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ABSTRACT 

 

INPUT FROM FAST ADAPTING SKIN RECEPTORS IN THE FOOT 
INTERACTS WITH PROPRIOCEPTION AT THE ANKLE JOINT 

 
 
 

Robyn L. Mildren       Advisor:  
University of Guelph, 2015      Dr. Leah R. Bent 
 
 
 

It has previously been shown that cutaneous sensory input from surrounding 

regions impairs proprioception at joints of the hand. The current experiment tested 

whether input from cutaneous afferents innervating mechanoreceptors in the foot sole and 

dorsum influenced proprioception at the ankle joint. The ability to passively match ankle 

joint position was measured while cutaneous vibration was applied to the foot sole (heel, 

metatarsals) or dorsum of the target foot. Vibration was applied at two different 

frequencies to preferentially activate Meissner’s corpuscles (45Hz, 80µm) or Pacinian 

corpuscles (255Hz, 10µm) at amplitudes ~3dB above mean perceptual thresholds. Ankle 

matching error and variability increased when cutaneous vibration was applied to the foot 

sole, with the most pronounced effects observed with heel vibration. Cutaneous vibration 

of the foot dorsum resulted in increased variability in ankle matching. These results 

indicate that there is interplay between exteroceptive and proprioceptive signals 

originating from the foot and ankle. 
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE 

                         REVIEW 

 

Sensory feedback is essential for maintaining postural control and guiding 

movement. The visual and vestibular systems can provide information about body 

orientation, head accelerations, and the location of objects in the environment. The 

somatosensory system (which encompasses joint, muscle, and skin receptors) can provide 

exteroceptive information from contact with the environment as well as proprioceptive 

information from the movement of body segments. Proprioception encompasses the 

awareness of limb position, movement, and muscle force output (Proske and Gandevia 

2012). Sensory receptors in joints, muscles, tendons, and skin provide proprioceptive 

information by signaling the stretch and compression of tissues associated with 

movement and muscle contraction. Sensory receptors in skin also provide exteroceptive 

information by sensing pressure, slips, and contact and release from the environment. 

Understanding the function of each receptor type as well as how information from 

different receptor types work together could lead to improvements in the understanding 

and treatment of sensory disorders. During daily activities, such as standing and gait, 

exteroceptive signals are generated from contact with the ground and proprioceptive 

signals are generated from body movement. It is important to understand how these 

signals from the lower limb are integrated and interpreted together to have a functional 

role in the control of posture and movement. This literature review will first outline the 

current knowledge of how each somatosensory receptor type contributes to 

proprioception. Secondly, this review will briefly explain the exteroceptive function of 
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cutaneous mechanoreceptors in the feet. Vibration is a common technique used to 

mechanically activate somatosensory receptors, and will be used in the present study to 

stimulate cutaneous afferents; therefore, this review will provide information about the 

uses of vibration for studying somatosensory information. Finally, this review will 

elaborate upon interactions between different somatosensory sources based on knowledge 

obtained from psychophysical and neurophysiological experiments in humans and 

animals.  
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1.1 Sensory Receptors Involved in Proprioception  

Proprioceptive information can be generated by joint receptors, muscle spindle 

receptors, Golgi tendon organs (GTO), and cutaneous mechanoreceptors. Early research 

suggested that joint receptors are the primary source of proprioceptive information (Boyd 

and Roberts 1953; Skoglund 1956). However, later research highlighted a prominent 

function of muscle spindle receptors (Goodwin, McCloskey, and Matthews 1972; Clark 

and Burgess 1975), while joint receptors were proposed to only signal extreme flexion 

and extension movements (Burgess and Clark 1969; Burke, Gandevia, and Macefield 

1988). Currently, a prevalent view is that muscle spindles serve as the primary 

proprioceptive sensors (for review, see Proske and Gandevia 2012). However, there is 

growing evidence to support a direct and significant contribution of cutaneous 

mechanoreceptors to proprioception (Edin and Johansson 1995; Collins and Prochazka 

1996; Collins, Refshauge and Gandevia 2000; Collins Refshauge, Todd, Gandevia 2005; 

Lowrey et al. 2010; Aimonetti et al. 2007, 2012). The relative contributions of different 

sensory receptors is still debated, although it is clear now that no single receptor type 

demonstrates a perfect linear response to movement. Furthermore, the feedback from all 

receptor types seems to be influenced by posture, movement, and cognition (Edin et al 

1990; Chapman et al. 1988; Ribot et al. 1986; Ribot-Ciscar et al. 2009). Therefore, 

current research is investigating how sensory signals from different sources interact and 

communicate with each other to provide useful and relevant information.  

1.1.1 Joint Receptors and Signaling Joint Rotation 

The majority of joint receptors have been shown to respond bidirectionally at 

extreme joint angles (Burgess and Clark 1969; Burke, Gandevia, and Macefield 1988). 
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These results established the belief that joint receptors primarily serve a protective role 

and may have a limited capacity to contribute to proprioception within the physiological 

range of motion. This view was also supported by evidence that patients with total hip 

replacement maintained movement and position sense after surgery (Grigg, Finerman, 

and Riley 1973). However, some small deficits in passive hip position sense have also 

been observed following hip replacement surgery (Karanjia and Ferguson 1983). In 

addition, the use of a joint anesthetic about the knee was shown to have no influence on 

the ability to detect flexion and extension movements and only caused a minimal increase 

in knee joint matching error (Clark, Horch, Bach, Larson 1979). Data that conflict with 

the view that joint receptors primarily serve a protective function have also been 

presented. Edin et al. (1990) found that joint afferents in the radial nerve responded to 

passive movement within the physiological range of motion. In addition, these joint 

receptors changed their response patterns when movement was performed actively, 

suggesting muscle contraction changes joint receptor feedback (Edin et al. 1990). It has 

also been shown that meaningful information about joint displacement can be obtained 

from the firing of a single joint afferent in the hand (Macefield, Gandevia, and Burke 

1990). This suggests that rich information could be provided by a limited amount of joint 

afferent feedback.  

 Within the joint capsule and surrounding ligaments, there are Golgi endings, 

Ruffini endings, Paciniform endings, and free nerve endings (Newton 1982; Proske and 

Gandevia 2012). Golgi endings and free nerve endings have high activation thresholds 

and primarily respond at extreme joint angles, thus it is likely they predominantly serve a 

protective function. Ruffini endings are active during rest and movement and Paciniform 
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endings are active during movement onset and termination; both have low thresholds for 

activation and may be more suited to serve a proprioceptive function throughout the 

range of motion (Newton 1982; Proske and Gandevia 2012).  

1.1.2 Golgi Tendon Organs and Muscle Force Feedback 

GTOs are considered the primary sensors of muscle force, but only when force is 

generated actively. Several pieces of evidence have led to this view. GTOs have been 

shown to be highly sensitive to active force; evidence has suggested that they could be 

activated by the twitch of a single muscle fiber coupled to their receptor capsule (Binder, 

Kroin, Moore, and Stuart 1977). In addition, passive muscle stretch was found to evoke 

little activity in Ib afferents in comparison to active contraction (Stephens, Reinking, and 

Stuart 1975), and during muscle contraction GTO firing was found to be closely coupled 

to the activity of the receptor bearing muscle (Prochazka and Hulliger 1983; Appenteng 

and Prochazka 1984). Likewise, it was shown that Ib firing during the stance phase of 

gait covaried with muscle activity (Appenteng and Prochazka 1984; Prochazka and 

Gorassini 1998). Finally, during slowly ramping contractions, GTOs were found to 

increase their firing in stepwise increments, likely corresponding to the recruitment of 

motor units (Appenteng and Prochazka 1984). These data support that GTOs provide rich 

information about active muscle force output over the full physiological range, whereas 

they provide little information about passive stretch.  

1.1.3 Muscle Spindle Receptors and Signaling Muscle Length and Velocity 

Muscle spindle afferents provide information regarding muscle length and 

velocity. Spindle receptors within each muscle tend to respond to joint movement within 

a specific sector (i.e., range of movement angles) (Bergenheim, Ribot-Ciscar, and Roll 
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2000; Ribot-Ciscar, Bergenheim, Albert, and Roll 2003). It has been shown that input 

from a single spindle afferent is not sufficient to generate a meaningful percept 

(Macefield, Gandevia, and Burke 1990), although as a population, spindle afferents 

appear to transmit powerful proprioceptive information.  

Initial support for the contribution of spindles to proprioception largely arose 

from experiments that were able to evoke illusory movements by exciting spindles 

through muscle or tendon vibration (Goodwin, McCloskey, and Mathews 1972; Eklund 

1972). The implications of these findings have been challenged by Edin (2001) with the 

observation that to elicit movement illusions, it was necessary to evoke spindle discharge 

rates around 80-120Hz (Roll and Vedel 1982; Roll et al 1989); whereas during actual 

movement of a similar magnitude, spindle afferent firing rates are ~10Hz (Hulliger and 

Vallbo 1979; Vallbo et al 1981; Roll and Vedel 1982; Gilhodes et al 1986). Thus, Edin 

(2001) concluded that an abnormal amount of spindle input appears to be required to 

produce illusory movements. More recently, Albert et al. (2006) were able to evoke 

illusory movements by applying tendon vibration within a more natural spindle afferent 

firing range (10-30Hz). This was achieved by applying precise patterns of tendon 

vibration through five independent vibrators to excite spindles within multiple major 

ankle muscles simultaneously. These patterns of vibration were determined based on 

previous microneurographic recordings from Ia afferents during two-dimensional 

movements (Bergenheim, Ribot-Ciscar, and Roll 2000; Ribot-Ciscar, Bergenheim, 

Albert, and Roll 2003). Using this approach, Albert et al. (2006) were able to evoke 

accurate illusions of ankle movement in the form of drawing letters and numbers in 

relaxed subjects. Thus, muscle spindle firing within a natural range could be capable of 
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signaling complex movement trajectories, although an accurate population response from 

all major muscle groups involved is necessary. Another finding by Albert et al. (2006) 

was that increasing the vibration frequency resulted in an increase in the perceived 

magnitude or velocity of the movement illusion.  

Muscle spindles are unique in that they are innervated by an efferent (fusimotor) 

system which can modulate their sensitivity to muscle stretch. This is done through the 

innervation of contractile elements at either end of the intrafusal fiber containing the 

spindle, causing the spindle to become more or less taught. By adjusting fusimotor drive, 

muscle spindle sensitivity is amendable with changes in posture, task, emotion, and 

cognition (Ribot et al 1986; Hospod 2007; Ribot-Ciscar et al 2008; Horslen et al 2013). 

In humans, direct recordings from fusimotor neurons have shown that spindle sensitivity 

is influenced by cognitive state (e.g., mental computation or listening to instructions), 

environmental disturbances, and movement or muscle contraction (Ribot et al 1986). In 

addition, attending to the position or velocity of imposed movements has been shown to 

modify spindle responses (Ribot-Ciscar et al 2008). In this experiment, when subjects 

were asked to focus on the position of their ankle during a ramp and hold movement, 

spontaneous Ia firing prior to the movement and during the hold phase increased. 

Furthermore, when subjects were asked to focus on the movement velocity, Ia afferents 

demonstrated higher initial bursts of activity and increased activity during the shortening 

phase. Evidence also suggests that postural threat can cause heightened spindle 

sensitivity, assessed indirectly through changes in T-reflex and H-reflex (Horslen et al. 

2013). The ability to adjust sensory afferent feedback using an efferent system is unique 

to muscle spindles; this ability likely serves to optimize sensory feedback and stretch 
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reflex magnitude in different situations. However, it is important to note that this ability 

to adjust spindle feedback adds complexity to the interpretation of spindle input in the 

central nervous system (CNS).   

Intrafusal fibers demonstrate thixotropic properties, which further complicate the 

interpretation of spindle feedback and can lead to errors in joint position sense in humans 

(Gregory, Morgan, and Proske 1988). Within intermediate muscle lengths, muscle 

spindles may lie slack or taught depending on muscle history; this may be due to 

viscoelastic properties or the formation of stable cross bridges in intrafusal fibers.  For 

instance, in cats, it was shown that contraction of a muscle in a shortened position 

removed the slack in muscle spindles and increased the level of Ia afferent activity when 

the muscle was moved back to an intermediate length. Accordingly, in humans, 

contraction of the biceps with the arm in a flexed position caused the perception of the 

arm to be more extended when it was moved back to an intermediate position (Gregory, 

Morgan, and Proske 1988). These data support that the CNS may not be able to 

accurately account for the changes in spindle feedback due to thixotropy. This also 

highlights that spindle coding of position and movement is not perfect.  

Muscle spindles clearly have a prominent function in proprioception, however 

fusimotor drive and thixotropic effects can complicate the interpretation of spindle 

feedback. Spindle feedback is further confounded when a muscle is multi-articulated; 

when a muscle crosses multiple joints spindle firing within that muscle cannot identify 

which specific joint is being moved. Furthermore, a large spindle input (either 

unnaturally high input from a single muscle or relatively lower input from multiple 

muscle groups) seems to be required to generate the perception of movement. Therefore, 
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it must be necessary to integrate spindle feedback with sensory information from other 

sources to provide a more accurate representation of limb position and movement.  

1.1.4 Cutaneous Mechanoreceptors, Signaling Limb Position and Movement 

Evidence supports that cutaneous afferents have a function in signaling limb 

position and movement. In stationary joints, illusions of movement have been created 

through the manipulation of cutaneous feedback using skin stretch and compression 

(Edin and Johansson 1995; Collins and Prochazka 1996; Collins, Refshauge, and 

Gandevia 2000; Collins, Refshauge, Todd, and Gandevia 2005) and electrical activation 

of cutaneous afferents (Collins and Prochazka 1996). Patterns of skin stretch and 

compression applied to skin on the hand were able to create illusions of flexion and 

extension comparable to movements that would result in similar skin strain patterns (Edin 

and Johansson 1995). Experiments which have applied muscle vibration to activate 

spindles in addition to skin stretch and compression have found that the overall illusory 

movements evoked reflected the combination of both skin and muscle input (Collins, 

Refshauge, and Gandevia 2000; Collins, Refshauge, Todd, Gandevia (2005), suggesting 

these inputs are summed together to relay position information.   

Microneurographic recordings have established that cutaneous afferents show 

robust responses to flexion and extension movements about the hand (Edin and Abbs 

1991; Edin 2001) and ankle (Aimonetti et al 2007; Aimonetti et al 2012). Edin (2001) 

recorded from cutaneous mechanoreceptors, C-fibers, and hair receptors in the femoral 

nerve during skin stretch and knee movement. Results showed that cutaneous 

mechanoreceptors responded to skin stretch as well as knee movement, while hair 

receptors had weak or no response. Although C-fibers did increase their firing during 
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knee flexion, their slow conduction velocity makes it unlikely that they contribute to 

proprioception due to the information delay. Thus cutaneous mechanoreceptors are 

viewed as the primary source of proprioceptive information arising from skin. 

There are four subtypes of cutaneous mechanoreceptors; Ruffini endings, Merkel 

discs, Pacinian corpuscles, and Meissner’s corpuscles. Ruffini endings and Merkel discs 

maintain their firing for a longer duration during indentation, thus their afferents are 

classified as slowly adapting (SA). In contrast, Pacinian corpuscles and Meissner’s 

corpuscles rapidly discontinue firing after the initial contact, thus their afferents are 

classified as fast adapting (FA). Cutaneous afferents are further subdivided by receptive 

field characteristics, Type I afferents have small receptive fields with well demarcated 

boarders, while Type II afferents have large receptive fields with diffuse boarders. 

Afferents innervating Merkel discs and Meissner’s corpuscles are classified as Type I, 

while afferents innervating Ruffini endings and Pacinian corpuscles are classified as 

Type II.  

Microneurographic recordings have shown that a high proportion (92%) of low 

threshold cutaneous afferents in the human radial nerve responded to hand or finger 

movements, and their responses were consistent with the stretch or compression of their 

receptive fields observed during that movement (Edin 1991). FAI afferents responded 

bidirectionally, however they exhibited higher discharge frequencies during movements 

inducing skin stretch. FAI afferents located near a joint tended to respond only to 

movement of that joint, thus FAI afferents may provide information pertaining to the 

specific joint being moved. This could be of particular importance when a multi-

articulated muscle, which could make spindle feedback ambiguous, crosses that joint. 
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SAI and SAII afferents only responded unidirectional, consistent with joint movements 

that would stretch their receptive field. SA responses were also graded with the 

magnitude of joint movement in the hand, i.e., greater joint displacement resulted in a 

higher discharge frequency. Additional recordings from the common peroneal nerve have 

shown that cutaneous afferents (SAII afferents in particular) in the anterior shin and foot 

dorsum also demonstrate robust responses to joint movement; and these afferents respond 

to ankle movement within a specific sector or range of angles (Aimonetti et al 2007; 

2012). Furthermore, evidence suggests the movement coding of cutaneous afferents 

innervating the shin and dorsum contributes to joint position sense; the removal of skin 

feedback from the foot dorsum and anterior ankle using an anesthetic impaired the ability 

to passively match ankle joint position (Lowrey et al. 2010). Overall, evidence supports 

that cutaneous afferents provide rich information about movement, and recent work has 

demonstrated that this information is used in ankle proprioception. 

1.2 Cutaneous Mechanoreceptors in the Foot Sole and Dorsum 

1.2.1 Cutaneous Afferent Contributions to Movement Control 

The effects of cutaneous afferents on motor function have been widely examined. 

Coupling between low threshold cutaneous afferents in the foot sole and motoneurons 

controlling lower limb (Fallon et al. 2005) and upper limb (Bent and Lowrey 2013) 

muscles has been demonstrated in humans lying prone. Reducing cutaneous feedback 

from the foot sole has been shown to influence standing balance (McKeon and Hertel 

2007), automatic postural responses (Perry, McIlroy, and Maki 2000; Meyer, Oddson, 

and De Luca 2004), and locomotor patterns (Perry, Santos, and Patla 2001; Eils et al. 

2002). In addition, stimulating low threshold cutaneous afferents in the foot sole during 
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stance (Kavanoudias et al. 1998, 1999, 2001; Maurer et al. 2001) and locomotion (Zehr, 

Komiyama, and Stein 1997; Zehr et al. 2015) has been shown to evoke characteristic 

movement responses. Stimulation of cutaneous mechanoreceptors in the foot sole was 

shown to evoke sway away from the stimulated region (e.g., heel vibration caused 

anterior sway) (Kavanoudias et al. 1998, 1999, 2001). Stimulation of mechanoreceptors 

in the foot during gait was shown to evoke phase dependent steering responses (Zehr, 

Komiyama, and Stein 1997; Zehr et al. 2014). Although evidence has shown cutaneous 

input is not necessary to generate basic locomotor patterns (Brown 1911), it is integrated 

into spinal and supraspinal locomotor circuits and has an important modulatory function 

(Duysens and Stein 1978; Bouyer and Rossignol 2003). 

Likewise, cutaneous afferents in the foot dorsum demonstrate a function in 

posture and gait. Stimulation of cutaneous afferents in the foot dorsum during the swing 

phase of gait leads to a characteristic flexion response that allows for clearance of an 

obstacle, this has been shown in cats (Forssberg 1979) and in humans (Zehr, Komiyama, 

and Stein 1997). These responses to dorsal skin stimulation were phase dependent and 

functionally meaningful.  

1.3 Activation of Sensory Afferents using Vibration  

Vibration has been used to activate cutaneous mechanoreceptors, muscle spindles, 

and GTOs (Fallon and Macefield 2007). Vibration (typically ~80-100Hz, ~1mm peak-to-

peak amplitude) is commonly applied to muscle bellies or tendons to activate muscle 

spindle afferents and create illusions of muscle lengthening and joint movement (Collins, 

Refshauge, Gandevia 2005). It is generally accepted that muscle/tendon vibration excites 

velocity sensitive muscle spindle primary afferents (Collins, Refshauge, Gandevia 2005). 
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Although Fallon and Macefield (2007) demonstrated that while tendon vibration was 

most effective at inducing 1:1 firing (i.e., one action potential per sine wave) in Ia 

afferents, tendon vibration was also capable of modulating the firing of type II afferents 

in relaxed muscles and both type II and Ib afferents during low-level voluntary 

contraction (~5% maximal voluntary contraction). During active contraction, thresholds 

for modulation of firing for these afferents were ~100-200µm across all frequencies from 

40-120Hz. When the muscle was relaxed, thresholds for modulation were even higher 

(~200-300µm). 

In comparison to spindle and GTO afferents, low threshold cutaneous afferents 

are more sensitive to vibration applied to the skin (Talbot et al. 1968; Johansson et al. 

1982; Toma and Nakajima 1995). Johansson et al. (1982) tested the vibration frequency 

and amplitude responses of each subtype of cutaneous afferent innervating the glabrous 

skin of the hand. FAI afferents were the most sensitive between 8-64Hz, with the optimal 

frequency being 32Hz. The most sensitive FAI afferent was responsive to amplitudes as 

low as 2µm peak-to-peak. FAII afferents were most sensitive to frequencies above 64Hz, 

with the optimal frequency being 256Hz. The majority of FAII afferents were able to 

respond to amplitudes as low as 1µm peak-to-peak. In contrast, slowly adapting afferents 

were more responsive to low frequency high amplitude vibration. SAI afferents were 

more sensitive below 32Hz, with their optimal frequencies being 8 and 16Hz. SAII 

afferents were most sensitive below 8Hz, and their optimal frequency was 0.5Hz. 

Overall, these data suggest that each of the four cutaneous afferent subtypes is maximally 

responsive within a specific vibration frequency bandwidth (Johansson et al. 1982). Fast 

adapting afferents predominately mediate signals greater than 30Hz, while slowly 
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adapting afferents begin to contribute to signals of lower frequencies. Very high 

frequency and low amplitude vibration almost exclusively generates responses from FAII 

afferents, allowing for higher confidence in the ability to target this subtype (Talbot et al. 

1968; Johansson et al. 1982; Toma and Nakajima 1995). FAI afferents are maximally 

sensitive to mid-range frequencies, however this frequency bandwidth still overlaps with 

FAIIs, making it more difficult to specifically target FAI afferents. Overall, it is expected 

that mid-frequency vibration (~30-60Hz) will generate a mixed response from both FAI 

and FAII afferents. Although due to the higher density of FAI afferents in skin on the 

foot (Inglis et al. 2002), FAI afferents likely still dominate the transmission mid-range 

frequency signals, although there is no doubt that some FAII afferents will still be 

brought in to play. Overall, the high vibration sensitivity of fast adapting afferents 

suggests that vibration amplitudes below 100µm, even when applied to skin overlying 

muscle or tendon, will generate substantial input from cutaneous afferents without the 

activation of spindle or GTO afferents. 

1.4 Interactions Between Sensory Afferents 

1.4.1. Skin’s Influence on Muscle Spindle Feedback at the Spinal Level 

In addition to a direct contribution to proprioception, cutaneous input can also 

indirectly influence proprioception by modulating feedback from muscle spindles. 

Cutaneous input has been found to exert short latency effects on the excitability of γ-

motoneurons projecting to cat hind limb muscles (Johansson and Sojka 1985; Davey and 

Ellaway 1989a; Davey and Ellaway 1989b; Johansson et al. 1989; Ellaway, Davey, 

Ljubisavljevic 1997). Although the influence of cutaneous input on γ-motoneurons is 

strong, there does not seem to be a clear and consistent pattern in the responses of γ-
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motoneurons of different muscles to stimulation of different regions of skin. Johansson 

and Sojka (1985) recorded directly from γ-motoneurons during electrical stimulation of 

cutaneous nerves (sural, tibial, and superficial peroneal); they found a large degree of 

variation between responses of individual γ-motoneurons, although stimulation of all 

three cutaneous nerves most commonly produced excitatory effects in γ-motoneurons of 

extensor muscles, and mixed or inhibitory effects on γ-motoneurons of flexor muscles. 

These results conflict with other studies that have found electrical or mechanical 

activation of cutaneous afferents in the sural nerve more often produced excitatory effect 

on γ-motoneurons of flexor muscles in the cat hind limb (Johansson et al 1989; Ellaway 

et al. 1997; Davey and Elleway 1989a, 1989b). Johansson et al. (1989) also showed that 

stimulation of the sural nerve on the contralateral leg had the opposite effect – inhibition 

of γ-motoneurons of ipsilateral flexor muscles.  

Although the influence of cutaneous input on fusimotor drive is difficult to 

characterize, the effects seem to be powerful. The firing of a SINGLE SA afferent in the 

sural nerve has been shown to increase the probability of a flexor γ-motoneuron firing 

(Dave and Elleway 1989b). Furthermore, their results suggest some spatial organization 

to the interactions between cutaneous afferents and γ-motoneurons; mechanical 

stimulation of skin over the calcaneus predominantly inhibited flexor γ-motoneurons, 

while stimulation of skin dorsal and lateral to the calcaneus produced facilitation. 

 Cutaneous afferents are known to exert short latency effects on α-motoneurons in 

the spinal cord (i.e., cutaneous reflexes). However it was found that the short latency 

effects of cutaneous input on α-motoneurons were distinct from cutaneous effects on γ-

motoneurons, the latter seem to be more varied and difficult to characterize (Johansson et 
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al 1989; Ellaway et al. 1997; Davey and Elleway 1989a, 1989b). Furthermore, cutaneous 

modulation of γ-motoneurons was not coupled to muscle activation. This evidence could 

suggest that cutaneous feedback onto γ-motoneurons could serve to adapt movement and 

position sense or stretch reflexes. Interestingly, in humans these cutaneous interactions 

with muscle spindle feedback are context dependent. There is no evidence that cutaneous 

afferents influence fusimotor drive in prone subjects (Gandevia et al. 1986), however 

these interactions began to manifest in a standing posture (Aniss et al. 1990). This may be 

due to an absence of background fusimotor activity in relaxed muscles, or perhaps these 

interactions only manifest when muscle and skin sensory information are engaged in 

maintaining posture.  

1.4.2 Gating of Sensory Information During Movement 

 It has been shown that the transmission of sensory information from peripheral 

receptors to the somatosensory cortex can be altered at different levels of the dorsal 

column medial lemniscus pathway. In monkeys, active and passive arm movements have 

been found to diminish the magnitude of cutaneous sensory evoked potentials (from 

electrical and mechanical stimulation of the hand) at the medial lemniscus, sensory 

thalamus, and somatosensory cortex (Chapman, Jiang, and Lamarre 1988). This 

phenomenon was referred to as ‘tactile gating’. Since tactile gating was present during 

passive arm movement, sensory feedback generated by the movement likely plays a role 

in interacting with the transmission of the cutaneous stimulus. During active movements, 

motor commands and peripheral re-afference (comparison of the sensory information 

expected to be generated during the movement to the sensory information actually 

generated by the movement) also seem to be involved in tactile gating (Chapman 1994). 
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Similar results have been shown in humans; movement of the arm or muscle contraction 

diminished the perception of weak cutaneous stimuli applied to the hand, as well as 

decreased evoked responses in the somatosensory cortex (Chapman 1994; Jiang, 

Lamarre, and Chapman 1990; Cybulska-Klosowicz et al. 2011). It was suggested that the 

purpose of gating sensory information may be to limit the amount of movement related 

feedback that needs to be processed by the CNS (Jiang, Lamarre, and Chapman 1990). 

The phenomenon of tactile gating highlights the idea that the transmission of sensory 

information (e.g., cutaneous) from the periphery to the cortex is not constant; 

importantly, it can be influenced by other sensory input (e.g., proprioceptive inputs 

generated by movement).  

1.4.3 Interactions Amongst Cutaneous Afferents  

 In the upper limb, the transmission and detection of cutaneous input from one skin 

region is modified by concurrent input from a nearby region (Carmody and Rowe 1974; 

Bystrzycka, Nail, and Rowe 1977; Ferrington, Nail, and Rowe 1977; Lipton et al. 2010). 

Interactions between cutaneous afferents could happen at each relay site (dorsal column 

nuclei and thalamus) in the dorsal column medial-lemniscus pathway due to convergent 

and divergent connections. Bystrzycka, Nail, and Rowe (1977) measured from individual 

cuneate neurons responsive to cutaneous input in the decerebrate cat. They classified 

these neurons as slowly adapting (responsive to steady indentation), rapidly adapting 

(responsive to 50Hz vibration), and Pacinian (responsive to 300Hz vibration).  The 

responses of all three subtypes of cuneate neurons were inhibited by input from FAII 

afferents (generated by 300Hz vibration applied to the glabrous skin of the hindlimb). In 

contrast, stimuli used to engage SA afferents (steady indentation) or FAI afferents (30Hz 
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vibration) was unable to evoke inhibition of cuneate neurons. These data suggest that 

FAII input is a dominant source of inhibition of cuneate neurons, resulting in reduced 

transmission of other cutaneous information. 

Similar evidence of inhibitory actions of FAII afferents has also been shown in a 

human psychophysical experiment (Ferrington, Nail, and Rowe 1977). Vibration 

perceptual thresholds at all frequencies from 10-450Hz at the index finger were increased 

when 300Hz (100µm) vibration was applied to the thenar eminence, whereas steady 

indentation or lower frequency vibration had no effect. At an amplitude of 100µm, all 

frequencies above 50Hz had an influence on perceptual thresholds. Vibration amplitudes 

as low as 1-2µm at 300Hz increased perceptual thresholds, whereas amplitudes >200µm 

at 30Hz were required to influence perceptual thresholds. As mean detection thresholds 

in this experiment for 30Hz were ~10µm, this means that amplitudes around 20 times 

greater then perceptual threshold were required to produce inhibitory effects. In contrast, 

amplitudes right around perceptual threshold (1-2µm) at 300 Hz were sufficient to 

produce inhibitory effects. These results further support the notion that specific input 

from FAII afferents seems to inhibit the transmission of information from all other 

cutaneous afferent subtypes. Ferrington, Nail, and Rowe (1977) speculated that since 

Pacinian corpuscles are very sensitive to dynamic stimuli, the function of this inhibition 

may be to prioritize this rapidly changing information while dampening input from other 

afferent subtypes. Although this explanation falls short in explaining the findings that 

FAII input exerts inhibitory effects on other Pacinian neurons in the cuneate nucleus in 

the cat (Bystrzycka, Nail, and Rowe 1977) as well as the detection of vibration at 

frequencies mediated by FAII afferents in humans (Ferrington, Nail, and Rowe 1977). In 
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addition, FAII afferents are also sensitive to 30Hz vibration (Johansson et al. 1982), thus 

some FAII afferents would likely be activated at the frequencies used to target FAI 

afferents (Meissner’s corpuscles) at the amplitudes used. Therefore it is still unclear 

whether afferent inhibition is exclusive to Pacinian input, and furthermore what 

functional purpose this might serve. 

An alternate explanation for the observed inhibitory effects of Pacinian input (and 

not input from other afferent subtypes) is that this inhibition is due to the overall volume 

of afferent input (i.e., number of action potentials). Even at low amplitudes, FAII 

afferents are able to respond to high frequency vibration with one action potential per 

sine wave. This means that at 300Hz, the CNS will be receiving 300 action potentials 

from a single FAII afferent every second. This high volume of input from each FAII 

afferent may be the cause of inhibition of other sensory neurons. Overall, this inhibition 

may serve to limit the overall volume of sensory input reaching the primary 

somatosensory cortex for processing.  

 Further evidence using recordings from the cortex have supported the idea that 

cutaneous stimuli from different skin regions interact with each other. Cerebral potentials 

recorded over the primary somatosensory cortex were found to be reduced by 

simultaneous stimulation of cutaneous afferents within a different nerve (Burke, 

Gandevia, and Mckeon 1982; 1983). This suppressive interaction was greatest with a 2-

5ms interval between the conditioning and test stimuli; this latency suggests the 

mechanism may be active inhibition (Burke, Gandevia, and Mckeon 1982; 1983). Further 

recordings from different levels of the somatosensory pathway suggested that suppressive 

interactions were occurring subcortically (Burke, Gandevia, and Mckeon 1983). 
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Recordings from the primary somatosensory cortex (area IV) have also shown that the 

cortical representation of one skin region is modified by concurrent input from another 

region (Lipton et al. 2010). Specifically, the response to stimulation of one digit was 

reduced by the stimulation of another digit, even if this was up to two digits away. 

Overall, these results suggest that cutaneous input from one region has the ability to 

interact with cutaneous input from other remote regions in the upper limb. 

1.4.4 Cutaneous Interference with Proprioception 

In the lower limb, it has been shown that cutaneous input can negatively influence 

proprioception in an active force-matching task (Choi, Neilsen et al. 2013). Cutaneous 

input generated by electrical stimulation of the peroneal and medial plantar nerves was 

found to increase error in matching dorsiflexion force output (Choi, Neilsen et al. 2013). 

Since Ib afferents (innervating GTOs) are the primary sensors of muscle force output, this 

may reflect an interaction between cutaneous and Ib feedback. However this may also 

involve interactions between cutaneous afferents, efferent commands, and muscle spindle 

feedback as well.  

In the hand, it has previously been shown that additional cutaneous input from 

adjacent regions can interfere with proprioception; assessed using a movement detection 

task (Refshauge et al. 2003; Weerakkody et al 2007, 2009). It was originally 

hypothesized that increasing cutaneous feedback from adjacent skin regions would 

facilitate proprioception (Refshauge et al. 2003). In contrast, results of this study showed 

that the ability to detect movement at the index finger was impaired when cutaneous 

afferents innervating surrounding regions were activated. Electrical stimulation of digital 

nerves of the thumb and middle finger as well as light brushing of adjacent digits caused 
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a decrease in the ability to perceive flexion and extension at the index finger. However, 

stimulation of more remote skin regions (ipsilateral or contralateral little finger) had no 

effect on movement detection thresholds. Light brushing of adjacent regions (which 

would activate fast adapting cutaneous afferents) exhibited a strong interference with 

movement detection. Therefore, this experiment (Refshauge et al. 2003) was followed up 

by Weerakkody et al. (2007) to determine whether input from FAI or FAII afferents were 

responsible for this interference with proprioception. To target FAII afferents, high 

frequency vibration (300Hz; 20 and 50µm) was applied to the middle finger or thenar 

eminence, and to target FAI afferents, a lower frequency (30Hz; 20 and 50µm) was 

applied. Results showed that only the application of 300Hz vibration impaired movement 

detection. This frequency disparity persisted even when the 30Hz vibration was applied 

at a higher amplitude to subjectively match the intensity of the 300Hz vibration (mean 

amplitude not reported). Therefore, it was concluded that it was not the intensity of the 

stimulus but rather the frequency itself that influenced movement detection. A similar 

experiment was repeated by Weerakkoddy et al. (2009) to investigate the potential 

mechanisms behind this cutaneous interference with proprioception. The ability to detect 

movement of the digits was measured while 300Hz (50µm amplitude) vibration was 

applied to adjacent digits. Again, it was found that movement detection ability decreased 

with the application of high frequency cutaneous vibration. When the finger was placed 

in a position to disengage the muscle by inducing slack (thereby removing spindle 

feedback), this interference effect was still observed. However, when the digit was 

anesthetized (using a nerve block) and only muscle afferents could contribute to 

proprioception, cutaneous vibration of adjacent regions did not significantly change 
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movement detection threshold. These results suggest that cutaneous input from 

surrounding regions predominantly influenced proprioception through interactions with 

other cutaneous afferents that were providing proprioceptive information.  

Overall, evidence suggests that FAII input from surrounding skin regions is a 

dominant source of inhibition on proprioceptive information primarily arising from other 

cutaneous afferents (Weerakkody et al. 2009). This phenomenon is not likely due to 

changes in attention, since vibration of more remote regions had no effect (Weerakkody 

et al. 2007). Furthermore, it is not likely due to the transmission of vibration and 

activation of local cutaneous afferents involved in sensing movement, since electrical 

stimulation of isolated regions demonstrated the same interference effect (Refshauge et 

al. 2003), and vibration had no effect when it was applied to an anesthetized surrounding 

skin region (Weerakkody et al. 2009).  

There are several hypotheses as to why Pacinian (FAII) input exerts an inhibitory 

effect on other sensory channels. Since Pacinian corpuscles have high dynamic 

sensitivity, one hypothesis is that other sensory input is dampened in order to prioritize 

this dynamic FAII input (Ferrington et al. 1977). Another hypothesis is that high 

frequency cutaneous vibration adds sensory noise to neural circuits involved in tactile or 

movement detection (Refshauge et al. 2003; Weerakkody et al. 2007).   

1.5 Research Rationale  

Cutaneous mechanoreceptors in the sole of the foot have been found to directly 

contribute to the control of posture and movement (Kavanoudias et al. 1998, 1999, 2001; 

Maurer et al. 2001; Zehr, Komiyama, and Stein 1997; Zehr et al. 2015). There is also 

evidence to support that, along with muscle spindle afferents, cutaneous afferents 
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surrounding the ankle joint contribute to proprioception. However, limited research has 

investigated interactions between different somatosensory sources in the lower limb for 

proprioception. In the upper limb, it has been shown that cutaneous exteroceptive signals 

(generated by mechanical or electrical stimulation of skin) and proprioceptive signals 

interact in the form of tactile gating during movement as well as decreased movement 

detection with cutaneous vibration. Proprioceptive feedback from the lower limb is 

critical for ankle control in posture and gait. Likewise, exteroceptive feedback from skin 

on the sole of the foot has an important function as it interfaces with the ground.  

1.5.1 Objective and Hypothesis 1  

Objective: The first objective of this experiment work was to determine whether 

exteroceptive cutaneous input from foot regions remote (heel and metatarsals) and local 

(dorsum) to the ankle influences proprioception at the ankle joint. This information is 

important because during daily activities, proprioceptive and exteroceptive feedback are 

generated simultaneously (e.g., during standing and gait). Investigating how this 

information interacts will further our understanding of how sensory information from the 

lower limb is collectively involved in ankle control. The first step toward this goal is to 

determine if exteroceptive cutaneous input can exert an influence on proprioceptive 

feedback from the ankle joint in humans. A joint matching task was chosen to assess 

ankle proprioception. In an attempt to increase reliance on cutaneous feedback for 

position sense, all movements were done passively (to limit cues from GTOs and efferent 

commands) and well within natural range of motion (to limit joint receptor feedback).  

Hypothesis: It was hypothesized that cutaneous input from remote regions (heel 

and metatarsals) as well as input from a local region (dorsum) of the foot would interfere 
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with proprioception at the ankle joint. This would be demonstrated by increased error and 

variability in an ankle joint matching task when cutaneous vibration was applied to any 

region of the foot. Specifically it was expected that cutaneous input from the dorsum 

would have the greatest influence on proprioception at the ankle joint, since cutaneous 

mechanoreceptors in skin on the foot dorsum are thought to naturally contribute to 

proprioception by sensing skin stretch and compression during ankle movement. Foot 

dorsum mechanoreceptors are also in close proximity to movement encoding cutaneous 

and spindle receptors around the anterior ankle and shin. Remote cutaneous input from 

the metatarsals was hypothesized to have the least influence on proprioception at the 

ankle joint. 

1.5.2 Objective and Hypothesis 2 

Objective: The second objective of this experiment was to test whether cutaneous 

influences on proprioception were exclusively induced by FAII afferents. Therefore, 

cutaneous afferents were activated using two different vibration frequencies to target 

FAII afferents (255Hz) and FAI afferents (45Hz).  

Hypothesis: It was hypothesized that only cutaneous input from FAII afferents 

(generated by 255Hz vibration) would interfere with proprioception at the ankle joint.  
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CHAPTER 2: EXPERIMENTAL METHODOLOGY  

2.1 Experimental Design 

2.1.1. Subjects 

Twenty healthy young adults (10 male, 10 female), age=22.6±2.01, BMI=23.7±3.38 

participated in the study. One subject was left foot dominant and the remaining subjects were 

right-foot dominant as determined by the Waterloo Footedness Questionnaire – Revised (Elias, 

Bryden, and Bulman-Fleming, 1998). Subjects were free from neurological and musculoskeletal 

disorders. Subjects provided written informed consent and all procedures were approved by the 

University of Guelph Research Ethics Board, which abides by the declaration of Helsinki.  

2.1.2. Experimental Set up 

Surface electromyography (EMG) was recorded bilaterally from the tibialis anterior and 

soleus muscles. Skin was shaved and swabbed with alcohol and two silver/silver-chloride 

(Ag/AgCl) surface recording electrodes were placed on the skin overlying the muscle bellies in 

bipolar arrangement. A ground electrode was placed on the lateral malleolus. EMG signals were 

amplified (gain ~1000), band-pass filtered 10-1000Hz, and sampled at 2048Hz (Bortek AMT-8, 

CGY, CA). EMG was monitored online using Spike2 software (Version 6, CED, UK). 

Electrogoniometers (Biometrics SG110, VA, USA) were attached across both ankles running just 

posterior to the lateral malleolus. Electrogoniometer data were sampled at 100Hz. Data from 

potentiometers installed in each foot pedal were also sampled at 100Hz. All data were stored for 

offline analysis. 

With subjects seated, both feet were positioned on the pedals such that the malleoli were 

aligned with the axes of rotation. Each foot pedal had one degree of freedom to rotate about the 

mediolateral axis, allowing for plantarflexion (PF) and dorsiflexion (DF). The shanks were 
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aligned with vertical and the knees were restrained using Velcro to minimize movement 

throughout testing and provide postural support.  

Passive range of motion (ROM) was determined individually for each ankle; an 

experimenter manually rotated the ankle into full PF and DF. Two trials were collected for PF 

and DF ROM and the average was used to calculate total ROM, determined as the sum of DF and 

PF ROM. Neutral position was then determined as the position subjects felt neither dorsiflexed 

nor plantarflexed.  

2.1.3. Ankle Proprioception Testing 

 An ankle-matching task was used to assess ankle proprioception. Subjects were seated 

with both feet secured to the foot pedals (Fig. 1A). Subjects had their eyes closed to eliminate 

visual cues and wore headphones to eliminate auditory cues from the servomotor and vibration 

pads. The left foot pedal (target) was controlled by a servomotor programmed to rotate to specific 

target angles. An experimenter controlled rotation of the right foot pedal (matching). Target 

angles selected were 7° DF, 7° PF, and 17° PF. These angles were chosen because they are within 

natural range of motion, could be done with minimal passive resistance from the ankle, and were 

not large enough to evoke any muscle activity with the rotation velocities used in this experiment. 

In addition, these specific angles were selected based on pilot range of motion data such that the 

7° DF and 17° PF angles were a similar distance away from end range of motion in the 

dorsiflexion and plantarflexion directions, respectively. The 7° PF angle was then added to match 

the magnitude of the 7° DF movement (but in the opposite direction). Furthermore, these three 

angles chosen are within the normal range of motion used during gait (Locke et al. 1984; 

Moriguchi et al. 2007).  

Each trial began with the servomotor rotating the left (target) ankle from neutral to a 

target position at a velocity of 10°/s and holding. An experimenter then rotated the right ankle in 
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the same direction at a slower velocity (~2°/s) until the subject perceived both ankles were 

aligned. Subjects were allowed to make up to two corrections after they initially indicated their 

ankles were aligned, this was done to ensure the subject was confident in their final matching 

position. Both ankles were then returned to the neutral position. The purpose of rotating the target 

and matching ankles at very different velocities was to prevent subjects from being able to use 

timing to determine when their ankles were aligned. 

2.1.4. Cutaneous Stimuli 

Cutaneous afferents were mechanically activated using custom made vibration pads 

secured to the skin with transpore tape (Fig. 2). Each vibration pad was molded to the curvature 

of the foot using silicone rubber; the surface area of each silicone pad was 7cm x 8cm. Two 

different frequencies were used to generate different cutaneous afferent population responses 

(45Hz, 80µm; 255Hz, 10µm). Fast adapting (FA) type I afferents are known to be more 

responsive to the lower frequency vibration (45Hz, 80µm) while FA type II afferents are more 

responsive to high frequency vibration (255 Hz, 10µm) (see section 1.3 of Introduction). 

At each frequency, the amplitude of vibration was approximately 3dB above mean 

perceptual thresholds measured at the foot sole in 18 healthy young adults (Mildren, Strzalkowski 

Hayes, Bent, unpublished results). It was not possible to determine each subject’s vibration 

perceptual threshold at both frequencies due to limitations of the vibration pads. Vibration was 

generated using rotating eccentric mass motors; these were chosen over linear motors in order for 

them to be lightweight to enable them to be coupled to the foot. However, a limitation of these 

motors is that amplitude and frequency of vibration cannot be controlled independently; therefore 

they cannot be used to find vibration perceptual thresholds at specific frequencies.  

2.1.5. Stimulus Conditions  
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Vibration was applied to three different regions on the left (target) foot (heel, metatarsals, 

or dorsum). Vibration began ~1s prior to the onset of pedal movement and ended after the subject 

perceived both ankles were aligned (Fig. 1B). There were a total of six vibration conditions (two 

frequencies applied to three locations); one block of trials was performed for each vibration 

condition. Within each vibration block, the vibration stimulus was presented in 2/3 of the trials 

and the vibration was off for the remaining 1/3 of trials (randomized within the block).  

Six practice trials (two trials per target angle) were performed at the onset of the 

experiment with no vibration pads on the foot. Then a block of 12 control trials (four trials per 

target angle) was performed with no vibration pads on the foot. Each stimulus block was then 

presented in a randomized order; there were six stimulus blocks in total (255Hz met, 255Hz heel, 

255Hz dorsum, 45Hz met, 45Hz heel, 45Hz dorsum). Each stimulus block had a total of 18 trials: 

12 trials with vibration (four repeats per target angle) and six trials with the vibration pads not 

vibrating (two repeats per target angle). Another six final control trials were performed at the end 

of the experiment with no vibration pads on the foot. There were 132 trials total. After the initial 

control block, the order of the six vibration blocks was randomized. The order of angles within 

each block was also randomized anew for each subject. 

2.1.6 Data Analyses 

 The positions of the left and right ankles were recorded when subjects perceived both 

ankles were aligned. Rotation in the DF direction was assigned negative and rotation in the PF 

direction was assigned positive. Directional error was calculated for PF target angles as target 

minus matching angle, and for DF target angles as matching minus target angle. Therefore, 

positive values always represent that the target ankle was undershot. Absolute error was 

calculated as the absolute value of the target minus matching angle, and variable error was 

calculated as the standard deviation in directional error among the four repeats of each angle. 



	   29	  

 For each trial, root mean square (RMS) EMG was calculated for the TA and SOL muscles 

bilaterally during movement of the foot pedals (from the onset of target pedal movement to when 

subjects indicated their ankles were aligned). Since an experimenter controlled rotation of the 

right foot pedal, average angular velocity of the right pedal was calculated for each trial to ensure 

this was consistent between conditions (using potentiometer data).   

2.1.7 Statistical Analyses 

Assumptions for repeated measures analysis of variance (ANOVA) testing were checked; 

data were checked for normality and sphericity. Mauchly’s test of sphericity indicated a violation 

of this assumption for comparisons between target angles; therefore, a Greenhouse-Geisser 

correction was applied specifically to the comparisons between angles.  

First, statistics were run to ensure consistent pedal velocity and background muscle 

activity across stimulus conditions. This was important to ensure any changes could be attributed 

to the cutaneous vibration rather than changes in muscle activity or pedal movement velocity 

between the vibration and control conditions. A one-way repeated measures ANOVA was 

conducted on RMS amplitude of each muscle (TA and SOL bilaterally) to determine if 

background muscle activity differed across stimulus and control conditions. A one-way repeated 

measures ANOVA was also conducted to determine if the absolute velocity of the matching 

pedal differed across stimulus and control conditions.  

The next set of statistics was performed within the six vibration stimulus blocks in order 

to assess the effects of matching angle (3 levels), vibration location (3 levels), and vibration 

frequency (2 levels). To determine the effects of the factors vibration ‘frequency’ (45Hz, 255Hz), 

vibration ‘location’ (dorsum, heel, metatarsals), and target ‘angle’ (17° PF, 7° PF, 7° DF), a 

three-way repeated measures ANOVA was conducted for each dependent variable (absolute, 

directional, and variable error). Since there was no significant main effect of vibration frequency, 
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frequency by angle interaction effect, or frequency by location interaction effect for any of the 

dependent variables, data were pooled across frequencies (45 and 255Hz). Following this, a two-

way repeated measures ANOVA was run with the factors vibration ‘location’ (control, dorsum, 

heel, metatarsals) and target ‘angle’. Significant main effects of target angle were followed up by 

pairwise contrasts between each angle with a Bonferroni correction for multiple comparisons. 

Significant main effects of location, or location by angle interaction effects, were followed up by 

planned contrasts between each vibration location and the control at the same target angle with a 

Bonferroni correction for multiple comparisons.  

The final statistical procedure was done to assess order/learning effects. Since the initial 

control block was always performed prior to the cutaneous vibration blocks, comparisons were 

performed between the initial control block and final six control trials performed at the end of the 

experiment. For the dependent variables directional and absolute error, paired t-tests were 

performed comparing the initial to the final control block for each target angle. This was not 

conducted for variable error due to the small number of trials (two repeats) per angle in the final 

control block. For all aforementioned analyses, significance was set at p<0.05.  

2.2 Experimental Set-up and Equipment Design 

2.2.1. Angular Position Data  

Angular position data were obtained through two sources; potentiometers in each foot 

pedal and electrogoniometers attached to subjects’ skin. Each potentiometer was calibrated 

within the range of 60-120° (with respect to vertical). Calibration equations were calculated for 

each potentiometer, the coefficient of determination (r2) for the left and right potentiometers were 

0.9999 and 0.9997, respectively. Similarly, electrogoniometers were calibrated in the sagittal 

plane within the range of 60-120°. The coefficient of determination (r2) for each 

electrogoniometer calibration equation was 0.9992 and 0.9986, respectively. The 
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electrogoniometer and potentiometer calibration equations were input into Spike2 to do an online 

conversion of voltage to degrees of angular rotation.  

2.2.2 Foot Pedals and Servomotor 

A servomotor was used to rotate the left foot pedal; this was programmed in incremental 

mode to move a specified number of counts, calibrated to correspond to different angular 

displacements, using DrvX3 software (Yokogawa Electric Co, Japan). The target angles selected 

were 7° DF, 7° PF, and 17° PF. The motor was programmed to move at a velocity of 10°/s for all 

angles. The right foot pedal, controlled by an experimenter, was moved at a slower velocity than 

the servomotor (~2 °/s). The purpose of moving the target and matching pedals at different 

velocities was so timing could not be used as an indicator of ankle position, therefore increasing 

reliance on proprioceptive feedback.  

Subjects’ feet rested on high-density foam on the pedals and were secured using 

compliant elastic Velcro. Foam and elastic Velcro were chosen to minimize cues generated from 

changes in pressure and tension on the foot during pedal movement. Portions of the foam on the 

left pedal underneath the heel and metatarsals were removable to accomodate the vibration pads.  

2.2.3 Vibration Pads 

Four different vibration pads were custom made to stimulate different regions of skin at 

specific frequencies and amplitudes. Rotating eccentric mass motors were mounted on plastic 

mounts with probes projecting into a silicone surface (EasyMold Silicone Putty, USA). The 

silicone surfaces were molded to fit the contours of each region of the foot and covered a roughly 

rectangular area of 7cm x 8cm. Silicone material was chosen since it is flexible enough to form to 

the skin yet rigid enough to transmit vibration. The rigid plastic surface was used to evenly 

transmit the vibration down the probes and into the silicone rubber; this ensured the vibration was 

uniform across the silicone pad. To confirm that vibration was uniform across the silicone 



	   32	  

surface, acceleration data were recorded from different regions (e.g., centre, edges) of the silicone 

and vibration frequency and amplitude were calculated (- see below).  

Two different sized rotating discs were custom made in order to generate specific 

frequencies and amplitudes of vibration. A small disc was used to create high frequency low 

amplitude vibration (255Hz, 10µm), while a larger disc was used for lower frequency high 

amplitude vibration (45Hz, 80µm). The two frequencies were chosen to preferentially activate 

different cutaneous afferent populations; high frequency vibration (255Hz) predominately 

activates FAII afferents, while the lower frequency (45Hz) generates a more mixed response with 

a relatively stronger contribution from FAI afferents. The vibration amplitudes were selected to 

be a similar relative intensity, both were approximately 3dB above perceptual threshold based on 

measurements from the foot sole of 18 healthy young adults (averaged between metatarsal and 

heel locations in a sitting posture). Each vibration pad was calibrated by adjusting the voltage 

gain and recording acceleration data using an accelerometer (type 4507, Bruel and Kjaer, 

Denmark) secured to the silicone surface. Fast-Fourier transformations were done on acceleration 

data using Spike2 software to determine vibration frequency, and acceleration data were double 

integrated using a custom MATLAB program to obtain peak-to-peak vibration amplitude. 

Example frequency-amplitude tuning curves for one high frequency vibration pad and one low 

frequency vibration pad are presented in Fig. 3.  

Spike2 software was used to control the vibration pads; the output to the transistor of the 

vibration pads was teed off and fed back into an input (sampled at 100Hz) to ensure the 

appropriate stimulus was delivered. In a subset of experiments, an accelerometer was secured to 

the vibration pads throughout testing; acceleration data were amplified (Gain=31.6) and sampled 

at 5kHz. The purpose of collecting acceleration data during a subset of experiments was to check 

that the vibration pads were performing at the appropriate frequencies and amplitudes based on 



	   33	  

previous calibration.
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2.3 Methods Figures 

    
Figure 1) (A) Experimental apparatus used to assess ankle proprioception using a passive 
joint matching task. The left (target) foot pedal was controlled by a servomotor and the 
right (matching) pedal was controlled by an experimenter. (B) Representative trial (7° PF 
target angle) illustrating the timing of cutaneous vibration and rotation of the target and 
matching ankles. For vibration trials, stimuli were applied to the target foot during the 
ramp up and hold phases. 
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Figure 2) Custom made vibration pads used to activate cutaneous afferents innervating 
skin on the target foot sole (heel or metatarsals) or dorsum. At each location, vibration 
was applied at 45Hz (80µm) and 255Hz (10µm) to target FAI and FAII afferents, 
respectively. Vibration pads covered a surface area of 7 x 8cm. 
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Figure 3) Vibration frequency amplitude tuning curves for one high frequency vibration 
pad (A) and one low frequency vibration pad (B). These tuning curves were used for 
calibration purposes to obtain the optimal frequency and amplitude combinations to 
target FAI and FAII afferents. The dashed line indicates the gain setting used in the 
experiment to obtain the appropriate frequency-amplitude combination for these two 
rotating motors. (C) The mean threshold amplitudes previously measured at the foot sole 
in 18 healthy young adults along with the actual amplitudes used at each vibration 
frequency in the current study. This graph provides evidence that the amplitudes used in 
the current study fell ~3dB above mean perceptual threshold amplitudes previously 
measured at the foot sole.  
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CHAPTER 3: MANUSCRIPT 
 
 
 
 

Cutaneous sensory feedback from the foot interacts with proprioception at the ankle joint 
 
 
 

 
3.1 Abstract 
 
It has previously been shown that cutaneous sensory noise from surrounding regions 
interferes with proprioception in joints of the hand. This experiment tested whether input 
from fast adapting cutaneous afferents innervating mechanoreceptors in the foot sole and 
dorsum influences proprioception at the ankle joint. The ability to passively match ankle 
joint position (17° and 7° plantarflexion and 7° dorsiflexion) was measured while 
cutaneous vibration was applied to the heel, metatarsals, or dorsum of the target foot. 
Vibration was applied at two different frequencies to preferentially activate Meissner’s 
corpuscles (45Hz, 80µm) or Pacinian corpuscles (255Hz, 10µm) at amplitudes ~3dB 
above mean perceptual thresholds. Ankle matching error and variability increased when 
cutaneous vibration was applied to the foot sole, with the most pronounced effects 
observed with heel vibration. Cutaneous vibration of the foot dorsum resulted in 
increased variable error in ankle matching. Unlike previous results in the upper limb, we 
found no evidence that Pacinian input exerted a stronger interference with proprioception 
compared to Meissner input. Our results also provided evidence that proprioception was 
optimal with dorsiflexion movements that brought the ankle closest to 90° with respect to 
vertical, even in the presence of cutaneous sensory noise from the foot. Findings from 
this study suggest that fast adapting cutaneous input from the foot interferes with 
proprioception at the ankle joint in a passive joint matching task, and provide evidence of 
an interplay between exteroceptive and proprioceptive signals originating from the foot 
and ankle. 
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3.2 Introduction 
 
 Afferent nerves innervating receptors in joints, muscle, and skin provide 

information about the position and movement of body segments; termed proprioception 

(Edin et al. 1990; Edin and Abbs 1991; Bergenheim et al. 2000; Edin 2001; Roll et al. 

2004; Aimonetti et al. 2007, 2012). Compromised feedback from these large diameter 

sensory afferents has been shown to result in severe impairments to movement accuracy 

(Cole 1995; Torres et al. 2014), indicating that this proprioceptive feedback has a critical 

function in motor control. In particular, proprioceptive feedback from the ankle joint has 

an important contribution to the control of posture and gait (af Klint et al. 2008; 

Kavounoudias et al. 2001). Single afferent recordings from human peripheral nerves 

provide evidence that both cutaneous and muscle spindle afferents innervating the 

anterior lower leg code for the direction and magnitude of ankle joint rotation (Roll et al. 

2000; Aimonetti et al. 2007, 2012). Additionally, these cues contribute to position and 

movement awareness; the activation of muscle spindles through tendon vibration has 

been shown to cause the illusion of ankle joint movement (Albert et al. 2006), and the 

removal of local skin feedback from the anterior ankle and foot dorsum has been shown 

to impair joint position sense (Lowrey et al. 2010).  

Cutaneous afferents innervating skin on the feet also provide exteroceptive 

information, e.g., information about contact with the ground or objects. This sensory 

information contributes to the control of posture and gait. For example, the activation of 

cutaneous mechanoreceptors in the soles of the feet using vibration has been shown to 

evoke characteristic postural sway responses during stance (Kavounoudias et al. 1999, 
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2001; Maurer et al. 2001), and electrical activation of cutaneous afferents innervating the 

foot has been shown to alter lower limb trajectory during gait (Zehr et al. 2014).  

In the upper limb, it is known that cutaneous input generated by the stretch and 

compression of local skin surrounding joints contributes to proprioception (Edin and 

Ebbs 1991; Edin and Johansson 1995). Interestingly, it has been shown that increasing 

cutaneous input from more remote regions (i.e., regions not activated by movement of the 

test joint) interferes with proprioception; the ability to detect movement at the index 

finger was found to be impaired by vibration (Weerakkody et al 2007, 2009), electrical 

stimulation or light brushing (Refshauge et al. 2003) of skin on adjacent digits or the 

thenar eminence. These results suggest that in the upper limb, there are interactions 

between remote cutaneous afferents providing exteroceptive signals and other sensory 

afferents providing proprioceptive signals. Interestingly, when cutaneous afferents were 

activated specifically using vibration, proprioceptive interference effects only manifested 

when a high frequency (300Hz), and not a lower frequency stimulus (30Hz), was applied 

(Weerakkody et al. 2007). It was suggested that this frequency distinction could be due to 

the subtype of cutaneous mechanoreceptor activated at each frequency, since Pacinian 

corpuscles (innervated by FAII afferents) are maximally sensitive within a high 

frequency bandwidth (from 64Hz up to 300Hz), and Meissner’s corpuscles (innervated 

by FAI afferents) are maximally sensitive within a lower frequency bandwidth (8-64Hz) 

(Talbot et al. 1968; Johansson et al. 1982; Toma and Nakajima 1995).  

Previous research has investigated how cutaneous exteroceptive input interacts 

with proprioception in the upper limb (Refshauge et al. 2003: Weerakkody et al. 2007, 

2009); however, the question remains whether remote and local cutaneous input can 
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influence proprioception in the lower limb. Cutaneous exteroceptive feedback has a 

different function in the hand (e.g., haptic perception, manipulation of objects) in 

comparison to the foot (e.g., control of posture and gait, signaling ground contact). This 

experiment was thus devised to test whether cutaneous input from remote and local 

regions of the foot influences proprioception at the ankle joint. We assessed 

proprioception using a passive joint matching task while applying cutaneous vibration to 

two different remote skin regions (heel and metatarsals of the foot sole) and one local 

region (foot dorsum). This region was considered local, as skin from this area, and nearby 

areas, has been shown to provide proprioceptive cues (Aimonetti et al. 2007). Vibration 

was applied at two different frequencies intended to preferentially target Meissner’s 

corpuscles (FAI afferents; 45Hz) or Pacinian corpuscles (FAII afferents; 255Hz). The 

aim was to determine if proprioception was influenced exclusively by Pacinian input. It 

was hypothesized that only cutaneous input from high frequency vibration would 

interfere with ankle proprioception. It was also hypothesized that vibration applied to the 

foot dorsum would cause the greatest interference due to the activation of afferents 

directly coding ankle position and/or in closer proximity to other movement coding 

cutaneous and spindle afferents innervating the anterior ankle and shin (Roll et al. 2000; 

Aimonetti et al. 2007, 2012).  
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3.3 Methods 
 
3.3.1 Subjects 

Twenty healthy young adults (10 male), age=22.6±2.01, BMI=23.7±3.38 

participated in the study. One subject was left foot dominant and the remaining subjects 

were right-foot dominant, determined by the Waterloo Footedness Questionnaire (Elias et 

al. 1998). Subjects were free from neurological and musculoskeletal disorders. Subjects 

provided written informed consent, all procedures conformed to the declaration of 

Helsinki and were approved by the University of Guelph Research Ethics Board.  

3.3.2 Experimental Set up 

Subjects were seated with both feet secured to individual foot pedals using 

compliant elastic Velcro around the mid foot. Each foot pedal had one degree of freedom 

to rotate about the mediolateral axis in the sagittal plane, potentiometers in each pedal 

provided angular position information (sampled at 100Hz) (Fig. 1A). The axes of rotation 

were aligned with the malleoli and subjects’ knees were restrained using Velcro straps to 

prevent movement. The foot pedals were lined with high-density foam to minimize cues 

from pressure changes under the foot during ankle movement. The left pedal had 

removable inserts under the heel and metatarsal regions to accommodate the custom-

made vibration pads used to activate cutaneous mechanoreceptors (Fig. 2). Rotation of 

the left pedal was controlled by a servomotor (Yokogawa Electric Co, JP), while rotation 

of the right pedal was controlled by an experimenter. Calibrated electrogoniometers 

(Biometrics, SG110, USA) were attached across the lateral border of the ankle running 

just posterior to the malleoli to provide angular position information (sampled at 100Hz).  
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All movements about the ankle joint were imposed passively in order to limit the 

contribution of efferent commands and active muscle force feedback to position sense, 

thereby increasing reliance on cutaneous and muscle spindle feedback. In addition, target 

angles within natural range of motion (~60°) were chosen in order to limit joint receptor 

feedback, since evidence suggest joint receptors primarily respond at end ranges of 

motion (Burgess and Clark 1969; Burke et al. 1988).  

Since the presence of voluntary muscle activity has been shown to bias perceived 

joint position (Smith et al. 2009; Walsh et al. 2013), subjects were instructed to relax 

their lower limb muscles. To ensure the absence of muscle activity, surface 

electromyography (EMG) was measured from the tibialis anterior (TA) and soleus (SOL) 

muscles bilaterally using silver/silver-chloride (Ag/AgCl) electrodes placed on skin 

overlying the muscle bellies in bipolar arrangement. EMG signals were amplified 

(gain~1000), band-pass filtered 10-1000Hz, and sampled at 2048Hz (Bortek AMT-8, 

CA). EMG data were monitored online using Spike2 software (Version 6, CED, UK). In 

the case of noticeable muscle activity, subjects were given verbal feedback to reduce the 

activity and the trial was repeated. In some cases, subjects were unable to fully relax their 

lower limb muscles; therefore, EMG data were recorded for offline analysis to ensure any 

low level of activity was consistent across conditions. 

3.3.3 Ankle Joint Matching Task 
 
 Prior to the joint matching task, passive range of motion was determined for each 

ankle. Each trial began with the ankles at subjects’ perceived neutral position, which was 

~14° plantarflexed on average. Subjects had their eyes closed to eliminate visual cues and 

wore headphones to minimize auditory cues from the servomotor and vibration pads. The 
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left (target) ankle was passively rotated by the servomotor to a target angle at a velocity 

of 10°/s and held. Then, the right (matching) ankle was rotated by an experimenter at a 

velocity of ~2°/s until the subject verbally indicated that both ankles were aligned. The 

purpose of decoupling the angular velocities was to prevent the use of timing to estimate 

joint position. Subjects were allowed to make up to two adjustments by giving verbal 

feedback to ensure they were confident in their final position. Three different target 

angles were assessed: 17° plantarflexion (PF), 7° PF, and 7° dorsiflexion (DF), the order 

of target angles was randomized anew for each subject. Subjects were given 6 practice 

trials (two of each angle) before beginning the experiment.  

 The experiment began with a block of 12 control trials comprised of four repeats 

of each target angle to measure initial ankle proprioception. This initial control block was 

always performed first to ensure there were no contamination effects from trials with 

cutaneous vibration. One block of trials was then presented for each cutaneous vibration 

condition (in randomized order). There were six vibration blocks total: a combination of 

three locations (heel, metatarsal and dorsum) and two vibration frequencies (45Hz and 

255Hz- see below). Each vibration block was comprised of 12 trials with cutaneous 

vibration and six trials without vibration. At the end of the experiment, six more control 

trials were performed in order to determine if any learning effects or drift in perceived 

position bias occurred throughout the course of the experiment. There were 132 trials 

total. Subjects were given breaks between blocks to minimize fatigue.  

3.3.4 Cutaneous Stimuli 

Cutaneous afferents were mechanically activated using vibration applied through 

custom made pads molded to the foot using silicone rubber. Each vibration pad covered a 
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surface area of 7 x 8cm and was secured in place using transpore tape. Two different 

vibration frequencies (45Hz, 80µm; 255Hz, 10µm) were applied to target the activation 

of Meissner’s corpuscles and Pacinian corpuscles, respectively. At each frequency, the 

amplitude of vibration was ~3dB above mean perceptual threshold measured at the foot 

sole from a separate sample of 18 healthy young adults during pilot testing. These 

threshold data corroborated previous measurements at the foot sole using similar 

vibration frequencies (Kekoni et al. 1989). Vibration was applied to one of three 

locations (heel and distal metatarsals of the sole, and proximal aspect of the dorsum) on 

the target foot, beginning ~1s prior to the onset of pedal movement and ending after the 

subject indicated both ankles were aligned (Fig. 1B).  

3.3.5 Data Analyses 
  

For each trial, root mean square (RMS) EMG was calculated for each TA and 

SOL muscle bilaterally during a time period beginning with the onset of target pedal 

movement and ending with the offset of matching pedal movement. Additionally, since 

an experimenter controlled rotation of the matching foot pedal, angular velocity of the 

matching pedal was calculated from potentiometer data for each trial to ensure it was 

consistent across vibration and control conditions. 

Outcome measures were calculated from electrogoniometer data. Directional error 

in ankle matching was calculated as the target minus the matching angle such that 

positive values indicate that the target angle was undershot. Absolute error was calculated 

as the absolute value of the directional error to indicate the overall error regardless of 

direction. Finally, variable error was calculated as the standard deviation in directional 

error among the four repeats of each angle. Increased variable error represents lower 
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consistency in matching position, an indication of compromised sensory feedback or 

integration.   

3.3.6 Statistical Analyses  

A one-way repeated measures analysis of variance (ANOVA) was conducted on 

RMS amplitude of each muscle (TA and SOL bilaterally) to determine if background 

muscle activity differed across vibration and control conditions. A one-way repeated 

measures ANOVA was also conducted to determine if the mean velocity of the matching 

pedal differed across vibration and control conditions.  

To determine the effects of the factors vibration ‘frequency’ (45Hz, 255Hz), 

vibration ‘location’ (dorsum, heel, metatarsals), and target ‘angle’ (17° PF, 7° PF, 7° DF), 

a three-way repeated measures ANOVA was conducted for each dependent variable 

(absolute, directional, and variable error). Since there were no significant main or 

interaction effects of vibration frequency for any of the dependent variables, data were 

pooled across frequencies (45 and 255Hz). A two-way repeated measures ANOVA was 

conducted with the factors ‘angle’ and ‘location’ (control, heel, dorsum, metatarsals). 

Significant main or interaction effects of location were followed up with planned 

contrasts between each vibration location and the initial control condition with a 

Bonferroni correction for multiple comparisons. Significant main effects of angle were 

also followed up with planned contrasts between each angle with a Bonferroni correction. 

Since the control block was always performed prior to the cutaneous vibration 

blocks, six additional control trials were added at the end of the experiment to determine 

if there were any order effects. For directional and absolute error, paired t-tests were 
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performed comparing the initial and final control blocks. For all aforementioned 

statistical analyses, α was set at p<0.05.
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3.4 Results 

 Mean passive range of motion was 59.84±10.31° for the right ankle and 

57.30±10.45° for the left ankle, therefore ankle proprioception was tested at angles within 

~41% of full range of motion (24° testing range). Even with these small movements, in 

some cases, subjects were unable to fully eliminate background muscle activity during 

the matching task. Since voluntary muscle activity can bias perceived joint position in the 

direction of the contraction (Smith et al. 2009; Walsh et al. 2013), RMS EMG amplitude 

for each muscle measured during ankle movements was compared across vibration and 

control conditions to ensure the low level of activation was consistent. RMS EMG 

amplitudes were not significantly different between conditions for the right SOL 

(F(6,114)=1.217, p=0.303), left SOL (F(6,114)=1.140, p=0.344), right TA (F(6,114)=0.521, 

p=0.792), or left TA (F(6,114)=0.864, p=0.524). In addition, since the matching foot pedal 

was controlled by an experimenter, angular velocity was compared to ensure consistency 

across vibration and control conditions. Mean matching pedal velocity was 2.06±0.35°/s 

and did not significantly differ between conditions (F(6,114)=0.126, p=0.993). Target pedal 

velocity (controlled by the servomotor) was 10°/s. 

3.4.1 Effect of 45Hz versus 255Hz Cutaneous Vibration  

Two different vibration frequencies were used to target different cutaneous 

afferent subtypes. No significant main effects of vibration frequency were found for the 

dependent variables directional error (F(1,19)=0.009, p=0.924), absolute error 

(F(1,19)=0.867, p=0.364) or variable error (F(1,19)=0.159, p=0.695). In addition, there were 

no significant frequency by location interaction effects for any of the dependent 

variables, as well as no frequency by angle interaction effects (all p-values >0.05) (Fig. 
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4). Therefore, since there was no evidence of a difference between the effects of low and 

high frequency vibration when applied at normalized intensities, data were pooled across 

the 45 and 255Hz vibration frequencies for subsequent analyses. 

3.4.2 Effect of Heel, Dorsum, and Metatarsal Vibration on Proprioception 

 To assess how the location of vibration affected ankle proprioception, vibration 

was applied to the heel, metatarsal or dorsum of the foot following the initial control (no 

vibration) condition. There was a significant location by angle interaction effect for the 

dependent variable directional error (F(6,114)=6.838, p<0.001), indicating the effect of 

cutaneous vibration differed across target angles. It was observed that vibration 

influenced matching error primarily in the plantarflexion angles. There was also a trend 

toward a main effect of vibration location on directional error (F(3,57)=2.459, p=0.072), 

with more undershoot of target angles observed with heel vibration in particular. 

Similarly, for the dependent variable absolute error, there was a significant location by 

angle interaction effect (F(6,114)=6.114, p<0.001), but no significant main effect of 

vibration location (F(3,57)=1.927, p=0.136). For variable error, there was no significant 

location by angle interaction effect (F(6,114)=1.512, p=0.181), however the vibration 

location had a significant main effect on variable error (F(3,57)=3.801, p=0.015). It was 

observed that variable error increased primarily during heel and dorsum vibration.  

 Planned contrasts confirmed that in comparison to the initial control block, 

vibration applied to the heel resulted in significantly increased directional (p=0.003) and 

increased absolute (p=0.009) error for the 17° PF angle (Fig. 5); this indicates heel 

vibration caused more undershoot of the target angle and increased overall matching 

error. Heel vibration also resulted in significantly increased variable error (p=0.006) for 
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the 7° PF angle, indicating lower matching consistency. Vibration applied to the 

metatarsals resulted in significantly increased directional error in comparison to the initial 

control block for the 17° PF angle (p=0.042), and increased variable error in comparison 

to the initial control block for the 7° PF angle (p=0.041). Vibration applied to the foot 

dorsum had no influence on directional or absolute error across all target angles, however 

dorsum vibration resulted in significantly increased variable error in comparison to 

control for the 7° PF angle (p=0.006). Interestingly, none of the cutaneous vibration 

locations (heel, dorsum, or metatarsals) significantly increased directional, absolute, or 

variable error when the ankle was in the 7° DF position. Vibration applied to the heel 

even resulted in significantly decreased absolute error for the 7° DF angle (p=0.045) (Fig. 

6). 

3.4.3 Proprioception at Different Ankle Positions  

There were significant main effects of target angle on directional error 

(F(1.06,20.17)=22.838, p<0.001), absolute error (F(1.07,20.29)=37.512, p<0.001), and variable 

error (F(2,36)=26.717, p<0.001) (Fig. 7), whereby the lowest error values were always 

observed at the 7° DF angle and the highest values at the 17° PF angle. Pairwise contrasts 

confirmed directional error was significantly different between all three target angles (all 

p-values <0.01). For plantarflexion target angles, directional error was positive indicating 

a tendency to undershoot the target angle, while for the DF target angle directional error 

was close to zero (Fig. 7A). Absolute error was significantly increased at the 17° PF 

angle compared to the 7° PF and 7° DF angles (p-values <0.001) (Fig. 7B). Variable error 

was also significantly increased at the 17° PF angle compared to the 7° PF and 7° DF 

angles (p-values <0.001) (Fig. 7C). 
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3.4.4 Change in Position Bias from the Initial to Final Control Block 

 Since the control block used to determine initial ankle proprioception was always 

performed prior to the cutaneous vibration blocks, control trials were also performed at 

the end of the experiment to determine if there was a learning effect or drift in perceived 

ankle position following the vibration blocks. Directional error was significantly lower in 

the final control trials in comparison to the initial control block for the 17° PF angle 

(p=0.004) and the 7° DF angle (p=0.034) (Fig 8A). This indicates subjects undershot 

target angles less in the final control trials. Similarly, absolute error was significantly 

lower in the final control trials in comparison to the initial control block for the 17° PF 

angle (p=0.019) (Fig 8B). This indicates that overall subjects were closer to the target 

angle in the final control trials. 
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3.5 Discussion 

 The primary objective of this experiment was to determine whether local 

cutaneous input from the foot dorsum or remote cutaneous input from the foot sole could 

influence proprioception at the ankle joint. Our results suggest ankle proprioception is 

influenced by both local and remote cutaneous input from the foot. This was apparent 

from observations of increased error and variability in passively matching ankle joint 

position when cutaneous vibration was applied to foot sole and dorsum regions. These 

findings cannot be attributed to differences in motor activity or ankle movement velocity 

during the joint matching task since these were consistent across control and vibration 

conditions.  

3.5.1 Frequency of Cutaneous Vibration 

In the upper limb, it was previously shown that cutaneous input generated by high 

frequency vibration (to target FAII afferents), but not lower frequency vibration (to target 

FAI afferents) impaired proprioception (Weerakkody et al. 2007, 2012). In contrast, our 

results showed cutaneous input from the foot generated by both low (45Hz) and high 

(255Hz) frequency vibration induced a similar interference with proprioception at the 

ankle joint with no evidence of a distinction between the two frequencies. In our study, 

the amplitudes of vibration were approximately 3dB above perceptual threshold; 

therefore the relative stimulus intensities were similar for each frequency. In the upper 

limb, vibration amplitudes have not been normalized to perceptual or afferent firing 

thresholds, making it difficult to determine whether these interference effects were 

specific to the cutaneous afferent subtype or the overall volume of cutaneous input. 

However, previous work in the hand has shown that when the 30Hz vibration was applied 
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at a matched subjective intensity to the 300Hz vibration, it still failed to influence 

proprioception (Weerakkody et al. 2007). The ability of BOTH FAI and FAII afferents in 

the foot to interfere with proprioception at the ankle might suggest a similar importance 

of dynamic FAI and FAII signals. The subtleties of their distinct sensory contributions 

may be minimized in their influence on proprioceptive senses.  

3.5.2 Activation of Different Skin Regions 

Our results showed that in particular, input from cutaneous mechanoreceptors in 

the heel caused the strongest interference with ankle proprioception. In comparison to 

control, heel vibration increased directional and absolute error when matching the larger 

plantarflexion angle and increased variable error when matching the smaller 

plantarflexion angle (Fig. 5). Overall, this suggests there are robust interactions between 

cutaneous input from the heel of the foot sole and proprioceptive signals from the ankle. 

Since our experiment was conducted in a sitting posture, we cannot be certain that these 

same interactions manifest during standing and gait. Fast adapting afferents from the heel 

signal dynamic evens such as slips and heel contact (Inglis et al. 2002); although we 

cannot be certain of the functional implications, we speculate that the strong influence of 

heel cutaneous feedback on ankle proprioception could reflect the functional importance 

of sensing dynamic events at the heel.  

Our results also showed evidence that cutaneous input from the metatarsal region 

interfered with proprioception; metatarsal vibration increased directional error in the 

larger plantarflexion angle and increased variable error in the smaller plantarflexion 

angle. It is likely that vibration of the metatarsals had a reduced interference effect in 

comparison to the heel because this skin region is more distal to the ankle joint. However, 
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the finding that stimulation of metatarsal skin still had an effect suggests exteroceptive 

cutaneous input even from more remote regions of the foot sole has an ability to 

influence proprioception at the ankle.  

Stimulation of skin on the foot dorsum was hypothesized to have the greatest 

influence on ankle proprioception due to the activation of cutaneous afferents either 

directly involved or in close proximity to those coding ankle movement. Our results 

showed dorsum vibration primarily influenced variable error, indicating lower 

consistency in matching position. Cutaneous mechanoreceptors in the foot dorsum and 

anterior shin have previously been shown to preferentially respond to movement that 

induces stretch of their receptive field, and these movement responses were found to be 

particularly strong in SAII and FAII afferents (Aimonetti et al. 2007). Therefore, it was 

expected that the activation of fast adapting afferents using high frequency vibration 

would evoke a plantarflexion position bias. In contrast, our results showed that the 

manipulation of skin on the dorsum only influenced variable error and had no effect on 

directional error. This absence of a change in position bias following activation of fast 

adapting afferents from the foot dorsum might suggest that these afferents provide 

information about skin changes related to both stretch and compression, creating a 

confounding signal resulting in increased variable error. In joints of the hand, local FAI 

afferents have been shown to respond bidirectionally to flexion and extension movements 

(Edin and Abbs 1991). Importantly, in our experiment the absence of a change in 

directional error with dorsum vibration suggests that spindles in dorsiflexor muscles were 

not activated, since this would create the illusion of muscle lengthening in plantarflexion 



	   55	  

(Albert et al. 2006). As a result, we are confident that the placement of the vibration pad 

and the amplitude of vibration primarily affected cutaneous input. 

3.5.3 Ankle Proprioception at Different Angles 

The greatest ankle matching accuracy was seen in the 7° DF position; this was 

demonstrated by smaller directional, absolute, and variable error compared to both 

plantarflexion positions (Fig. 7). Since subjects’ neutral position was slightly 

plantarflexed, dorsiflexion movements brought the ankle closer to 90° with respect to 

vertical. Evidence in the upper limb suggests improved proprioception with the arms 

closer to the body midline (Schaap et al. 2015), perhaps due to more experience 

manipulating objects close to the body. Similarly, ankle proprioception might be 

optimized at angles close to natural ankle position during stance. Our results also showed 

that cutaneous vibration of the foot sole and dorsum did not interfere with proprioception 

in the 7° DF position; in contrast, vibration actually decreased absolute matching error in 

7° DF (improved position sense). While this decrease in absolute error is of interest to 

note, it could be a spurious finding as a result of the learning effect observed over the 

course of the experiment. The absence of a negative effect of cutaneous feedback from 

the foot could suggest humans are adapted to appropriately filter proprioceptive and 

exteroceptive sensory feedback from the lower limb in this ankle position. 

3.5.4 Sensory Learning Effect 

Ankle matching error was lower in the control trials at the end of the experiment 

relative to the initial control block (Fig. 8), even though there was no provision of 

feedback regarding accuracy. It is interesting that sensory learning occurred without 

feedback and without the involvement of a motor program (to allow for peripheral re-
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afference to occur). Repeated exposure to the task may have lead to the development of a 

better representation of ankle position within the limited range of target angles tested. It 

is also possible that rather than a learning effect, the shift toward lower matching error at 

the end of the experiment was induced by trials with vibration. Improved accuracy at the 

end was due to a bias toward less undershoot of the target angle. In the vibration trials, 

during the return back to the neutral position the vibration stimulus was absent; therefore, 

there was usable feedback that the target angle was undershot. This could have induced 

some adaptation toward less undershoot error that carried over to the control trials 

performed at the end of the experiment. It is important to note that despite this drift 

toward lower matching error over the course of the experiment, results still showed that 

cutaneous vibration impaired proprioception relative to the initial control block.  

3.5.5 Potential Mechanisms 

We assessed ankle proprioception using a passive joint matching task in order to 

increase the reliance on cutaneous and spindle feedback. Therefore, we believe 

exteroceptive cutaneous input could be interacting with either spindle or cutaneous 

proprioceptive feedback. There is strong evidence supporting the contribution of both 

cutaneous (Aimonetti et al. 2007; Lowrey et al. 2010) and spindle (Albert et al. 2006) 

cues to the awareness of ankle position and movement. In our experiment, cutaneous 

vibration of the foot sole resulted in increased error due to undershooting the target angle. 

This undershoot bias could be due to an inhibition of cutaneous or spindle proprioceptive 

feedback, causing the perception of smaller movement magnitudes.  

Inhibitory interactions have been demonstrated amongst cutaneous afferents 

innervating neighbouring skin regions (Lipton et al. 2010; Ferrington et al. 1977; 
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Bystrzycka et al. 1977). For example, it has previously been shown that cutaneous input 

from one skin region increases tactile detection thresholds at neighbouring regions 

(Ferrington et al. 1977). Additionally, recordings from dorsal column nuclei in cats have 

shown cutaneous input from one skin region inhibits the transmission of cutaneous 

information from neighbouring regions (Bystrzycka et al. 1977). Therefore, in the current 

experiment, the decreased awareness of ankle position could be due to interactions 

between the cutaneous exteroceptive input (from vibration of remote skin) and cutaneous 

proprioceptive input (from skin surrounding the ankle). In the hand, it has been shown 

that cutaneous vibration of surrounding regions interfered with movement detection when 

cutaneous and joint afferent information was available (with muscle spindle feedback 

disengaged) (Weerakkody et al. 2009). However, cutaneous input did not significantly 

interfere with movement detection when only muscle spindle afferent information was 

available (with a digital nerve block). Therefore, it was suggested that in the hand, 

cutaneous input from remote regions acts to impair movement detection primarily 

through interactions with other cutaneous afferent classes that signal movement of the 

test joint (Weerakkody et al. 2009).  

 There is also evidence that cutaneous input can interact with muscle spindle 

input. Cutaneous and spindle afferents have been shown to provide similar population 

vector coding of ankle movement (Aimonetti et al. 2007, 2012). It has been suggested 

that this similarity facilitates co-processing (Aimonetti et al. 2012), making it likely 

muscle and skin information influence each other. Burke et al. (1982) showed that the 

transmission of both cutaneous and spindle information to the cortex could be altered by 

conditioning stimuli applied to either muscle or skin; which provides evidence that 



	   58	  

cutaneous and spindle afferents interact within the ascending somatosensory pathway. 

These cutaneous-spindle interactions occurred whether the inputs were from the same or 

different nerves, with the degree of suppression primarily dependent upon the magnitude 

of the two stimuli (Burke et al. 1982). In addition, it has previously been shown that 

cutaneous input can modify spindle feedback specifically at the spinal level (Davey and 

Ellaway 1989; Johansson et al 1989; Aniss et al. 1990; Elleway et al. 1997). In reduced 

animal preparations; stimulation of skin on the foot pad was found to exert potent, short 

latency effects on fusimotor drive to spindles, thereby changing spindle background 

firing and stretch responses (Davey and Ellaway 1989; Johansson et al 1989; Elleway et 

al. 1997). However, this effect has only been reproduced in humans in a standing posture 

(Aniss et al. 1990), and not in a prone posture (Gandevia et al. 1986). Overall, this makes 

it unlikely cutaneous-fusimotor interactions at the spinal level were the mechanism for 

reduced proprioception in our experiment. However, there is still the possibility that other 

central mechanisms involving cutaneous-spindle interactions could be at play (Burk et al. 

1982).  

Results of our experiment suggest that exteroceptive cutaneous input can impair 

proprioception. Interestingly it has also been demonstrated that proprioceptive signals 

generated by movement can impair cutaneous exteroceptive sense (Jiang et al. 1990; 

Chapman et al. 2006; Cybulska-Klosowicz et al. 2011). Proprioceptive input generated 

by passive and active arm movement has been shown to interfere with the detection of 

cutaneous stimuli applied to the hand (Chapman et al. 2006; Cybulska-Klosowicz et al. 

2011), and the transmission of cutaneous stimuli to the cortex (Chapman et al. 1988). In 

combination with our results, this demonstrates there is interplay between proprioceptive 
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and exteroceptive information that results in reduced input from both sources. This 

interplay might function to limit the sum of sensory feedback to be processed and 

interpreted centrally. 

3.5.6 Conclusions and Significance 

It is concluded that exteroceptive cutaneous input from the sole and dorsum of the 

foot interferes with proprioception at the ankle joint. This conclusion is strengthened by 

the finding that matching accuracy was improved with more exposure to the task, and 

despite this, cutaneous vibration still impaired proprioception relative to the initial control 

block. The strongest cutaneous interference effect was found with stimulation of the heel, 

suggesting more robust interactions between cutaneous input from the heel of the foot 

sole and proprioceptive signals from the ankle. Cutaneous input from the foot had a 

limited influence on position sense at the ankle angle closest to its natural position during 

stance, which suggests humans are adapted to have heightened proprioception in this 

ankle position even in the presence of cutaneous sensory noise from the foot. Previous 

work has found that cutaneous input from the foot dorsum naturally contributes to 

signaling ankle position and movement (Lowrey et al. 2010; Aimonetti et al. 2012); our 

results showed that the activation of fast adapting cutaneous afferents in this region 

primarily increased variable error in matching ankle position, indicating reduced 

reliability of sensory information signaling joint position.  

The contribution of cutaneous exteroceptive signals from the foot sole to posture 

have been well established (Kavounoudias et al. 1999, 2001; Maurer et al. 2001), 

likewise proprioceptive signals from the ankle have received considerable attention 

(Lowrey et al. 2010; Aimonetti et al. 2007, 2012; Albert et al 2006). As previous work 
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emphasizes the important independent roles of cutaneous feedback, proprioceptive and 

exteroceptive input may demand selective or filtered processing to optimize function. 

Cutaneous signals from the foot sole and dorsum are often generated concurrently with 

proprioceptive signals from the ankle. It is important to understand how these cutaneous 

and proprioceptive signals naturally influence each other, and collectively how this 

information is used for optimal ankle control in posture and gait.  
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3.6 Results Figures 
 
Figure 4) Effects of the frequency 
of cutaneous vibration applied to 
the foot on directional (A), 
absolute (B), and variable (C) error 
(mean±SE) during a passive ankle 
joint matching task. There were no 
significant differences between 45 
and 255Hz vibration on ankle 
matching directional, absolute, or 
variable error. Positive directional 
error values indicate that the target 
was undershot.-2.0
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Figure 5) Effects of cutaneous vibration applied to different locations of the foot on 
directional, absolute, and variable error during a passive ankle joint matching task. The 
dashed line represents initial control error level. In comparison to the initial control 
block, vibration applied to the heel significantly increased directional and absolute error 
for the 17° PF angle, and increased variable error for the 7° PF angle. Vibration applied 
to the metatarsals significantly increased directional error for the 17° PF angle and 
variable error for the 7° PF angle. Vibration applied to the foot dorsum significantly 
increased variable error for the 7° PF angle.  
* p<0.05; ** p<0.01 in comparison to control
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Figure 6) Effects of cutaneous vibration 
applied to different locations of the foot 
on directional (A), absolute (B), and 
variable (C) error during a passive ankle 
joint matching task for the 7° DF target 
angle. The dashed line represents initial 
control error level. Vibration applied to 
the heel resulted in significantly 
decreased absolute error in comparison 
to control.  
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Figure 7) Overall mean (±SE) 
directional (A), absolute (B), and 
variable (C) error measured for 
three different target angles during 
a passive ankle joint matching task. 
Directional, absolute, and variable 
error were significantly higher at 
the 17° PF angle in comparison to 
the other angles. Directional error 
was significantly lower at the 7° 
DF angle in comparison to the 
same angle (7°) in plantarflexion, 
* p<0.05; ** p<0.01
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Figure 8) Comparisons between the 
initial and final control blocks for 
directional (A) and absolute (B) 
error in passive ankle joint 
matching. Directional error was 
significantly lower in the final 
control block for the 7° PF angle. 
Absolute error was significantly 
lower in the final control block for 
the 17° PF and 7° DF target angles. 
This indicates a drift toward less 
undershoot of the target angle and 
improved overall matching accuracy 
by the end of the experiment.  
*p<0.05; **p<0.01  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-2

0

2

4

6 Initial
Final

*

17° PF        7° PF           7° DF

    

D
ire

ct
io

na
l e

rr
or

 (°
) 

0

2

4

6
*

*

*

17° PF        7° PF           7° DF

    Target angle

A
bs

ol
ut

e 
er

ro
r (

°)
 

A

B



	   66	  

CHAPTER 4: GENERAL DISCUSSION 
 

It has been known for some time that cutaneous mechanoreceptors provide 

exteroceptive information (Vallbo and Hagbarth 1968). More recently, evidence has been 

provided suggesting cutaneous mechanoreceptors surrounding joints provide 

proprioceptive information as well (Edin and Abbs 1991; Edin 2001; Aimonetti et al. 

2007). This thesis provides some of the first evidence to suggest that in the lower limb, 

cutaneous exteroceptive signals interact with proprioceptive signals. We found that 

exteroceptive signals generated by cutaneous vibration of both remote (heel and 

metatarsals) and local (dorsum) regions of the foot impaired ankle position sense. Since 

these interactions were observed when exteroceptive skin input was generated from 

remote regions of the foot, this demonstrates that impaired position sense can be caused 

by the manipulation of skin input from areas not responsible for directly signaling ankle 

movement. It was originally hypothesized that cutaneous input from the foot sole and 

dorsum would interfere with ankle position sense in the form of increased error in a 

passive ankle matching task. In accordance with this, our results showed cutaneous 

vibration of the heel, dorsum, and to a lesser extent the metatarsals, increased directional, 

absolute, and variable error in an ankle joint matching task. These data suggest that 

cutaneous input from the foot sole and dorsum can interact with proprioceptive 

information from the ankle joint. This corroborates and extends the findings of previous 

work in the upper limb that showed cutaneous vibration of surrounding regions interfered 

with proprioception in the hand (Refshauge et al. 2003; Weerakkody et al. 2007, 2009).  

4.1 Differences Between Vibration Locations 
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 Cutaneous input from the heel resulted in the strongest interference with ankle 

position sense. Heel vibration increased variable error and increased the bias toward 

undershooting target angles. It is unlikely that the mechanism for this undershoot was the 

simulation of pressure under the heel, since both planterflexion and dorsiflexion target 

angles were undershot. In addition, the high frequencies of vibration at the low 

amplitudes used were unlikely to activate slowly adapting afferents that code for pressure 

(Johansson et al. 1982). The undershoot bias could be due to an inhibition of 

proprioceptive feedback from the ankle, causing the perception of smaller movement 

magnitudes. The heel may have had a strong effect on position sense since it is in close 

proximity to skin on the back of the ankle that is subject to stretch and compression with 

ankle movement. To the best of our knowledge, there are no data documenting movement 

responses of cutaneous afferents in the posterior ankle, unlike the anterior ankle 

(Aimonetti et al. 2007). However, experiments in our lab have encountered a limited 

number of afferents in the posterior ankle near the malleoli (Strazlkowski, Mildren, Bent, 

unpublished results). In particular, SAII afferents found in this region had 

uncharacteristically low activation thresholds (compared to SAII afferents in the foot 

sole) and were extremely sensitive to skin stretch. Preliminary results from an ongoing 

study in our laboratory have also demonstrated ankle position sense is impaired when 

feedback from this skin region on the posterior ankle is reduced (Hare, Mildren, Bent, 

unpublished results). We suggest that cutaneous input from the heel could be interacting 

with other classes of cutaneous afferents innervating skin at the back of the ankle. The 

robust interference with position sense following heel vibration could suggest feedback 
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from the posterior ankle has a significant function in coding ankle position and 

movement.  

Vibration of the foot dorsum was hypothesized to have the greatest influence on 

ankle position sense since afferents in this region of skin have previously been shown to 

respond to ankle movement (Aimonetti et al. 2007) and contribute to an accurate 

awareness of ankle position (Lowrey et al. 2010). FAII and SAII afferents were 

previously shown to be especially responsive to ankle movement; and these afferents 

were responsive when their receptive field was in a local region around the ankle or a 

more distant region on the anterior shin (Aimonetti et al. 2007). Our results showed that 

the manipulation of skin on the dorsum resulted in an increase in variable error for 

plantarflexion angles; indicating less consistency in matching ankle position. 

Surprisingly, dorsum vibration caused no change in directional error. Since cutaneous 

afferents in the foot dorsum and anterior shin preferentially respond to skin stretch, it was 

expected that high frequency vibration (activating FAII afferents) would cause a 

plantarflexion bias. Since this was not found to be the case, our results could indicate that 

the fast adapting afferents stimulated by vibration might be responsible for coding both 

stretch and compression of dorsal skin. This confounding signal could be responsible for 

the increase in variable error with no change in directional bias. Unlike SAII afferents, 

individual FAII afferents do not code for a specific direction of skin stretch. FAIIs likely 

provide information about skin stimulation in general, whether the stimuli are skin stretch 

or compression across a number of directions, contact and release, or light vibration 

transmitted through objects. There is evidence in the hand that both fast adapting 

afferents respond to both stretch and compression of skin (Edin and Abbs 1991; Edin 
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2001) and these signals are both used for position and movement sense (Edin and 

Johansson 1995; Collins, Refshauge, and Gandevia 2000). In the hand, FAI afferents 

were found to be particularly important in identifying the particular joint being moved, 

since only local FAI afferents at a single joint responded to movement, whereas SAII 

afferents could respond to movement at multiple joints (Edin and Abbs 1991). These 

signals from FAI afferents may be especially important when spindle or other cutaneous 

feedback is ambiguous. Spindle feedback is ambiguous from the gastrocnemius muscles 

since they cross both the knee and the ankle joint, as well as from muscles that flex and 

extend the toes since they cross the ankle joint as well as joints of the foot. In addition, 

FAII and SAII cutaneous feedback from the foot dorsum has been shown to respond to 

movement of the toes as well as the ankle (Aimonetti et al. 2007). Overall, results of our 

experiment suggest that, different to the role in the heel, FAI and FAII input from the foot 

dorsum could have an important direct contribution to ankle position sense, evidenced by 

the increase in variable error when this input was manipulated using vibration. Further 

research needs to clarify the movement coding roles of cutaneous afferents in the dorsal 

skin region as well as the posterior ankle. 

4.2 Lack of Differences Between Vibration Frequencies 

Two different vibration frequencies were tested to target the activation of two 

separate classes of fast adapting afferents. It was hypothesized that 255Hz (to target FAII 

afferents) vibration would have a greater influence on position sense in comparison to 

45Hz (to target FAI afferents) vibration. This hypothesis was based on previous evidence 

in the upper limb that showed input from FAII afferents exclusively induced inhibition of 

neighbouring cutaneous afferents (Ferrington et al. 1977; Bystrzycka et al. 1977) and 
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impaired proprioception in the hand (Weerakkody et al. 2007). Interestingly, our results 

showed no distinction between the two frequencies with respect to their influence on 

ankle position sense. There are two explanations for this lack of discrepancy between 

frequencies: 1) the frequencies chosen were not effective at selectively activating FAI or 

FAII afferents, or 2) the overall volume of dynamic fast adapting input is responsible for 

the interference rather than input from a specific afferent subtype. We are in favor of the 

later hypothesis. There is strong evidence to support that FAII afferents can be entrained 

with very high frequency and low amplitude vibration (Johansson et al. 1982). It is likely 

that 255Hz vibration at the small amplitude used (10µm) generated an almost exclusive 

response from FAII afferents (Johansson et al. 1982; Strazlkowski, Bent, unpublished 

results). In the glabrous skin of the hand, microneurographic recordings have 

demonstrated that vibration frequencies greater than 64Hz preferentially activate FAII 

cutaneous afferents, while frequencies from 15-64Hz are ideal to activate FAI afferents 

(Johansson et al. 1982). Evidence suggests the same cutaneous mechanoreceptor subtypes 

exist in the glabrous skin of the foot as in the hand. There are some differences between 

mechanoreceptors in the hand and foot, including activation threshold, receptive field 

size, and distribution (Trulsson 2001, Inglis et al. 2002). However, microneurographic 

recordings from cutaneous afferents in response to vibration applied to the foot sole 

(Strazlkowski and Bent, unpublished results) confirm FAII afferents can be entrained at 

very high frequency and low amplitude vibration, while FAI afferents are maximally 

entrained at lower frequencies. Therefore, it is likely that the 255Hz vibration used in our 

study generated the strongest response from FAII afferents in the foot. Although 45Hz 

vibration was more likely to generate a mixed response from both FAI and FAII 
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afferents, due to the high FAI sensitivity to 45Hz along with the high composition of FAI 

afferents in the foot (>50% of all afferents in the foot are FAI; Inglis et al. 2002), we 

argue that 45Hz generated the strongest response from FAI afferents. Therefore, it is 

argued that the lack of difference between the effects of 45 and 255Hz vibration is due to 

the similar overall volume of dynamic cutaneous input, as the amplitude of both 

frequencies were normalized to perceptual thresholds. Although the information 

transmitted by FAIs and FAII afferents likely have a different functional relevance, our 

results could reflect a similar overall importance of dynamic input from both afferent 

subtypes from the foot. Overall, this means that dynamic cutaneous stimuli in general 

(whether mediated by FAI or FAII afferents) influences position sense in the lower limb.  

In the upper limb, only one experiment has attempted to match the intensity of the 

lower frequency vibration (30Hz) to that of the high frequency vibration (300Hz)  

(Weerakkody et al. 2009). These intensities were subjectively matched for each 

participant rather than normalized to perceptual or afferent firing thresholds; furthermore, 

the mean amplitude of the ‘matched intensity’ 30Hz vibration was not reported. 

Therefore, it is inconclusive whether there is a difference between the effects of FAI and 

FAII input on proprioception in the upper limb, or rather if this effect is due to the higher 

intensity of FAII input. As a result, it is also inconclusive whether the effects of FAI 

input on movement and position sense differs between the upper and lower limbs. 

4.3 Proprioception at Different Ankle Angles 
 

There are two possible strategies that subjects could employ to estimate ankle 

position; 1) attend to sensory sources providing static position feedback, or 2) integrate 

the velocity feedback generated during the movement. Less dynamic velocity feedback 



	   72	  

was generated with movement of the matching ankle since it was moved at a slower 

velocity (2°/s) compared to the target ankle (10°/s). This may have contributed to the 

large bias toward undershooting plantarflexion target angles. This undershoot could 

indicate subjects made some attempt to integrate velocity information, largely generated 

by primary spindle afferents. Due to the large difference in movement velocities, it might 

have been advantageous to attend to sensory feedback about static position, primarily 

from secondary spindle and cutaneous afferents. Our results showed that the tendency to 

undershoot plantarflexion target angles increased with the magnitude of plantarflexion. 

Increased error at the larger plantarflexion angle could be due to the accumulation of 

error from integrating velocity sensory information throughout the movement. If this 

were true, the error would be expected to increase linearly with the magnitude of 

movement; however, this was not found to be the case. Based on the amount of error at 

the 7° angle (~1.3°), if error increased linearly an error of ~3.2° would be expected at the 

17° angle. However, an even greater amount of error was actually found at the 17° angle 

(~4.0°). Therefore, this suggests that there is a reduced ability to use static position cues 

at plantarflexion angles further from neutral. Moreover, the 17° PF angle was closer to 

end range of motion, and therefore likely generated greater sensory feedback from joint 

and spindle afferents; despite this increase in sensory feedback at the 17° PF angle, 

position sense was still less accurate relative to mid range angles. Overall, this suggests 

that the CNS is more capable of interpreting sensory feedback about ankle positions near 

90° despite the lower volume of feedback relative to more extreme angles. 

Our results showed improved position sense in dorsiflexion compared to the same 

angle in plantarflexion. Both angles were a similar magnitude away from end range of 
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motion in either the plantarflexion or dorsiflexion direction. It is important to note that 

these target angles were expressed relative to subjects’ perceived neutral position, which 

was ~14° plantarflexed on average. Therefore, the dorsiflexion movement brought the 

ankle closer to 90° with respect to vertical (i.e., closest to natural ankle position during 

stance). One explanation for the lower error observed when matching dorsiflexion 

movements could be due to greater input from muscle spindles from the large triceps 

surae muscle group stretched during dorsiflexion movements (in comparison to spindles 

in the tibialis anterior muscle stretched during plantarflexion). There are limited 

recordings from spindles in the triceps surae, although preliminary results have shown 

spindles in the soleus muscle are particularly suited to code small, stochastic ankle 

movements similar to those experienced during stance (Peters and Inglis, unpublished 

results). It is unknown whether the capacity of spindles in the soleus to code position and 

movement is superior to that of the tibialis anterior. Furthermore, spindle feedback from 

the gastrocnemius muscles might not make a substantial contribution to position sense at 

the ankle, since their feedback might be compromised as they cross the knee joint as well. 

Therefore, we do not believe improved position sense in dorsiflexion angles relative to 

plantarflexion angles is due to a difference in sensory feedback from muscle spindles. An 

alternate explanation is that ankle position sense is optimized near 90° due to previous 

experience with the ankle near this position during stance. Accurate ankle position sense 

around 90° is important for the control of standing balance. To support this idea, 

evidence in the upper limb suggests improved proprioception with the arms closer to the 

body midline, and this could be due to greater experience manipulating objects close to 

the body (Schaap et al. 2015). Overall, we suggest that the mechanism for improved 
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position sense in 7° dorsiflexion is the superior ability to interpret sensory feedback in 

this position due to previous experience during stance. 

4.4 Sensory Learning Effect  

Interestingly, ankle matching accuracy was improved in the control trials at the 

end of the experiment relative to the beginning, even though there was no provision of 

feedback regarding matching accuracy. Repeated exposure to the proprioception task 

likely allowed subjects to develop a finer representation of their ankle in space within the 

range of motion tested. In other words, repeated exposure to these angles could have 

allowed for the development of a more accurate calibration of the incoming sensory 

information from the lower leg. It is interesting that sensory learning occurred without 

any feedback about matching accuracy or the involvement of a motor program (to allow 

for peripheral reafference to occur). Other explanations for this learning effect could be 

improved ability to appropriately direct attention to optimal sensory cues or improved 

inter-hemispheric transfer and comparison of feedback from the ipsilateral and 

contralateral ankles, or a combination of these mechanisms.  

It is important to note that despite working against this learning effect, our results 

still showed that cutaneous vibration interfered with position sense relative to the baseline 

control block performed at the beginning. It is also possible that rather than simply a 

learning effect, the shift toward decreased matching error at the end of the experiment 

was a carry over effect from blocks with vibration. Improved accuracy at the end was due 

to a bias toward less undershoot of the target angle. In the vibration trials, during the 

return back to neutral position with vibration off, there was usable feedback that the 
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target angle was undershot. This could have induced some adaptation that carried over to 

the control trials performed at the end of the experiment.  

4.5 Mechanisms and Implications 

The proprioceptive task involved in this study was complex; it required the 

integration of sensory feedback from multiple sensory receptors in the lower limb as well 

as inter-hemispheric transfer of this sensory information in order to compare between the 

ipsilateral and contralateral ankles. As a result, there are multiple cortical and subcortical 

levels where interactions between cutaneous exteroceptive and proprioceptive input could 

occur. Previous research has shown that proprioceptive information can interfere with 

cutaneous exteroceptive input along the medial lemniscus pathway before reaching the 

primary somatosensory cortex (Chapman et al. 1988). There is also evidence in animal 

preparations that cutaneous input can modify fusimotor drive at the spinal level, thereby 

changing the gain of feedback from muscle spindles (Davey and Ellaway 1989; Elleway 

et al. 1997; Johansson et al 1989). In cats, the effects of cutaneous input on fusimotor 

drive have been found to be potent; the firing of a single SA afferent in the sural nerve 

has been shown to increase the probability of a flexor γ-motoneuron firing (Dave and 

Elleway 1989b). However in humans, there is no evidence that these cutaneous-fusimotor 

interactions occur outside of a standing posture (Gandevia et al. 1986; Aniss et al. 1990). 

The posture dependence of cutaneous-fusimotor interactions in humans could suggests 

that this is not the mechanism for changes in position sense with remote skin input. It was 

speculated that the absence of cutaneous-fusimotor interactions outside of a standing 

posture could be due to the lack of background discharge in fusimotor neurons of relaxed 

muscles (Gandevia et al. 1986; Aniss et al. 1990). It should be noted that previous 
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research has shown that attending to ankle position and movement can modulate 

fusimotor drive (Hospod et al. 2007), therefore there is still the possibility that in our 

study there was sufficient background fusimotor activity to allow for cutaneous-fusimotor 

interactions to occur; therefore this mechanism cannot be entirely ruled out. Cutaneous 

and spindle information may also interact at other regions of the CNS; it has previously 

been shown that cutaneous and spindle afferents provide similar population coding of 

ankle movement (Aimonetti et al. 2007, 2012), thus it is likely that they interact as they 

ascend to the primary somatosensory cortex. Support for suppressive interactions 

between impulses from cutaneous and spindle afferents has been demonstrated through 

recording somatosensory evoked potentials from simultaneous cutaneous and muscle 

stimulation (Burke, Gandevia, and Mckeon 1982; 1983).  

In the current study, the decrease in position sense with increased cutaneous 

stimuli might reflect a priority of cutaneous exteroceptive feedback from the foot sole. 

Conversely, in the hand, proprioceptive signals generated by arm movement have been 

found to interfere with the detection of exteroceptive cutaneous stimuli applied to the 

hand (Jiang et al. 1990; Chapman et al. 1988; Chapman et al. 1994; Cybulska-Klosowicz 

et al. 2011). Additionally, recordings in monkeys have shown that movement can gate the 

transmission of tactile information along the medial lemniscus pathway before reaching 

the primary somatosensory cortex (Chapman et al. 1988). These data suggest that 

interactions between exteroceptive and proprioceptive signals work both ways and that 

there is an interplay between exteroceptive and proprioceptive input at subcortical relay 

sites.  
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Cutaneous input generated by vibration could interfere with other classes of 

cutaneous afferents involved in signaling ankle position and movement. This theory has 

the greatest support based on evidence in the hand; cutaneous vibration impaired 

movement detection when spindle feedback was disengaged (leaving cutaneous 

feedback), but not when cutaneous feedback was blocked (leaving only spindle feedback) 

(Weerakkody et al. 2009). Additional evidence of inhibitory interactions between afferent 

classes has also been shown in recordings from the primary somatosensory cortex in 

monkeys (Lipton et al. 2010); activity in the digit representation during tactile stimulation 

was diminished by simultaneous stimulation of nearby regions. Importantly, stimulating 

skin regions up to two digits away from the test digit was found to suppress the activation 

in the cortical representation of the test digit. Psychophysical experiments have also 

shown that cutaneous input from one skin region increases tactile detection thresholds at 

neighbouring regions (Ferrington et al. 1977). Finally, recordings from dorsal column 

nuclei have shown that cutaneous input from one skin region can inhibit the transmission 

of cutaneous information from neighbouring regions (Bystrzycka et al. 1977). Overall, 

there is the largest amount of evidence to support interactions amongst classes of 

cutaneous afferents (Bystrzycka et al. 1977; Ferrington et al. 1977; Refshauge et al. 2003; 

Lipton et al. 2010; Weerakkody et al. 2007, 2009); therefore we favor the hypothesis that 

exteroceptive cutaneous input from the foot decreases position sense through interactions 

with other classes of cutaneous afferents providing position and movement information.  

4.6 Functional Significance  

Augmenting cutaneous feedback from the soles of the feet is a strategy used to 

improve postural control (Maki et al. 1999; Priplata et al. 2002; Perry et al. 2008). For 
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example, subsensory vibratory insoles have been designed to increase cutaneous 

feedback and improve postural control in different populations, including older adults and 

individuals with peripheral neuropathy (Priplata et al. 2002, 2003, 2006). The efficacy of 

these insoles was assessed in healthy young adults using postural sway data; it was found 

that vibratory insoles decreased overall body sway and it was concluded that they were 

effective at improving stability (Priplata et al. 2002). The view that decreased sway 

indicates improved postural stability has recently been challenged, however; for example, 

stabilizing the center of mass has been shown to result in increased pressure exploration 

under the feet (Carpenter et al. 2010), suggesting that an increased centre of pressure 

pattern is not indicative of an unhealthy system. In addition, states of height induced fear 

and anxiety cause a stiffening strategy that results in decreased sway amplitude (Zaback 

et al. 2015, Davis et al. 2011). These previous studies that suggest decreased sway is not 

indicative of improved postural control question the effectiveness of increasing feedback 

from the foot sole on improving postural control (Priplata et al. 2002). Data from my 

thesis suggests that there is a balance between proprioceptive and exteroceptive feedback 

that needs to be considered when one or the other is manipulated. We entertain the idea 

that the decreased sway observed with augmented cutaneous feedback might indicate 

poorer postural control, because it is possible that increasing cutaneous feedback from the 

foot could negatively interfere with proprioceptive feedback from the ankle. We tested 

healthy young adults in this study and found an interference between cutaneous 

exteroceptive and proprioceptive feedback. The sensory system is likely designed to 

integrate all sensory feedback appropriately to allow for optimal movement responses 

while limiting the overall volume of information to be processed by the CNS. This 
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balance of sensory input should be considered when designing devices to increase the 

gain of feedback from one aspect of the lower limb. The balance of sensory information 

may be affected by age and pathology; for example, in older adults or peripheral 

neuropathy a preferential decline in more distal sensory information could offset the 

balance between sensory cues from the foot and sensory cues form the ankle or more 

proximal joints.   

It should be noted that our study examined the effects of cutaneous exteroceptive 

input on ankle position sense in a sitting posture, therefore our findings cannot be directly 

extrapolated to functional relevance during stance or gait. Our results showed cutaneous 

input does interact with ankle position sense while sitting, whether this effect is 

diminished or amplified during stance is unknown. We speculate there is a functional 

relevance to the cutaneous influence on position sense, particularly the robust effect of 

skin input from the heel. It makes sense that fast adapting input from the heel would be 

prioritized in stance or gait due to the importance of sensing heel contact and slips in the 

anterior direction (causing a backward fall). Therefore, to further explore the functional 

relevance of the suppressive effects of heel input on other sensory information, 

experiments manipulating fast adapting input from the heel should be conducted across 

different postures. 

4.7 Conclusions   

 Cutaneous exteroceptive feedback from the foot sole is known to directly 

contribute to postural control, as is proprioceptive feedback from the ankle joint. This 

MSc thesis demonstrates that cutaneous feedback from both remote and local regions of 

the foot can influence position sense at the ankle joint. This suggests there is interplay 
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between feedback from cutaneous afferents innervating the foot and ankle proprioceptive 

feedback. Cutaneous afferents are unique in their ability to provide information about the 

environment and about the movement and position of body segments. This thesis 

suggests that in the lower limb, these two functions may not work in isolation.
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