce the magnitude of MI. The Dual Task Paradigm 

suggests that when two tasks are performed at the same time, and neither performance is affected 

by the other, at least one of them does not require attention (Pashler, 1994). This seems to 

suggest that the current results are evidence that attention is not required for the cognitive 

processing of MI. This contradicts the previously discussed findings as well as evidence that 

distracting attention away from the vibration stimulus reduced after effects or reversals of MI 

after tV stimulation has been removed (Seizova-Cajic & Azzi, 2010). There may be a simple 

explanation for this conflict.  

It is possible that a 1-Back task was simply not difficult enough to divert enough 

attention to completely extinguish the MI. There was ultimately no difference in N-Back task 

performance between the single and dual task conditions. So it is conceivable that neither the 

contralateral matching task nor the N-Back task was difficult enough to induce competition for 

attentional resources between ongoing sensory and cognitive processes. Adopting an external 

focus of attention may have had a stronger effect on MI because the focus was away from the tV 

stimulation, but still on somatosensory perception, i.e. the force of the board pulling on the 

participant’s forearm. There is evidence that competition between similar sensory modalities for 

attention is more detrimental than crossmodal competition. Blaser & Shepard (2009) found that a 
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visual distractor task reduced visual motion after-effects while a cognitive distractor task, similar 

to ours, did not. This may explain why distracting attention to a sensory perception was more 

effective in reducing MI than distracting attention toward a secondary cognitive task. 

In conclusion, manipulation of both attention and expectations by investigators affected 

the magnitude of MI. When aiming to elicit MI, the results of this study suggest that few 

instructions if any should be provided about the expected illusions. On the other hand, if 

investigators wish to train individuals how to overcome the interference tV creates in the 

sensorimotor system, then providing instructions to focus on the external effects of joint 

movement may help reduce joint matching error while tV is applied. In this study, Condition 3b. 

External Focus of Attention resulted in an average magnitude of MI of less than one degree after 

being normalized to the baseline condition. Future studies may investigate whether it is possible 

to direct attention away from other sources of erroneous proprioceptive information and thereby 

reduce the negative impact on the sensory motor system. Above all, researchers should take care 

to use simple and uniform language so as not to bias the results of their investigations into MI.  
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VI. Conclusion 
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This dissertation provides new insight into the mediation of aging, cognitive and contextual 

factors on movement illusions induced by tendon vibration in healthy adults. It is the first to 

examine how the investigators’ instructions about the direction of the illusion or focus of 

attention during tV stimulation influences the magnitude of MI perceived. It is the first to 

examine how one’s age interacts with task and location of stimulation to mediate the perception 

of MI. Finally, it is the first to examine how one’s performance on cognitive tasks and a motor 

imagery inventory relate to one’s ability to perceive MI during a contralateral matching task.  

In Manuscript I, it was determined that the age of an individual influenced the magnitude of 

MI perceived during a continuous contralateral matching task and more specifically at the elbow 

but not the knee joint. This suggests that older adults may benefit from the use of MI in 

neurorehabilitation although it is obvious that MI are contextually dependent and are influenced 

by many factors and thus, the experience of MI cannot easily be generalized across age groups, 

joints of the body or proprioception tasks. Positive relationships were observed between MI in 

the two different tasks and between the right and left side of the body. These relationships 

support the argument in the literature for a universal, cortical processing location for both sides 

of the body and further support reports that aging affects the central and peripheral processing of 

proprioception and that proprioception is unique to each joint and type of task. 

Manuscript II reported a positive relationship between participants’ ratings of motor imagery 

vividness and the magnitude of MI perceived. This relationship was also contextually dependent. 

This suggests that the ability to mentally transform imagery of body movement is helpful in 
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either the perception or the reporting of the perception of MI and further provides support for the 

thesis that conscious cognitive processing is involved in the perception of MI. 

In Manuscript III, it was reported that no instructions about the expected MI resulted in the 

largest magnitude of MI while both correct and incorrect instructions about the expected 

direction of the MI dulled the MI. This suggests that individuals consciously integrate incoming 

afferent sensations against the knowledge of what is expected and what is possible when 

interpreting sensations induced by tV. Therefore, it is possible to bias the MI with the 

instructions provided. Instructions to focus attention outside of the task, but on a related 

sensation (the weight of the apparatus lever) resulted in the least magnitude of MI. This suggests 

that the direction of attentional focus is also important for the perception of MI. Finally, 

investigators should cautiously choose their instructions and remain consistent across 

participants and conditions.  

 

6. 1 Limitations & Future directions 

As it was determined that MI are specific to their contextual parameters, the results of this 

study also cannot be generalized outside of the age ranges, joints, and tasks studied. Future 

studies should investigate the effects of age on MI with a lifespan approach including individuals 

across all decades of life. It was observed that MI in the elbow and knee are influenced 

differently by age and task. Future investigations may compare a larger sample of joints of the 

human body to determine if the effects seen here are differences in proprioceptive processing 

specific to the elbow and knee, or if they are also indicative of generalized differences between 
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the upper and lower extremity. Additionally, the main difference between the two tasks 

compared in the current study was the duration of stimulation and matching and it would be 

worthwhile, to compare MI in a unilateral matching task with MI in a contralateral matching 

task. Finally, future studies with a larger age range and sample size may allow for regression 

analysis to be conducted to determine the level of influence of each of the age, cognitive and 

contextual factors on MI to better understand the contribution of each to the perception of MI 

and to begin to predict MI based on these factors. 
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  Appendix A. Montreal Cognitive Assessment (MoCA) 1 
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Appendix B. Edinburgh Handedness Inventory 2 

  

                                                 

1 www.mocatest.org 
2 Oldfield, 1971 
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Appendix C. Prescreening Interview 

   
ID   

Age   

Gender   

Height   

Weight   

   
Please Check the appropriate box below 

   

Yes No Statement 

    Have you ever been diagnosed with any neurological disorders? 

    Have you ever been diagnosed with a disorder of movement? 

    Have you ever been diagnosed with neuropathy? 

    
Have you ever been diagnosed with dementia or disorders of 
memory? 

    Have you ever been diagnosed with diabetes? 

    Have you ever been diagnosed with a disorder of attention? 

    Have you ever been diagnosed with dyslexia? 

    Have you experienced any head injuries? 

    if so when? 

    Explanation: 

    Have you ever experienced a stroke? 

    If so when? 

    Explanation: 

    Do you have difficulty with movement? 

    Do you have difficulty sustaining attention? 

    Do you have difficulty remembering details? 

    Have you injured your arms or hands recently? 

    If so when? 

    Explanation: 

    Have you injured your legs or feet recently? 

    If so when? 

    Explanation: 

    Have you ever experienced muscular vibration? 

    Have you ever participated in research regarding muscular vibration? 

    Do you exercise regularly? 

    Do you have any other medical conditions we should no about? 
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Appendix D. Mental Imagery Questionnaire- Revised Second Edition 

(MIQ-RS) 
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