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ABSTRACT 

CUTANEOUS SENSITIVITY IN UNILATERAL TRANS-TIBIAL AMPUTEES 

 

Cale A. Templeton        Advisor: 

University of Guelph, 2012       Dr. Leah R. Bent 

 

 

The aim of this research was to examine tactile sensitivity in the skin of the leg and foot sole of 

healthy control subjects and below knee amputees and to examine its association with balance.  

For control subjects, the glabrous skin of the foot had higher sensitivity compared to the hairy 

skin of the leg, similar to previous literature in the upper limb.  For all diabetic amputees 

examined, tactile sensitivity acuity in the lower limb was considerably lower than age matched 

controls in both the amputated and intact limbs, due to peripheral neuropathy.  The traumatic 

amputee examined showed elevated sensitivity compared to controls for vibration perception at 

40Hz and 250Hz in both the intact and amputated limbs.  This may be due to cortical 

reorganisation of the primary somatosensory cortex which is known to occur following 

amputation.  Further investigation of the tactile sensitivity of lower limb amputees is 

recommended. 
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Chapter 1 – Review of Literature 

 

1.1 Glabrous Skin Receptors 

 The skin is the largest organ in the human body and consequently has many important 

functions, including regulation of body temperature, protection of soft tissues from pathogens 

and physical damage, and detection of tactile sensations.  These different stimuli activate specific 

receptors located within the two layers of the skin; the dermis and the epidermis which are 

associated with afferent nerve fibres that relay signals to the brain.  Skin receptors are classified 

and sub-classified based on morphology and response to different stimuli.  Mechanoreceptors are 

activated by mechanical stimuli (such as touch, vibration or stretch) while thermal receptors 

respond to temperature changes and nociceptors are stimulated by painful stimuli (McGlone and 

Reilly, 2010).  When a receptor becomes activated, it sends action potentials along an afferent 

nerve fibre to the spinal cord and upwards towards the brain.  One of the main differences 

between mechanoreceptors and the other receptor classes is that mechanoreceptors have 

myelinated afferents, and have a lower activation threshold (McGlone and Reilly, 2010).  This 

thesis will focus on these low threshold mechanoreceptors (LTMs) and how they signal tactile 

sensations.  LTMs have been most extensively investigated in the glabrous skin of the human 

hand and foot, but mechanoreceptors in the hairy skin of the forearm, leg and face have also been 

examined (Macefield, 2005).  Histological examination has revealed the existence of four types 

of specialized nerve endings which act as tactile receptors; Meissner corpuscle, Pacinian 

corpuscle, Merkel disk and Ruffini endings in the glabrous skin regions (Macefield, 2005).  Each 

of these receptors is associated with a specific afferent neuron type which is sub-classified based 

on their response to sustained mechanical stimulation and receptive field properties.  The 

properties of these afferents have been analysed using various animal models (Brown and Iggo, 

http://wizfolio.com/?citation=1&ver=3&ItemID=441&UserID=18445&AccessCode=B88DC705151848E780BA72CAFC2E3591&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=441&UserID=18445&AccessCode=B88DC705151848E780BA72CAFC2E3591&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=441&UserID=18445&AccessCode=B88DC705151848E780BA72CAFC2E3591&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=500&UserID=18445&AccessCode=89E811949679427CBC6DBAEB368F5D0D&CitationSuffix=
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1967; Talbot et al., 1968; Freeman and Johnson, 1982) which are compared to the perception 

qualities in humans.  Additionally, a technique called microneurography developed by (Vallbo 

and Hagbarth, 1968), which involves insertion of small electrodes into the nerve, allows for 

recording of individual afferent fibres in awake human subjects.  These two fields of study have 

provided much of what is currently known about tactile perception and how it is signalled in the 

afferent fibres. 

 

1.1.1 – Glabrous Skin Receptor Classification 

 There are two main criteria which are used to classify the four glabrous skin receptors 

and associated afferent fibres; adaptation to sustained indentation and location in the skin, which 

affects the receptive field characteristics (Macefield, 1998).  Adaptation occurs when a constant 

stimulus is maintained for an extended period of time and the receptor response eventually 

decreases in firing intensity and frequency.  LTMs which respond to prolonged indentation with 

continuous firing throughout the indentation are designated slowly adapting (SA) receptors 

(Knibestöl, 1975; Vallbo and Johansson, 1984).  Conversely, LTMs that only fire during the 

onset and removal of a stimulus, but not during sustained indentation are designated fast 

adapting (FA) (Knibestöl, 1973) .  In the glabrous skin, the Merkel discs and Ruffini endings are 

innervated by SA afferents, while the Pacinian and Meissner corpuscles are innervated by FA 

afferents (Vallbo and Johansson, 1984; Macefield, 1998; Iggo and Andres, 1982). 

Both SA and FA afferents supplying the glabrous skin can be further sub-classified based 

on their receptive field characteristics.  Within the glabrous skin, there are two types of skin 

afferents which illustrate a sustained response to stimulation; SAI and SAII.  Afferents are 

designated as type I if they have small, well defined receptive fields which often show several 

http://wizfolio.com/?citation=1&ver=3&ItemID=500&UserID=18445&AccessCode=89E811949679427CBC6DBAEB368F5D0D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=500&UserID=18445&AccessCode=89E811949679427CBC6DBAEB368F5D0D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=638&UserID=18445&AccessCode=2BA6AF7379B44983A84E152EBB9270B2&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=639&UserID=18445&AccessCode=8C79215B7C60407DBA66D7532A36E807&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=639&UserID=18445&AccessCode=8C79215B7C60407DBA66D7532A36E807&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=435&UserID=18445&AccessCode=F8457382CFA940D48033B105180224A5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=643&UserID=18445&AccessCode=8D088EF90EF2407381081B38C1C3225F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=643&UserID=18445&AccessCode=8D088EF90EF2407381081B38C1C3225F&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=653&UserID=18445&AccessCode=507B567ACDDD4ED5A8825934B3270C38&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=442&UserID=18445&AccessCode=01E125E1D2D04AB5B97C5361C8D46DAE&CitationSuffix=
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smaller zones of increased sensitivity, known as “hot-spots” within the receptive field (Vallbo 

and Johansson, 1984).  It is believed that SAI afferents supply the Merkel disks, which are 

superficial and are often found in clusters in the center of the papillary ridge, resulting in them 

having smaller receptive field sizes, thus giving them the SAI designation (Iggo and Muir, 1969).  

In contrast, type II afferents have larger receptive field sizes with diffuse borders and generally 

uniform sensitivity (Knibestöl and Vallbo, 1970).  These SAII afferents innervate Ruffini 

endings which lie deeper and link the subcutaneous tissue to the folds of the skin resulting in 

large receptive field sizes.  They exist throughout the glabrous skin, but with particularly high 

concentration at the joints and fingernails (Chambers et al., 1972).  Each type of SA receptor is 

sensitive to different forms of stimuli based on their morphology and location; however both 

show sustained action potential discharge to constant stimulation (Macefield, 2005). 

 Fast adapting (FA) receptors are characterised by their response at the beginning and end 

of sustained stimuli.  The FA receptors do not discharge throughout the entire stimulation period, 

only when the intensity of the stimulus changes, signalling rate or velocity by increasing firing 

rate to increasing indentation velocity (Vallbo and Johansson, 1984).  Within the glabrous skin of 

humans, there are two main types of these receptors; the Pacinian corpuscle (FAII) and the 

Meissner corpuscle (FAI).  The Meissner corpuscle receptors are more superficial and are 

mechanically coupled to the edge of the papillary ridge, and show smaller receptive field sizes, 

resulting in classification as type I afferents (Burgess et al., 1968).  One common characteristic 

between both SAI and FAI afferents is the observation of edge sensitivity, in which the 

sensitivity is elevated when the stimulation covers the edge of the receptive field compared to the 

rest of the receptive field (Johansson et al., 1982b).   

http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=497&UserID=18445&AccessCode=0F3EF12C8C4E48BEA6551FABEC449BCE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=521&UserID=18445&AccessCode=5E5710B25DF24D09972AD4A6EC0BBDAF&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=535&UserID=18445&AccessCode=B71B371530C9408094CC2F1B7F18E52A&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=498&UserID=18445&AccessCode=11ABBC23B5C542178A8A652498208FB4&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=650&UserID=18445&AccessCode=CCA53D46C07341B5A856A6453656BB12&CitationSuffix=
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The Pacinian receptors are very well understood in the glabrous skin with respect to both 

morphology (Lindblom, 1965; Bell et al., 1994; Skoglund, 1960; Burgess et al., 1968) and firing 

characteristics (Knibestöl and Vallbo, 1970; Knibestöl, 1973).  The Pacinian receptors lie in deep 

layers of the dermis and in the subcutaneous tissue and is also located in the interosseous 

membrane and periosteum associated with bones (Macefield, 2005; Hunt and McIntyre, 1960).  

The afferents associated with these receptors exhibit large receptive field sizes and are also 

known to exist within the dermis and deeper tissues, and the afferents which innervate them are 

classified as type II afferents (also known as FAII).   

In the glabrous skin of the hand, a higher proportion of FA afferents has been identified 

compared with SA afferents, primarily due to the frequent occurrence of FAI afferents during 

studies using microneurography (Vallbo and Johansson, 1984; Johansson et al., 1982; Johansson 

and Vallbo, 1979).  This is consistent across most studies, however, it is important to consider 

that different search techniques (i.e. different stimulation methods when searching for skin 

afferents such as tapping or brushing) will result in different afferent representations.  In 

addition, a proximodistal gradient exists in which the density of receptive fields is higher at the 

fingertips than at the palm; this is mostly caused by increasing density of type I afferents (SAI, 

FAI), whereas type II afferents are more evenly distributed across the hand (Johansson and 

Vallbo, 1979). 

 

1.1.2 – Glabrous Skin Receptor Response to Stimulation 

 A combination of neurophysiological and psychophysiological examination has been 

used in an attempt to examine the response characteristics of the different types of afferents to 

http://wizfolio.com/?citation=1&ver=3&ItemID=656&UserID=18445&AccessCode=67B4051BDED54BE0B74CA9350B1B0C95&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=656&UserID=18445&AccessCode=67B4051BDED54BE0B74CA9350B1B0C95&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=536&UserID=18445&AccessCode=71E0FEC97443415F95232012814E7DD1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=536&UserID=18445&AccessCode=71E0FEC97443415F95232012814E7DD1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=521&UserID=18445&AccessCode=5E5710B25DF24D09972AD4A6EC0BBDAF&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=521&UserID=18445&AccessCode=5E5710B25DF24D09972AD4A6EC0BBDAF&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=651&UserID=18445&AccessCode=FDD7F8B6758C4E19ADA36543FCF7F8AE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=651&UserID=18445&AccessCode=FDD7F8B6758C4E19ADA36543FCF7F8AE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=651&UserID=18445&AccessCode=FDD7F8B6758C4E19ADA36543FCF7F8AE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=651&UserID=18445&AccessCode=FDD7F8B6758C4E19ADA36543FCF7F8AE&CitationSuffix=
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stimulation.  Due to the importance of glabrous skin in the hand as an interface with the 

environment, the glabrous skin has been the focus of most of the literature; in particular, the 

glabrous skin of the hand has been of interest.  Using microneurography (Vallbo and Hagbarth, 

1968), researchers can identify the firing response of individual afferent fibres to different 

stimuli (Macefield, 2005; Johnson, 2001; Macefield, 1998; Vallbo and Johansson, 1984).  

Mechanoreceptor afferents are most often characterised by their response to prolonged 

indentation (as discussed above), vibration (Johansson et al., 1982a), skin stretch (Vallbo and 

Johansson, 1984) and the properties of the receptive field (including size, edge sensitivity and 

hot spots) (Macefield, 1998; Johansson et al., 1980; Johansson, 1978) . 

 Fast adapting type I (FAI) afferents are one of the most prevalent afferents encountered in 

the glabrous skin of the hand (Vallbo and Johansson, 1984; Johansson and Vallbo, 1979) and can 

be activated by discrete punctate stimuli in a small, well defined area of the glabrous skin 

(Johnson, 2001; Johansson, 1978).  These afferents are particularly sensitive to light stroking or 

brushing across the skin and respond to slips within the receptive field (Macefield, 2005).  Due 

to their role in slip recognition, it has been suggested that FAI afferents in the hand serve an 

important function in feedback signals for grip control (Johnson, 2001; Macefield et al., 1996).  

The FAI afferent has a small receptive field (median 12.6 mm
2
) and its borders are well defined, 

exhibiting edge sensitivity (Johansson et al., 1982b; Johansson, 1978).  While all four afferent 

classes appear to be sensitive to vibratory stimulation, evidence suggests that different types of 

afferents become more or less sensitive over different frequency ranges (Johansson et al., 1982a; 

Talbot et al., 1968).  When examining response to vibration, researchers often wish to examine at 

what frequencies and amplitudes an afferent is capable of firing with the sinusoids in a one-to-

one manner; that is, for every sinusoidal indentation, the associated afferent fires a single action 

http://wizfolio.com/?citation=1&ver=3&ItemID=639&UserID=18445&AccessCode=8C79215B7C60407DBA66D7532A36E807&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=639&UserID=18445&AccessCode=8C79215B7C60407DBA66D7532A36E807&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=507&UserID=18445&AccessCode=7EABB25607A549708380F8E9EBD9227D&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=435&UserID=18445&AccessCode=F8457382CFA940D48033B105180224A5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=435&UserID=18445&AccessCode=F8457382CFA940D48033B105180224A5&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=649&UserID=18445&AccessCode=E9DAE7A242B843A584F0349FCADAF1DE&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=436&UserID=18445&AccessCode=069835A808D24574BFDD533CCA0D319B&CitationSuffix=
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potential (Merzenich and Harrington, 1969; Talbot et al., 1968).  In order to examine this, a 

tuning curve can be created, in which the afferent fibre is stimulated at many different 

frequencies and the lowest amplitude at which it is still able to fire one-to-one at is plotted.  This 

gives an indication of the range of frequencies capable of activating a single afferent and, in 

particular, at what frequency a given afferent can fire one-to-one with the lowest amplitude.  In 

the glabrous skin of the hand, FAI afferents appear to be most sensitive to vibrations in the range 

of 8-64Hz, with minimum values in the 30-40Hz range (Macefield, 1998; Johansson et al., 

1982).  Based on comparison between afferent tuning curves and human perception studies, it 

has been suggested that FAI afferents mediate the perception of “flutter”, which represents 

vibrations ranging from approximately 5-40Hz (Macefield, 1998; Talbot et al., 1968).  Afferents 

are also often characterised by their sensitivity, which represents the smallest amount of 

stimulation that can produce firing (Macefield, 1998) and is often measured using von Frey hairs 

or Semmes-Wienstien monofilaments (Johansson et al., 1980).  FAI afferents show low 

thresholds for activation by von Frey hairs, with a median value of 0.58mN (Johansson et al., 

1980). 

 Fast adapting type II (FAII) afferents are believed to innervate Pacinian corpuscles, 

which in the glabrous skin exist just deep to the dermis in the subcutaneous tissue.  The receptive 

fields of these afferents are uniform in sensitivity and are very large, and can respond to taps 

outside of the defined receptive field (Johnson, 2001).  FAII afferents can also be sensitive to 

blowing over the receptive field (Vallbo and Johansson, 1984).  The most defining characteristic 

of the FAII afferent is its sensitivity to high frequency vibration (Vallbo and Johansson, 1984; 

Johansson et al., 1982a).  FAII afferents can be entrained to sinusoidal displacement up to 

400Hz, but show the lowest threshold for activation around 200-250Hz (ie. Can respond one to 
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one with the lowest displacement) (Johansson et al., 1982a).  This unique property of FAII 

afferents has led to the conclusion that they most likely mediate human perception of high 

frequency vibration above 60Hz (Macefield, 2005; Bolanowski et al., 1988; Vallbo and 

Johansson, 1984).  FAII afferents in the glabrous skin of the hand show the lowest threshold for 

activation by von Frey hairs (0.54mN), illustrating their high sensitivity (Johansson et al., 1980). 

 The properties of the SAI afferent in the hand make it very well suited to have high 

spatial acuity, an assertion which is strengthened by the observation that it innervates the 

fingertip of the hand with very high density (Johnson, 2001; Johansson and Vallbo, 1979; 

Johansson, 1978).  Spatial acuity refers to the ability of the skin to distinguish detail, and is 

measured using a wide range of techniques in the glabrous skin of the hand, including two-point 

discrimination, gap detection and letter recognition (Johnson and Phillips, 1981).  SAI afferents 

typically have small receptive fields (median 11mm
2
) which contain 4-7 hot spots (Vallbo and 

Johansson, 1984), and are highly sensitive at the edge of the field, allowing them to resolve 

spatial detail of 0.5mm (Johnson, 2001; Johansson et al., 1982b; Johansson, 1978) in the 

glabrous skin of the hand.  SAI afferents are also known to increase in discharge linearly with 

increasing indentation depth up to 1.5mm (Johnson, 2001).  In response to sustained indentation, 

SAI afferents respond with sustained but irregular slowly adapting discharge (Johnson, 2001).  

Based on the characteristics mentioned above, it is assumed that SAI afferents are primarily 

involved in tactile discrimination tasks, as well as shape and curvature (Goodwin and Wheat, 

2004).  The sensitivity of SA afferents in the glabrous skin of the hand to monofilaments is lower 

than that of the FA afferents; the SAI afferents show an elevated threshold of 1.3mN, compared 

to approximately 0.56mN for FA afferents (Johansson et al., 1980).  In response to vibration, 

SAI afferents are capable of responding 1-to-1 up to frequencies of 0.5Hz - 400Hz (Talbot et al., 
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1968), however, the amplitude required for this is considerably higher than FAI or FAII 

afferents, and thus it is unlikely that they play a role in vibration perception at these frequencies; 

however, at lower sinusoidal frequencies (<5Hz) which are felt more as slow skin movements, 

the SAI afferents may play an important role as FA afferents are not as sensitive to these low 

frequencies (Bolanowski et al., 1988). 

 Similar to SAI afferents, SAII afferents respond to forces applied normal to the skin; 

however they show a sustained, regular discharge to prolonged stimulation (Knibestöl and 

Vallbo, 1970).  In addition to response to forces applied normal to the skin, SAII afferents are 

also very sensitive to lateral skin stretch, a characteristic that distinguishes them from SAI 

(Knibestöl, 1975).  In the glabrous skin of the hand, SAII units are often spontaneously active at 

rest, and some exhibit directional sensitivity to stretch, whereas others are sensitive to stretch in 

all directions (Knibestöl, 1975).  Based on this unique response to skin stretch, it has been 

suggested that SAII afferents play a substantial role in perception of hand shape and finger 

position along with muscle spindles and joint afferents (Johnson, 2001).  SAII receptive fields 

are larger than SAI and FAI afferents, and are considerably less sensitive to skin indentation 

(Johnson, 2001), as they illustrate the highest threshold for von Frey hair stimulation (median 

7.5mN) (Johansson et al., 1980).  Similar to SAI afferents, SAIIs can respond over a large range 

of vibratory frequencies (0.5-400Hz), but show maximal sensitivity to low frequency vibration 

(Macefield, 1998) and thus if they do contribute to vibratory perception, they likely only do so at 

low frequencies (Vallbo and Johansson, 1984). 

 While the majority of the literature on skin afferents has focused on the glabrous skin of 

the hand, some investigation of the glabrous skin of the foot sole has also been conducted (Fallon 

et al., 2005; Inglis et al., 2002; Kennedy and Inglis, 2002; Trulsson, 2001).  These studies have 
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shown that all 4 types of LTM in the glabrous skin of the hand exist in the glabrous skin of the 

foot sole in similar proportions, and that they show the same properties of adaptation and 

response to stimulation (Fallon et al., 2005; Kennedy and Inglis, 2002).  Contrary to the 

proximodistal gradient of type I receptors in the glabrous skin of the hand, there appears to be no 

increase in receptor density in the toes (Fallon et al., 2005; Kennedy and Inglis, 2002).  

Interestingly, it has been observed that SA afferents tend to exist near the borders of the foot, 

while FA afferents are randomly distributed throughout the foot sole (Inglis et al., 2002).  In the 

foot, all 4 types of LTM have much larger receptive field sizes and higher activation thresholds 

when compared to their counterparts in the glabrous skin of the hand (Kennedy and Inglis, 2002; 

Johansson et al., 1980).  The tuning curve response to varying vibration frequencies of afferents 

supplying the foot sole has yet to be extensively investigated; however human perception 

thresholds have been investigated in the range of 25-400Hz (Kekoni et al., 1989; Kennedy and 

Inglis, 2002).  These studies show human perception of vibration is similar in the glabrous skin 

of the hand and foot sole, however threshold for perception tends to be higher in the foot sole 

than the hand(Inglis et al., 2002).   Both areas show a similar trend of decreasing perception 

threshold (greater sensitivity) when vibratory frequency is increased up until approximately 

250Hz (Inglis et al., 2002; Kekoni et al., 1989). 
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Table 1.1 – Review of Glabrous Skin Afferent Characteristics.  Data is based on 

microneurographic studies from glabrous skin of the hand (for review see: Macefield, 2005; 

Johnson, 2001; Macefield, 1998; Vallbo & Johansson, 1984) 

Afferent Receptor Receptive 

Field 

Firing Response Function 

FAI 

(43%) 

Meissner: located 

close to skin 

surface in 

papillary ridges 

of dermis 

-small 

(12.5mm
2
) 

-distinct 

borders 

-hot spots 

-activated by discrete, punctate stimuli 

and light stroking 

-low monofilament threshold (0.58mN) 

-most sensitive to vibration: 8-64Hz 

-velocity 

perception 

-grip 

control/slip 

response 

FAII 

(13%) 

Pacinian: located 

in subcutaneous 

tissue 

-large 

(101mm
2
) 

-diffuse borders 

-uniform 

sensitivity 

-sensitive to taps, blowing over field 

-most sensitive to monofilaments 

(0.54mN) 

-very sensitive to high frequency 

vibration; can respond 60-400Hz (minima 

at 250Hz) 

-high 

frequency 

vibration 

perception 

SAI 

(25%) 

Merkel: located 

superficially at 

tip of 

intermediate 

epidermal ridges 

-small (11mm
2
) 

-distinct 

borders 

-hot spots 

-sustained, irregular discharge 

-linear response to indentation depth (to 

1500µm) 

-monofilament threshold (1.3mN) 

-high threshold for vibration, can respond 

between 0.5-400Hz 

-spatial 

resolution, 

texture, 

edged and 

curvature 

SAII 

(19%) 

Ruffini: hooked 

up to deeper 

dermal structures 

with collagen 

fibers 

-large (59mm
2
) 

-diffuse borders 

-uniform 

sensitivity 

-respond to skin stretch, some 

spontaneously active 

-highest monofilament threshold (7.5mN) 

-high threshold for vibration, can respond 

between 0.5-400Hz 

-skin 

stretch: grip 

control and 

kinesthesia 

 

1.2 – Hairy Skin Perception 

 As mentioned above, skin perception in the glabrous skin of the hand and foot is well 

understood in comparison with skin perception in the hairy skin of the body.  While the general 

classification of afferents in the hairy skin is the same as those in the glabrous skin, there are 

some important differences.   Similar to glabrous skin, much of this knowledge of hairy skin 

receptors is based on microneurography (Aimonetti et al., 2007; Vallbo et al., 1995; Järvilehto et 

al., 1981) and psychophysical tests (Morioka et al., 2008; Mahns et al., 2006; Bolanowski et al., 

1994), as well as observations in the hairy skin of cats (Sahai et al., 2006; Zachariah et al., 2001) 
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or primates (Merzenich and Harrington, 1969), which is often generalized to be similar to human 

skin.  There are limitations on the clarity of hairy skin information due to differences in the 

nomenclature used across species and in different studies. In humans, it is inappropriate to 

generalize all hairy skin together (i.e. face, forearm, legs, back of hand, torso), as afferent 

characteristics and responses vary across different areas.  The body regions most commonly 

studied include the hand dorsum and face; however Vallbo et al (1995) argued that these regions 

may not be representative of the hairy skin covering the main parts of the extremities or the 

trunk, due to the scarcity of hairs on the hand dorsum, and the unique innervation of the face by 

the trigeminal nerve.  Literature from each of these areas will be considered with particular focus 

on the hairy skin of the lower limb and forearm. 

  

1.2.1 – Slowly Adapting Afferents of Hairy Skin 

 The characteristics of slowly adapting afferents of the hairy skin are similar to those 

found in glabrous skin in many respects.  Most studies classify SAI and SAII with the same 

criteria to those in the glabrous skin and these LTMs have been identified in all examined 

regions of the hairy skin. Additionally it has been shown that both SAI and SAII afferents 

innervate the same receptor organs in the hairy skin that they do in glabrous skin; namely, SAI 

innervate Merkel discs while SAII innervate Ruffini endings (Iggo and Muir, 1969; Chambers et 

al., 1972).  Importantly, both SA receptors show sustained discharge during prolonged 

excitation, which is slowly adapting.  Also, the SA afferents of the hairy skin exhibit similar 

trends to those in glabrous skin, such as SAI exhibiting multiple hot spots within the receptive 

field and type II having larger receptive field sizes than type I (Edin, 1992).  However, 

significant differences exist between SA afferents in the hairy skin and the glabrous skin. 
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One of the main differences between these skin areas is a much higher representation of 

SA afferents in the hairy skin compared with the glabrous skin.  This has been most extensively 

examined in the hand dorsum, where two studies have shown SA afferents comprising 64-68% 

of the recorded population (Järvilehto et al., 1981; Edin and Abbs, 1991) and in the forearm, 

where 65% of recorded afferents were SA (Vallbo et al., 1995).  Similar results have also been 

obtained in the thigh where SA afferents made up 43% (Edin, 2001) and lower leg (54% SA) 

(Aimonetti et al., 2007).  While the proportion of SA afferents compared with FA afferents is 

higher in hairy skin, the overall number of afferents is decreased which results in a decreased 

innervation density in these areas (Trulsson, 2001).  Interestingly, the hairy skin of the back of 

the hand does not show a proximodistal gradient of type I receptors from the fingertip to the 

palm as has been observed in glabrous skin of the palm.  In hairy skin regions, SA receptors are 

reported to have a uniform distribution (Vallbo et al., 1995; Järvilehto et al., 1976), and FA 

receptors may be more concentrated around the joints (Edin and Abbs, 1991), however this has 

only been observed in the hand dorsum.   

The receptive field size of SA afferents of hairy skin is variable depending on what 

region of the body is studied.  Lack of data in the hairy skin in combination with differences in 

methodology and reporting of values makes comparisons difficult.  SAI afferents in the hand 

dorsum (16mm
2
) (Edin and Abbs, 1991) and forearm (11mm

2
) (Vallbo et al., 1995) have 

receptive field sizes which are comparable to the glabrous skin of the hand (11mm
2
) (Vallbo and 

Johansson, 1984).  SAII afferents in the hand dorsum (Edin and Abbs, 1991) have been reported 

to be smaller than the glabrous skin of the hand (Johansson et al., 1980) and have been measured 

as 28mm
2
 and 59mm

2
, respectively.   In the lower limb (Aimonetti et al., 2007) receptive field 

size of both SAI and SAII are larger than their glabrous skin counterparts in the hand, but are 
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reportedly smaller than those measured in the glabrous skin of the foot sole.  Specifically in the 

lower limb, Aimonetti et al (2007) found mean receptive field sizes for SAI and SAII afferents to 

be 25mm
2
 and 86mm

2
 respectively compared to reports in the foot sole by Kennedy et al (2001) 

of 70.9mm
2
 and 127mm

2
 and Fallon et al (2005) of 55.4mm

2
 (SAI) and 117.8mm

2 
(SAII).  These 

values contradict the general hypothesis that receptive fields are larger in the hairy skin of the leg 

than the glabrous skin of the foot, however it is important to note that the range of receptive field 

sizes reported by Aimonetti and colleagues (2007) were given as mean values, while the studies 

in the foot sole provided median values, thus limiting the ability to compare these results.  Even 

if the receptive field sizes are smaller in the foot than the leg, the density of receptors is higher in 

the glabrous skin of the foot than the hairy skin of the leg (Trulsson, 2001).  The decreased 

density of afferents in the hairy skin compared with the glabrous skin results in vastly decreased 

sensory acuity in these areas (Luomajoki and Moseley, 2011; Peters and Schmidt, 1991).  

Extensive investigation of the receptive field size of afferents around the knee joint has yet to be 

conducted, and more investigation is required on both the foot sole and hairy skin regions in 

order to adequately compare receptive field sizes.  To date, very few microneurography studies 

have extensively examined monofilament sensitivity in the hairy skin.  While many of these 

microneurography studies use monofilaments to identify the afferent type or map the receptive 

field (Järvilehto et al., 1981; Vallbo et al., 1995; Edin, 2001), only a few of these studies have 

reported the monofilament thresholds of the recorded afferents (Edin and Abbs, 1991; Aimonetti 

et al., 2007).  Edin and Abbs (1991) reported the monofilament thresholds of SAI (1mN) and 

SAII (5mN) afferents were comparable to those found in the glabrous hand where they are 

1.3mN and 7.5mN, respectively (Johansson et al., 1980). 
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 In addition to an increased proportion of SA afferents in the hairy skin, it has been shown 

that sub-classification into Type I and II is more difficult in hairy skin when performing 

microneurography in humans.  This has been reported in the hand dorsum (Järvilehto et al., 

1981; Edin and Abbs, 1991; Edin, 1992), thigh (Edin, 2001) and lower leg (Vedel and Roll, 

1982).  In the only microneurography study examining the skin of the thigh, Edin (2001) has 

suggested that there may in fact be three types of SA afferent in the hairy skin, denoting the third 

type as SAIII as it shows properties of both SAI and SAII afferent types.  The SAIII units were 

similar to SAI afferents in that they possessed small and sharply demarcated receptive fields; 

however they showed a very regular discharge to prolonged stimuli, similar to SAII units.  The 

SAIII units also illustrated uniform sensitivity without hot spots, characteristic of an SAII.  

While these SAIII units have only been described in the thigh (Edin, 2001), the authors make 

reference to their previous work performed in the hand dorsum (Edin and Abbs, 1991; Edin, 

1992) and state that some of the afferents classified as SAI or SAII would now be classified as 

SAIII using these new criteria.  The possible histological receptor is currently unknown, however 

it is speculated that it lies superficially in the skin, at the junction between the dermis and the 

epidermis, similar to SAI units (Iggo and Muir, 1969; Edin, 2001).   

 The response of SA afferents in the hairy skin to vibration has been investigated in the 

hand dorsum (Järvilehto et al., 1976; Järvilehto et al., 1981) and tibial part of the leg (Vedel and 

Roll, 1982) using microneurography.  Examination of the hand dorsum (Järvilehto et al., 1976) 

and lower leg (Vedel and Roll, 1982) show that SA afferents in the lower limb can respond 1-to-

1 to vibrations up to 200Hz, however they did not indicate the amplitudes required to produce 1-

to-1 entrainment at varying frequency, and did not subclassify the afferents into type I and II.  

One study in the hand dorsum observed a trend for SAI and SAII afferents to show decreased 
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threshold when vibration frequency increases up to 150Hz, however this was not consistent 

across all units measured (Järvilehto et al., 1981).  The overall detection threshold for vibration 

at frequencies which may be mediated by SA afferents (<5Hz) is considerably elevated in the 

hairy skin compared to the glabrous skin (Merzenich and Harrington, 1969; Bolanowski et al., 

1994). 

 Overall, SAI and SAII appear to show similar properties in the hairy skin to those 

observed in the glabrous skin.  The proportion of SA afferents is higher in the hairy skin, but 

showed lower overall density of receptors.  SAI afferents tend to have smaller receptive field 

with multiple zones of high sensitivity compared to SAII, although the exact size of the receptive 

field varies depending on the region of the body under study (Edin and Abbs, 1991; Vallbo et al., 

1995; Aimonetti et al., 2007).  In addition to SAI and SAII afferents that have been recorded in 

glabrous skin, a third class of SA afferent, the SAIII was reported in the thigh (Edin, 2001).  The 

SAIII possesses characteristics of both the traditional SAI and SAII and may offer an explanation 

why other studies have found it difficult to distinguish SAI and SAII afferents in other body 

regions (Järvilehto et al., 1976; Järvilehto et al., 1981; Ribot-Ciscar et al., 1989).  All three SA 

afferents in the hairy skin can be responsive to skin stretch due to joint movement at the knee 

(Edin, 2001) and ankle (Aimonetti et al., 2007), however quantitative data on monofilament and 

vibration thresholds are still lacking. 

 

1.2.2 – Fast Adapting Afferents of Hairy Skin 

 The understanding of FA afferents in the hairy skin of humans is more complex than in 

glabrous skin.  Different studies have described multiple types of afferents, and the nomenclature 

used to classify them is much less standardized than in the glabrous skin.  As with SA afferents, 

the body region or nerve (in microneurographic studies) which is investigated appears to impact 
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the type, proportion, and characteristics of the FA afferents which are found there.  Some studies 

using the same classification system as glabrous skin have identified both FAI and FAII afferents 

(Edin and Abbs, 1991; Trulsson, 2001; Aimonetti et al., 2007), while other studies have not 

indicated what type of afferent was recorded, only to say it was rapidly adapting (Järvilehto et 

al., 1981; Ribot-Ciscar et al., 1989; Konietzny and Hensel, 1977).  In addition to the traditional 

FAI and FAII units, two additional types of FA units have been described in hairy skin; the hair 

follicle afferent (HFA) (Burgess et al., 1968; Vallbo et al., 1995; Edin, 2001), and the field unit 

(Burgess et al., 1968; Vallbo et al., 1995; Tuckett et al., 1978).  Each of these afferent types will 

be discussed below with regards to which region of the body they are found. 

 The existence of the HFA is one of the most significant defining features separating hairy 

skin from glabrous skin.  HFA are identified by their brisk response to movements of individual 

hairs and light air puffs onto the receptive field, and all HFA discovered in human have been 

rapidly adapting (Vallbo et al., 1995; Edin, 2001).  In animals such as the cat (Burgess et al., 

1968; Tuckett et al., 1978) and primate (Merzenich and Harrington, 1969), at least two or more 

different types of HFA exist, however in humans, different types of HFA have not been 

distinguished (Vallbo et al., 1995; Edin, 2001).  Investigation in cats has shown that HFA have 

the capacity to respond to vibratory stimuli when the hair is cut but still intact, and that its 

threshold for activation decreases with increasing vibration frequency (Tuckett et al., 1978; 

Zachariah et al., 2001).  In primates, one type of HFA is sensitive to vibratory stimuli, and is 

sensitive within the frequency range 5-200Hz, with minima around 20-40Hz (Merzenich and 

Harrington, 1969) similar to FAI receptors in the glabrous skin of humans (Johansson et al., 

1982).  In regions where hair is prevalent, such as the forearm (Vallbo et al., 1995) and thigh 

(Edin, 2001), HFA are the most prevalent type of FA afferent present.  Despite this fact, often in 
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tactile perception research in hairy skin regions in man, the actual hairs are removed by shaving 

or with a chemical depilatory agent, or are seldom discussed in detail.  The most extensive 

investigation of HFA in man was performed by Vallbo et al. (1995), who examined tactile 

afferents in the forearm using microneurography and found that HFA have very large receptive 

fields (median 113mm
2
) with approximately 20 individual hairs innervated by each afferent.  

While the overall receptive field size of these units is very large, the actual hot spots of activity 

are separated by silent areas over which stimulation does not produce a response (Vallbo et al., 

1995).  In the thigh, HFA are also the most prevalent FA afferent recorded making up 40% of the 

population (Edin, 2001).  Despite the HFA brisk response to hair movement, HFA afferents are 

insensitive or show only slight response to skin stretch (Edin, 2001).  To date, the response of 

HFA to sinusoidal vibrations in humans has not been investigated, and it is unclear how these 

afferents may contribute to vibratory perception. 

 Field units were first described in cats (Burgess et al., 1968) as rapidly adapting afferents 

with large, oval receptive fields, distinct boundaries, and lacking in response to stimulation of 

hair fibres (Burgess et al., 1968; Tuckett et al., 1978).  Sometimes, activity could be evoked in a 

field unit by movement of a group of hairs; however, upon closer investigation in which 

investigators ensured that only the hair fibre was stimulated and not the skin surrounding it, hair 

stimulation was ineffective in producing a response (Burgess et al., 1968).  This may lead to 

misclassification of field units as HFA in some studies (Merzenich and Harrington, 1969).  

Tuckett et al. (1978) created tuning curves for field receptors in cats which illustrated a decrease 

in threshold with increasing stimulus frequency, with similar thresholds to HFA in the same 

animals.  In humans, field units are rarely discussed specifically but have been reported in both 

the forearm (Vallbo et al., 1995) and thigh (Edin, 2001).  The most in depth investigation of field 
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units’ receptive field characteristics was performed in the forearm and were characterised by 

large receptive fields (mean 78mm
2
) with distinct hot spots distributed evenly through the 

receptive field (Vallbo et al., 1995).  The histological correlate of field units is unknown, and the 

fact that their response to stimulation is very similar to FAI afferents that innervate the glabrous 

skin suggests that they may in fact be the Meissner corpuscle (Burgess et al., 1968; Merzenich 

and Harrington, 1969); thus field units are similar to FAI units, but with larger and ovoid 

receptive fields (Merzenich and Harrington, 1969).   

FAI afferents have been widely reported in the hairy skin in regions including the foot 

dorsum (Trulsson, 2001), leg (Aimonetti et al., 2007) and hand dorsum (Järvilehto et al., 1976; 

Konietzny and Hensel, 1977; Järvilehto et al., 1981; Edin and Abbs, 1991).  Interestingly, Vallbo 

et al (1995) stated that they were unable to record from any FAI afferents in the forearm, but did 

make measurements from field units and HFA.  While receptive field characteristics vary based 

on the region under study, in general the receptive field size of FAI is larger in the hairy skin 

than glabrous skin of the hand (Edin and Abbs, 1991; Trulsson, 2001; Aimonetti et al., 2007).  In 

the leg, the mean receptive field size of FAI afferents was 31mm
2
 compared with 12.6mm

2
 in the 

glabrous skin of the hand (Aimonetti et al., 2007; Johansson and Vallbo, 1979).  When 

stimulated by sinusoidal vibration, FAIs in the hairy skin respond similar to those in the glabrous 

skin, with a U-shaped curve which has minimal displacement values in the 20-40Hz frequency 

range (Konietzny and Hensel, 1977) and afferents could be entrained to fire 1-to-1 in the 20-

200Hz frequency range (Järvilehto et al., 1976), which is similar to observations in the glabrous 

skin of the hand (Johansson et al., 1982).  The monofilament thresholds of FAI afferents in the 

hairy skin have only been quantitatively reported in the hairy skin of the back of the hand (2mN) 
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which were slightly elevated but not statistically different from those observed in the glabrous 

region of the hand (Edin and Abbs, 1991). 

 There is controversy regarding the presence of FAII afferents innervating the hairy skin 

of humans.  While FAII units have been identified in cutaneous nerves of cats (Brown and Iggo, 

1967; Burgess et al., 1968), results in primates (Merzenich and Harrington, 1969) and humans 

have been inconclusive.  In man, some studies specifically report that no FAII afferents were 

recorded (Konietzny and Hensel, 1977; Järvilehto et al., 1981) while others describe FAII 

recordings without difficulty (Trulsson, 2001; Aimonetti et al., 2007).  These differences are 

likely due to the nerve which was chosen for study; studies which use nerves that innervate only 

skin (superficial branch of radial nerve for back of hand) are unable to record FAII, while studies 

which record from mixed nerves do find FAII afferents.  Taken together, these results suggest 

that the receptor organ of the FAII afferent, the Pacinian corpuscle (Bell et al., 1994), does not 

exist superficially enough in hairy skin to be innervated by purely cutaneous nerves (Rowe et al., 

2005).  This observation illustrates a fundamental difference between the hairy skin of cats 

(Brown and Iggo, 1967; Burgess et al., 1968) and humans, but is consistent with observations in 

primates (Merzenich and Harrington, 1969), in which it was shown that FAII afferents could 

only be recorded in mixed nerves (i.e. nerves that supply skin and also deeper tissues), such as 

the median nerve and radial nerve.  In cats, Pacinian corpuscles have been shown to exist much 

deeper than the subdermal layers in the interosseous membrane between the ulna and radius of 

the forelimb (Skoglund, 1960), and the tibia and fibula of the hindlimb (Hunt and McIntyre, 

1960).  It has been suggested, therefore, that in humans Pacinian corpuscle receptors exist only in 

these deep subdermal areas in the hairy skin, but exist more superficial in the glabrous skin 

(Rowe et al., 2005).  This conclusion is supported by the observation of vastly increased 
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perception threshold for vibration detection at high frequencies mediated by FAII afferents in the 

hairy skin (Merzenich and Harrington, 1969; Mahns et al., 2006; Morioka et al., 2008), and by 

the observation that FAII afferents can only be recorded from mixed nerves in man and primates 

(Merzenich and Harrington, 1969; Vallbo et al., 1995).  In the hairy skin, the FAII response to 

vibration is similar to glabrous skin in that it responds very well to high frequency vibration 

(Merzenich and Harrington, 1969), however, in humans the threshold for perception of high 

frequency vibration mediated by FAII afferents is elevated in hairy skin regions (Merzenich and 

Harrington, 1969; Morioka et al., 2008).  Similar to other afferents in the hairy skin, the 

monofilament threshold has been most extensively described in the hairy skin of the back of the 

hand, and the thresholds were similar to those observed in the glabrous region of the hand 

(0.5mN) (Edin and Abbs, 1991). 

 To summarize, the tactile afferents in the hairy skin differ from those observed in both 

the glabrous skin of the hand and foot sole and the characteristics of these afferents vary 

depending on the hairy skin region under study.  Particularly in the lower limb, 3 three types of 

SA afferent (SAI, SAII, SAIII) and four types of FA afferent (HFA, field units, FAI, FAII) have 

been reported.  In comparison to the glabrous skin of the hand, studies have reported a higher 

proportion of SA afferents in the hairy skin (Edin, 2001; Aimonetti et al., 2007), and have shown 

that these SA afferents are highly responsive to skin stretch of skin around the knee and ankle 

respectively.  The SAI and SAII afferents have larger receptive field sizes in the leg hairy skin 

compared to the glabrous skin of the hand (Aimonetti et al., 2007; Johansson et al., 1980), and a 

third type of SA afferent (SAIII) has been recorded in the thigh (Edin, 2001) which has some 

characteristics of both SAI and SAII.  The HFA is the defining feature of the hairy skin, and 

responds to light contacts and movement of the associated hair follicles.  Despite the HFA’s 
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prevalence in microneurographic recording, particularly in the forearm and leg, its response to 

monofilament and vibratory simulation has yet to be extensively studied in man.  Another FA 

afferent found in the hairy skin which has not been recorded in the glabrous skin is the field unit.  

The field unit bears similar characteristics in response to stimulation as the FAI, except it has 

larger and ovoid receptive fields (Vallbo et al., 1995), which has led some to hypothesize that 

they share the same histological receptor, the Meissner corpuscle (Merzenich and Harrington, 

1969).  Limited research on FAI response to vibratory stimulation in the hairy skin has suggested 

that it responds to similar frequencies in both the hairy skin and the glabrous skin on the front of 

the hand; it can be entrained one-to-one up to 200Hz (Ribot-Ciscar et al., 1989) with the minima 

of its tuning curve between 20-40Hz (Konietzny and Hensel, 1977).  Another difference between 

glabrous and hairy skin is the location of the FAII afferent receptor (Merzenich and Harrington, 

1969) as it appears that the FAII afferent is only recorded during experiments using nerves that 

innervate both cutaneous and deeper structures (Merzenich and Harrington, 1969; Trulsson, 

2001; Edin, 2001; Aimonetti et al., 2007).  These receptors still respond to similar types of 

stimulation as those in glabrous skin, however, the thresholds for activation are elevated in 

regions with more subcutaneous tissue (Merzenich and Harrington, 1969). 

 

1.3 – Tactile Perception in the Central Nervous System 

 When a stimulus is presented to a receptor organ, it results in a discharge travelling along 

the associated afferent which enters the spinal cord through the dorsal horn and is relayed to the 

brain, where it is interpreted.  The literature regarding tactile perception within the cortex is very 

complex and is related to many other neural processes such as motor control (Ollivier-Lanvin et 

al., 2011; Fallon et al., 2005), object recognition (Hsiao, 2008; Goodwin and Wheat, 2004) body 

representation (Medina and Coslett, 2010) and tactile memory (Gallace and Spence, 2009).  This 
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thesis will focus on the basic aspects of tactile perception in the cortex as it relates to tactile 

perception. 

 

1.3.1 – Transduction in the Spinal Cord 

 Each of the receptor organs in the skin is innervated by a specific type of primary 

afferent.  These are also called first order neurons and their cell bodies always reside in the 

dorsal root ganglion (McGlone and Reilly, 2010).   The primary tactile afferents enter the spinal 

cord via the dorsal horn, and immediately turn up the spinal cord towards the brain, travelling in 

the dorsal white matter forming the dorsal columns of the spinal cord which convey tactile, 

vibratory and proprioceptive information (McGlone and Reilly, 2010).  In addition to travelling 

towards the brain, the primary afferents also have branches (McGlone and Reilly, 2010) which 

terminate locally on interneurons or other neurons in the spinal cord, such as the motor neuron 

pool (Fallon et al., 2005).  The dorsal column is separated into two main tracts depending on 

what part of the body the primary afferent is coming from; the gracile fasciculus runs close to the 

midline and conveys information from the lower half of the body (legs and trunk), while the 

cunate fasciculus conveys information from the upper half of the body (arms and trunk).  In the 

medulla at the base of the brainstem, primary afferents from the two fasciculi of the dorsal 

column synapse with second order neurons called dorsal column nuclei in the gracile nucleus 

and cunate nucleus accordingly (Sahai, 2006; Rowe, 2002).  The second order neurons which 

arise in the medulla then cross the midline to the contralateral side of the brainstem where they 

travel to the thalamus via a tract called the medial lemniscus (Klostermann et al., 2009). 

 The thalamus is a key relay structure for many senses, including tactile perception 

(Herrero et al., 2002).  At the thalamus, dorsal column nuclei synapse with third order neurons 

called thalamocortical afferents which travel through the white matter of the brain to the primary 
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somatosensory cortex located in the postcentral gyrus.  In addition to acting as a relay station, the 

thalamus is considered the “gateway” for incoming afferent information to the cerebral cortex 

(Herrero et al., 2002). 

 

1.3.2 – Tactile Perception in the Cerebral Cortex 

  The most basic processing of tactile afferent information occurs in the primary 

somatosensory cortex (SI) located in the postcentral gyrus, as it receives large afferent input 

from the ventral posteriolateral nucleus in the thalamus.  The SI can be further subdivided into 

four distinct regions which are denoted as Brodmann’s areas 3a, 3b, 1 and 2.  Most thalamic 

projections terminate in areas 3a and 3b, which then send projections to areas 1 and 2, however 

there are direct connections from the thalamus to areas 1 and 2 (Powell and Mountcastle, 1959; 

Tremblay et al., 1996).  Information from skin afferents is sent to area 3b where basic tactile 

perception takes place and area 1 for higher-order tactile processing (Hsiao, 2008).  Sensory 

information from muscle spindles and joints are relayed to area 3a, and information regarding 

tactile and proprioceptive sensations are sent to area 2 to mediate tactile recognition of objects 

(Tremblay et al., 1996).  While each of these areas generally receives information regarding the 

specific modalities mentioned above, a high degree of interconnection between the areas allows 

for both serial and parallel processing (McGlone and Reilly, 2010).  Each of the 4 areas of the SI 

contains a somatotropic map of the entire body surface of the contralateral side called the 

homunculus which is organised with the legs represented medially (near the central sulcus) with 

more superior body parts represented as the SI is explored laterally, with the head and face 

represented most laterally (Sanchez-Panchuelo et al., 2010).  The neural representation of the 

different body regions in the homunculus are not proportional to the surface area of these body 

regions, but are instead related to their innervation density.  Thus, the areas of the body which 
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show the largest cortical representation in the SI are the hand, foot, and face (McGlone and 

Reilly, 2010).  While the general orientation of the homunculus is similar between different 

individuals, the relative size of each body region’s representation can be altered through training 

(Hashimoto et al., 2004; Ostry et al., 2010) and pathologies such as deafferentation (Braune and 

Schady, 1993), blindness (Sathian and Stilla, 2010) and amputation (Merzenich et al., 1984).  

This is known as cortical reorganisation and will be discussed in section 1.4.  

 In addition to the SI, tactile stimulation also generally leads to neural activity in the 

secondary somatosensory cortex (SII) located in the superior bank of the lateral sulcus (Francis 

et al., 2000; McGlone et al., 2002) and areas 5 and 7 of the posterior parietal cortex (McGlone 

and Reilly, 2010).  The SII has been shown to play a role in higher order tactile discrimination 

tasks, such as two point discrimination (Akatsuka et al., 2008) and object recognition (Hsiao, 

2008) but may also play a role in simple perception (McGlone and Reily, 2010). Areas 5 and 7 

are involved in integration with other brain areas to contribute to formation of the internal 

representation of the body in space (Medina and Coslett, 2010). 

 The response of the cerebral cortex to vibratory stimuli has been examined using animal 

models (Mountcastle et al., 1969; Ferrington and Rowe, 1980; Tommerdahl et al., 1999) and 

more recently has been reported using neuroimaging techniques in the human hand (Fox et al., 

1987; Gelnar et al., 1998; Maldjian et al., 1999; Francis et al., 2000; Nelson et al., 2004) and foot 

(Golaszewski et al., 2006; Siedentopf et al., 2008).  These studies have shown significant 

activation in a variety of brain areas during vibrotactile stimulation, including the contralateral 

SI, and bilateral SII, posterior insular region, posterior parietal cortex, and motor centers (Gelnar 

et al., 1998; Francis et al., 2000; Golaszewski et al., 2006).  The cortical response to different 

stimulus frequencies has been relatively unstudied using these methods, however initial 
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investigation shows that neural activation up to 80Hz vibration is similar, while vibrations 100-

300Hz activates different pathways (Mountcastle et al., 1969; Ferrington and Rowe, 1980; 

Siedentopf et al., 2008).  High frequency vibration (>100Hz) results in increased activation of 

SII compared with low frequency vibration of similar amplitude (Francis et al., 2000; Siedentopf 

et al., 2008).  While the exact explanation for this difference in activation is unknown, there is 

evidence that the neural code for high frequency vibration mediated by FAII afferents is more 

dependent on SII than SI in cats (Ferrington and Rowe, 1980) and primates (Mountcastle et al., 

1969).   

 

1.4 – Cortical Reorganisation 

 Cortical reorganisation, or neuroplasticity, is defined as the capacity of the brain to 

change in activity as a result of environment, training, injury and disuse (Pascual-Leone et al., 

2011).  This is often measured by observing which areas of the brain are active during a certain 

task or stimuli (Pascual-Leone et al., 2011).  Within the primary somatosensory cortex (SI) exists 

a specific body map and all areas of the body are represented by their own neural area which 

show increased activity when that body area experiences tactile stimulation (see section 1.3).  

While the relative organisation of this map is similar between individuals, the specific size of 

each area will vary between individuals; differences in neuroplasticity will result in distinct 

differences in neural activation between subjects.  Enlargement of digit cortical areas have been 

observed in subjects who play musical instruments (Elbert et al., 1995; Hashimoto et al., 2004) 

and blindness where patients have learned how to read brail (Sathian and Stilla, 2010). 

 A number of studies have now confirmed that cortical reorganisation occurs following 

amputation (for review see: Buonomano and Merzenich, 1998).  The ground breaking work in 

this area was performed by Merzenich and colleagues in owl monkeys (Merzenich et al., 1984).  
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These results showed that following digit amputation, the neural representation of the 

neighbouring digits and palmar skin became enlarged such that they overtook the area that had 

previously corresponded with the amputated digits.  Thus, after amputation, most of the cortex 

that originally only responded to skin stimulation of the amputated digits now responded to skin 

stimulation of the adjacent digits and palm (Merzenich et al., 1984).  In addition, the receptive 

field sizes of central neurons within the amputated region of the brain (which now supplied new 

areas) were much smaller (Merzenich et al., 1984).  Analyzing these changes over time showed 

that the entire deafferented area had been overtaken in approximately 2 months, but there were 

still significant changes up to 8 months after amputation.  Similar results have been obtained in 

racoons (Kelahan and Doetsch, 1984) and cats (Kalaska and Pomeranz, 1979).  Using advanced 

neuroimaging techniques, similar results have now been obtained in man following both upper 

(Kew et al., 1994; Weiss et al., 2000; Karl et al., 2001; Schaefer et al., 2002) and lower (Simões 

et al., 2012) limb amputation. In man, this reorganisation is present as soon as 10 days after digit 

amputation (Weiss et al., 2000), however no studies have established a complete time course for 

cortical reorganisation following amputation in humans. 

 The knowledge of the occurrence of cortical reorganisation in amputees has led to 

discussion that the changes in cortical area activation may be related to phantom limb 

phenomena experienced by amputee patients (Woodhouse, 2005; Flor et al., 2006).  There are 

multiple different types of phantom phenomena; phantom limb awareness involves the feeling 

that the limb is still present, while phantom sensations describe sensory or kinesthetic illusions 

perceived in the phantom (Flor et al., 2006).  Based on the observations of cortical reorganisation 

mentioned above, Ramachandran and colleagues suggested phantom sensations are a kind of 

perceptual correlate of this process (Ramachandran et al., 1992; Ramachandran and Hirstein, 
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1998).  This assertion is strengthened by the observation that the amount of cortical 

reorganisation that occurs is correlated with the perceived magnitude of phantom limb pain (Flor 

et al., 1995; Karl et al., 2004). 

 Animal studies have shown that cortical reorganisation induced by amputation or 

deafferentation affects the central receptive field size of the neurons in this region such that they 

are excited by smaller areas of stimulation at the level of the periphery (Kalaska and Pomeranz, 

1979; Kelahan and Doetsch, 1984; Merzenich et al., 1984).  This decrease in neural receptive 

field size provides the potential for changes in sensation in the intact areas.  Sensation can be 

broken down into sensitivity and sensory acuity; sensitivity refers to the ability to perceive small 

intensity sensations, while acuity describes the ability to distinguish detail, such as two separate 

points.  Since cortical reorganisation results in a decrease in neural receptive field size, there is 

potential for an increased ability to distinguish detail, illustrating an increase in sensory acuity.  

In order to investigate this effect, recent studies have attempted to induce cortical reorganisation 

in the SI through ischemic block (Werhahn et al., 2002a,b; Björkman et al., 2004b), cutaneous 

anaesthesia (Björkman et al., 2004a; Björkman et al., 2009; Lundborg et al., 2010) and repetitive 

transcranial magnetic stimulation (Tegenthoff et al., 2005).  Studies which have caused 

deafferentation via ischemic block in animals (Calford and Tweedale, 1990; Calford and 

Tweedale, 1991) and humans (Werhahn et al., 2002b) or cutaneous anesthesia (Björkman et al., 

2009) have shown that cortical reorganisation can occur within minutes after sensation is lost.  In 

all of these studies, experimentally induced cortical reorganisation led to increased sensory 

acuity (usually measured through two-point discrimination) in the neighbouring intact areas.  In 

addition, the decrease in distance between two points that can be successfully distinguished is 

correlated to the amount of cortical reorganisation that occurs in SI (Tegenthoff et al., 2005).  In 
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addition to changes in sensory acuity, studies have shown increased sensitivity to monofilament 

and vibratory stimulation at 125Hz following experimental deafferentation to neighbouring areas 

(Björkman et al., 2004b; Lundborg et al., 2010).  These results have also been applied clinically, 

where cutaneous anaesthesia of the forearm of nerve repair patients (Rosén et al., 2006) or leg of 

diabetic patients (Lundborg et al., 2010) has been shown to increase tactile sensitivity in the hand 

and foot respectively.  Since cortical reorganisation has been shown to occur in upper 

(Merzenich et al., 1984; Karl et al., 2001; Schaefer et al., 2002) and lower (Chen et al., 1998; 

Schwenkreis et al., 2003; Simões et al., 2012) limb amputees, there is potential for increased 

sensory acuity in the skin of the intact area of human amputees. 

  

1.5 – Role of Skin in Balance and Gait 

 The glabrous skin on the sole of the foot plays an important role in balance (McKeon and 

Hertel, 2007; Kars et al., 2009) and gait (Eils et al., 2002; Höhne et al., 2011; Höhne et al., 2012; 

McDonnell and Warden-Flood, 2000).  Mechanoreceptive afferents from the foot sole are 

involved in reflex pathways which alter lower limb motorneuron activity cats where the spinal 

cord has been severed below the brainstem to examine reflex pathways (Ollivier-Lanvin et al., 

2011) and healthy humans using microneurography (Fallon et al., 2005).  Cutaneous feedback is 

also an important modulator of central pattern generator activity which contributes to the 

automatic and rhythmic nature of gait (MacKay-Lyons, 2002).  Research shows that reducing 

cutaneous feedback by cooling the foot sole or use of anaesthetic cream results in increased 

centre of pressure excursion in quiet stance (Orma, 1957; McKeon and Hertel, 2007), altered gait 

parameters (McDonnell and Warden-Flood, 2000; Eils et al., 2002; Höhne et al., 2012) and an 

altered response to dynamic perturbations (Perry et al., 2000).  In addition, vibratory stimuli 

delivered to the foot sole has been shown to result in whole-body postural sway during stance 
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(Kavounoudias et al., 1999) and create illusionary body sway (Roll et al., 2002).  The 

observation of decreased skin sensitivity in elderly individuals (Wells et al., 2003; Perry, 2006; 

Deshpande et al., 2008) and Parkinson’s (Prätorius et al., 2003) and diabetes (Dahlin et al., 2008) 

patients has led researchers to believe that this may contribute to the characteristic gait and 

balance problems observed in those populations; in fact, decreased cutaneous sensitivity has 

been shown to be associated with decreased gait speed in elderly individuals (Deshpande et al., 

2008).  In below knee amputees, skin and proprioceptive input from the amputated area 

including the foot sole and skin around the ankle joint is lost.  It has yet to be investigated how 

this loss of afferent feedback affects the central pattern generators of lower limb amputees, and 

what, if any, sensory systems are upregulated to compensate for this change. 

 In addition to the role of glabrous skin of the foot in posture and balance, skin stretch of 

the hairy skin located near joints has the potential to play a role in kinesthesia (Edin and Abbs, 

1991; Edin, 1992; Aimonetti et al., 2007).  While the SAII afferents are known to respond with 

high sensitivity to skin stretch in the glabrous skin, all types of afferent in the hairy skin have 

been shown to have some responsiveness to joint movements (Edin, 2001; Aimonetti et al., 

2007), and a high concentration of afferents with receptive fields near the joints has been shown 

(Edin, 1992).  Aimonetti and colleagues observed that all four types of afferent in the hairy skin 

of the lower leg near the ankle responded to passive ankle movements, and most showed 

directional sensitivity (Aimonetti et al., 2007).  Similar results have been obtained for the skin on 

the back of the hand (Edin, 1992; Burke et al., 1988).  In the thigh, both types of SA afferents 

showed response to skin stretch; however the FA afferents were not discussed (Edin, 2001).  The 

importance of skin feedback in joint position sense is strengthened by the observation that a 

reduction in cutaneous sensation results in decreased performance in passive movement 
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detection (Refshauge et al., 1998) and limb matching studies (Ferrell and Smith, 1988; Lowrey et 

al., 2010).  In addition, application of artificial skin stretch is able to produce illusionary 

movements at both the elbow and knee joints (Collins et al., 2005) and increasing skin input by 

taping the ankle improves kinesthesia (Simoneau et al., 1997).  These studies clearly establish 

the important role that cutaneous mechanoreceptors play in knowledge of body position as well 

as posture and gait. 

  

1.6 – Skin Sensitivity Changes Following Amputation 

The first work describing changes in tactile sensitivity following amputation was 

performed in World War II veterans by Teuber (Teuber et al., 1949) and investigated in detail by 

Haber(Haber, 1955; Haber, 1956; Haber, 1958), who showed that unilateral upper limb amputees 

had increased tactile sensitivity (measured with monofilaments) and acuity (measured with two-

point discrimination) in the residual limb compared with the intact limb and healthy control 

subjects.  Haber suggested that the increase in tactile acuity was due to central factors (Haber, 

1958).  Similar work by other groups showed similar results (Wilson et al., 1962; Aftans and 

Zubek, 1964).  

 This preliminary work was a major component in the rationale to examine the potential 

for cortical reorganisation following amputation, which has now been shown to result in 

significant changes in SI activity of amputees.  More recent work has focused on how tactile 

change in the residual limb is related to phantom limb sensations, while tactile sensitivity has 

been reported as a secondary measure.  Some of this work has contradicted the preliminary 

studies, showing no change in tactile sensitivity following amputation (Braune and Schady, 

1993; Flor et al., 1998; Grüsser et al., 2001).  The differences between these studies may be due 

to the site tested, the methods used for the sensory testing, and the type of amputee tested.  While 
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most studies attempt to study traumatic amputees, it is often difficult to obtain a full population 

with similar amputation level.  For this reason, other types of amputees (diabetic, congenital, 

cancer-related) are often recruited.  This becomes a problem when all amputees are analysed 

together, as there may be differences in central and peripheral factors which affect tactile 

sensation as a result of different conditions.  Another possible limitation of these studies is that 

comparisons were only made within amputee subjects (i.e. compared amputated and intact limb) 

and not with control subjects (Braune and Schady, 1993; Flor et al., 1998).  Cortical 

reorganisation has been shown to occur in the hemispheres both contralateral and ipsilateral to 

the amputation (Calford and Tweedale, 1990; Schwenkreis et al., 2003; Simões et al., 2012), thus 

changes on the ipsilateral side may result in skin sensitivity changes in the intact limb.  These 

studies have all only examined static skin sensitivity tests through monofilaments or two-point 

discrimination.  Only one study to date (Braune and Schady, 1993) has examined vibratory 

threshold in amputees and found no difference between the amputated arm and intact arm; 

however, this was only performed at one vibratory frequency (100Hz).  

 The majority of work examining the potential effect of cortical reorganisation on skin 

sensitivity has been performed in upper limb amputees with few studies examining lower limb 

amputees.  Lower limb amputees’ show increased visual dependency in quiet stance compared to 

healthy controls, but the visual dependency was gone following 8 months of rehabilitation 

(Geurts et al., 1992).  The authors suggested that somatosensory adaptations may have taken 

place to reduce dependency on visual information.  To date, literature on sensory feedback in 

lower limb amputees has focused on kinesthesia through passive movement detection (Eakin et 

al., 1992; Liao and Skinner, 1995; Kavounoudias et al., 2005) which has illustrated decreased 

kinesthetic sensitivity in amputees.  Since passive movement detection tasks include both muscle 
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spindle and cutaneous contributions (Proske and Gandevia, 2009), it is unclear how or if skin 

sensitivity is contributing to these changes.  Only three studies have attempted to examine skin 

sensation in the residual limb of lower limb amputees.  Kosasih and Silver-Thorn (1998) 

conducted a pilot study on 16 trans-tibial amputees (TTA) measuring their sensation of light 

touch, deep pressure, vibration and pinprick.  The results from this study showed no impairment 

in deep pressure sensation, a minor impairment of light touch and vibration sensation, and 

significant impairment of pinprick sensation in the residual limb (Kosasih and Silver-Thorn, 

1998).  However, the methods of this study were intended for clinical use and we not 

experimentally controlled; light touch was measured by manually applying a cotton ball to the 

limb surface, deep pressure was assessed by a physician “pressing firmly on the skin with his 

thumb” and vibration perception was assessed by placing a 128Hz tuning fork against the skin.  

Each of these application methods are extremely variable and lend themselves to bias, and the 

outcome measures were subjective, limiting the comparability of this study to work in the upper 

limb (Kosasih and Silver-Thorn, 1998).   

Another attempt to examine skin sensitivity in amputees was performed by Quai and Nitz 

(2005), specifically looking at sensitivity in older (>50) dysvascular amputees (diabetes or other 

vascular insufficiency was reason for amputation).  This study examined the relationship 

between decreased skin sensation in the residual limb and functional balance.  Overall, these 

results indicated that poor residual limb vibration and light touch sensation are associated with 

poorer static and dynamic balance; however, the methodology of skin sensitivity measurement 

again limits the comparability of these results.  Vibration sense was assessed using a 128Hz 

tuning fork, and the scoring system for sensation was subjective.  Light touch was assessed with 

only a single monofilament (8.3g); all sites at which the force was perceived were considered 
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“normal” and all sites at which the force could not be perceived were considered “impaired”.  

While this study provides evidence that skin sensation in the residual limb is important for 

function balance, it does not provide a complete examination of the skin sensitivity of the 

residual limb (Quai et al., 2005). 

Kavounoudais and colleagues (2005) have conducted the most well controlled 

experimental study on skin sensitivity in lower limb amputees to date.  The primary measure of 

interest in this study was passive movement detection, however light touch sensation was also 

assessed using monofilaments and this study examined both traumatic and diabetic amputees.  In 

this study, traumatic amputees showed significantly lower sensitivity to monofilaments in the 

amputated limb compared to the intact limb.  However, only one site was tested on the residual 

limb, and because this was not the primary measure of interest in the study, it was not 

extensively discussed (Kavounoudias et al., 2005). 

To summarize skin sensitivity measurements that have been made in amputees to date; 

the majority of research has examined changes in upper limb amputees (Haber, 1958; Wilson et 

al., 1962; Aftans and Zubek, 1964) and increases in sensory acuity measured through two-point 

discrimination have been observed.  While some well controlled studies have shown a decrease 

in kinesthetic ability in the residual limb of lower limb amputees (Eakin et al., 1992; Liao and 

Skinner, 1995; Kavounoudias et al., 2005), of the studies that have attempted to examine skin 

sensation changes in lower limb amputees, the methods and outcome measures have been poorly 

controlled (Kosasih and Silver-Thorn, 1998; Quai et al., 2005) or have failed to test a wide range 

of sites (Kavounoudias et al., 2005). 
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1.7 – Limitations of Current Literature and Unanswered Questions 

 It is currently known that cortical reorganisation occurs following limb amputation in 

humans and primates; however the sensory consequences of this are controversial.  Specifically 

with regard to skin sensitivity, some studies have shown an increase in tactile sensitivity (Teuber 

et al., 1949; Haber, 1958; Wilson et al., 1962; Aftans and Zubek, 1964) while others have shown 

no change (Braune and Schady, 1993; Flor et al., 1998; Grüsser et al., 2001).  These differences 

in results may be due to inadequate description of protocols used, amputee population selected 

and the inappropriate use of the intact limb as a “control”.  In addition, data on vibratory 

sensitivity in amputees are lacking (Braune and Schady, 1993) and may lend a different 

perspective to these investigations.  To date, research has shown an overall decrease in the 

kinesthetic ability of below knee amputees; however the skin sensitivity in below knee amputees 

has never been extensively examined, and may have implications for balance and gait.  Limb 

amputation results in dramatic reorganisation of the SI cortex in the contralateral area in both 

upper (Flor et al., 1998; Grüsser et al., 2004; Karl et al., 2001; Schaefer et al., 2002) and lower 

limbs (Simões et al., 2012).  Similar cortical reorganisation due to reduction in sensory feedback 

via anaesthesia (Björkman et al., 2009) and repetitive transcranial magnetic stimulation 

(Tegenthoff et al., 2005) has been shown to result in increased sensory acuity in the surrounding 

areas.  Following lower limb amputation, important afferent feedback from the skin on the sole 

of the foot and skin of the lower leg is lost, and the skin of the residual limb becomes the primary 

site of interaction with the prosthetic.  This provides the potential for amputee subjects to obtain 

afferent feedback from the skin of the residual limb which may play a role in the level of 

functional balance and gait.  Thus, a possible beneficial consequence of cortical reorganisation is 

an increase in skin sensation of the residual limb as it is used to interact with the prosthesis. 
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1.8 – Objectives and Hypotheses of Current Work 

 The main objective of the current thesis was to examine if there are changes in skin 

sensitivity and acuity following lower limb amputation compared to both the intact limb and 

healthy age matched control subjects.  We also set out to examine how changes in skin 

sensitivity may be correlated to functional balance and gait. 

 

Hypothesis 1:  Amputee subjects will show increased skin sensitivity and increased tactile acuity 

in the residual limb compared to the intact limb and control subjects.  Low perception thresholds 

indicate the ability to perceive small stimuli, thus showing high sensitivity.  

 Increased sensitivity will be illustrated by lower light touch perception thresholds as 

assessed with Semmes-Weinstein monofilaments and lower vibration perception 

thresholds (VPT) at 3Hz, 40Hz, and 250Hz 

 Increased tactile acuity will be illustrated by decreased two-point discrimination (2PD) 

distance threshold 

Hypothesis 2: Amputees with higher skin sensitivity in areas which are in contact with a support 

surface (i.e. plantar surface or interface with prosthetic) will show higher measures of functional 

balance compared to amputees with lower skin sensitivity. 

 In amputee subjects: skin perception thresholds at the intact heel, and prosthetic sites 

(amputated tibia and residual limb) as measured with monofilaments and vibration will 

be negatively correlated with functional reach distance. 

 In amputee subjects: skin perception thresholds at the intact heel, and prosthetic sites 

(amputated tibia and residual limb) as measured with monofilaments and vibration will 

be positively correlated with time to complete L-Timed-Up-And-Go test 
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 In amputee subjects: skin sensitivity at the intact heel, amputated tibia, and residual limb 

sites as measured with monofilaments and vibration will be positively correlated with 

scores of functional capabilities self-reported using a questionnaire. 
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Chapter 2 – Methods 

 

2.1 Study Participants 

 Amputee participants were recruited through a number of resources.  Amputees were first 

contacted from a list of patients provided by Dr. Patti Galvin through her rehabilitation medical 

practice located in Guelph.  Current and previous patients of Dr. Galvin were contacted by phone 

and invited to participate in research after being given a description of the study.  Subjects were 

also recruited through the Ontario Amputee Sports Association (OASA) by email.  Age and sex 

matched control subjects were recruited through the University of Guelph population. 

 Subjects were informed of the experimental protocol, potential risks or discomforts and 

provided their written consent to participate in the study.  Subjects also indicated on the consent 

form if their video (taken during functional reach) or any other photos taken during testing could 

be used for presentation purposes with all identifying markers (face, tattoos etc.) covered.  All 

methods and procedures were reviewed and passed by the Research Ethics Board at the 

University of Guelph regarding the involvement of human subjects in research, which follows 

the guidelines highlighted by the Declaration of Helsinki. 

 

2.2 Experimental Procedure 

 All data were collected in the Animal Science and Nutrition Building at the University of 

Guelph.  The overall length of testing ranged from 3-3.5hrs depending on threshold levels of 

individual subjects.  Testing was separated into two blocks: perception testing and functional 

testing.  Perception testing was always performed first, as the attention demand is higher and this 

portion is likely to be more affected by subject fatigue. Within perception testing, vibration 

perception was performed first while the other two tests (monofilaments and two-point 
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discrimination) were randomized.  Vibration sensitivity was tested first because it was the 

longest and most attention demanding task.  The order of the functional tests was randomized. 

 

2.2.1 – Questionnaire 

 Prior to participation in the study, amputee subjects filled out a custom questionnaire 

(Appendix) to determine: characteristics of the amputation and residual limb area, information 

regarding the prosthetic type and use, rehabilitation training following the amputation, residual 

limb and phantom limb pain, and functional capabilities of the subject.  The functional 

capabilities section was taken from the most widely used self-report questionnaire for lower limb 

amputees, “The Prosthetic Profile of the Amputee (PPA)” (Grisé et al., 1993).  The PPA was 

reproduced with permission from the authors.  This questionnaire was filled at home before the 

subject came to the lab for testing, and then was reviewed by the experimenter with the subject 

following the completion of testing to ensure correct completion.  During the review of the 

questionnaire, the experimenter also recorded any comments from the subject regarding past 

history of injury and amputation, phantom pain or sensations, and comments on the testing 

protocol itself. 

 

2.2.2 – Skin Perception Testing 

 All skin perception testing was performed while lying on an adjustable treatment bed 

(Figure 2.1).  Sites on the front of the leg (quadriceps, amputated tibia and intact tibia) were 

tested with the subject in the supine position, while sites on the back of the leg and residual limb 

(calf of intact leg, base of residual limb and heel) were tested in the prone position.  During 

testing, the relevant portion of the foot/leg was supported with VersaForm pillows to ensure 

there was no movement between trials. 
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Figure 2.1: Experimental set up of subject lying on treatment table during vibration perception 

testing 

 

Eight skin sites were tested.  All non-glabrous skin sites were lightly shaved prior to 

testing to remove any hairs.  This was done to make threshold values more comparable to 

previous reported literature, and to ensure monofilament thresholds were not due to light 

brushing of a hair follicle.  Sites were identified using anatomical landmarks and were marked 

with pen prior to testing.  The eight sites were as follows; two sites were selected on the base of 

the residual limb in order to examine the skin sensitivity at the site of main contact with the 

prosthetic.  The exact location of these two sites varied based on the level of amputation, but 

were never directly on the bone and were always on the back skin flap (skin from the calf) (sites 
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One and Two) (Figure 2.2A).  Two homologous sites on the intact calf were measured from the 

crease in the popliteal fossa to match (sites Three and Four) (Figure 2.2A).  The same distance 

was then used for sites Three and Four on the intact limb. For control subjects these were on the 

calf measured 10-12cm distal of the popliteal crease.  The remaining sites were the same on 

amputees and controls.  One site 5cm distal to the lateral tibial condyle was tested along with 

homologous location on the intact leg (sites Five and Six).  One site 10cm above the patella on 

the Quadriceps of the amputated leg was tested (site Seven) (Figure 2.2B).  This was performed 

to examine any skin sensitivity changes that were completely separate from the amputated area, 

thus changes at this location were more likely to reflect a central rather than peripheral cause.  

Finally, one site at the heel of the intact foot (3cm anterior to the posterior border of the foot) 

was tested to establish each subject’s threshold level at a glabrous skin site (Site Eight) (Figure 

2.2A).  Not only does this site provide sensitivity information on skin that is in contact with the 

ground, there is ample data available at the heel, which will enable a comparison with other 

studies.  Testing on the intact leg served as an opportunity to examine skin sensitivity changes 

which occurred due to cortical reorganisation in the brain ipsilateral to the amputation (when 

compared to control subjects), and as a comparison for potential changes in the amputated leg. 
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Figure 2.2: Site location on back (A) and front (B) of leg. For control subjects, sites 1 and 2 

were similar to sites 3 and 4 on the intact limb of amputees. 

 

2.2.2.1 – Vibration Sensitivity 

 Vibration perception threshold (VPT) was examined to illustrate changes in skin 

sensitivity, and also as a way to selectively examine individual afferent types.  FA afferents are 

most easily activated by high frequency vibrations, while SA afferents respond preferentially to 

low frequency vibration.  Based on tuning curves created through microneurography, it has been 

shown that each afferent type has a specific range of frequencies to which it is most sensitive.  

While there is considerable overlap between the range to which each afferent can respond, 

different frequencies are often used in an attempt to selectively activate, as much as possible, one 

type of receptor.  The frequency range 0.5-25Hz is believed to largely activate SA receptors, 8-

64Hz will activate FAI afferents and 64-400Hz will activate FAII receptors (see sections 1.1 and 

1.2).  Based on this, three frequencies were chosen in an attempt to isolate activation of the 

different cutaneous afferents. 

 

A B 
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 250Hz – FAII afferents 

 40Hz – FAI afferents 

 3Hz – SA afferents 

All 8 skin sites were tested in random order and frequency was randomized within each 

site. For the sake of time all three frequencies were tested at one location before moving on.  A 

6mm diameter probe was applied perpendicularly with a preload of 1N to each of the skin areas 

except for trials at 250Hz, at which preload was set at 2N.  Subjects had their eyes closed and 

listened to Brownian noise played through headphones during vibration testing to mask the 

sound of the vibrating probe. 

Sinusoidal displacements were superimposed on an initial indentation produced by a 

controlled preload force of 1N for 3Hz and 40Hz and 2N for 250Hz.  These preload forces were 

selected based on pilot data collection in young healthy subjects.  A computer with an analog-to-

digital board was used to collect (sampling frequency 1000Hz) acceleration (model 2221D, 

Endevco, CA, USA) and force data (model 31 load cell, Honeywell, MN, USA).  Preload force 

was adjusted between each frequency as necessary.  Sinusoidal displacements were delivered 

using the moving coil of an electromagnetic vibrator (mini-shaker type 4810, Brüel and Kjaer, 

Naerum, Denmark).  The vibrator was mounted on a movable arm with a gimble socket which 

allowed it to be rotatable in roll, pitch and yaw (Figure 2.3).   Stimuli at the three frequencies (3, 

40, 250) were delivered using a custom made software package (Perry, 2006) and were amplified 

(power amplifier, Type 2718, Brüel and Kjaer, Naerum, Denmark) to generate the displacement 

magnitudes of interest.  Displacement of the probe was sampled at 1000Hz and measured using a 

custom made displacement sensor (model RGH24Z, Renishaw, Glouscestershire, UK) which can 

resolve changes in displacement of 0.5µm. 
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Figure 2.3: Minishaker device and displacement sensor used for VPT 

 

VPTs were determined using a binary search method (Perry, 2006).  At each site, 3 trials 

were performed for each frequency (3Hz, 40Hz, and 250Hz).  Each trial consisted of 11 

iterations (vibratory bursts) which lasted 2 seconds each, and therefore 33- two second iterations 

of a given frequency were performed for each site.  There was approximately 3-15 seconds 

between each iteration, and this inter-stimulus time was randomized by the experimenter so that 

the subject could not predict when the next vibration burst would occur.  Subjects were given a 

trigger and instructed to push it once as soon as any vibration was felt.  Pressing of the trigger 

provided a “true” response (i.e. the vibration was perceived) while not pressing the trigger 

provided a “false” response (i.e. the vibration was not perceived).  If the subject pushed the 

trigger during an interstimulus time when no vibration had been applied within the previous 
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5seconds, this was recorded by the experimenter and was considered a catch trial.  Evaluation of 

these catch trials was obtained visually by watching the subject hold the trigger during testing 

and by listening to an audible click made by the trigger when pressed. 

For each vibratory frequency, the first iteration of each trial was expected to be 

suprathreshold based on previous work (Perry, 2006).  Therefore, the subject was expected to 

always press the trigger during the first iteration of each trial.  During the second iteration, no 

stimulus was sent to the shaker, and therefore it was expected that the subject would not depress 

the trigger during this iteration.  These two trials set the upper and lower limit of perception and 

the remainder of the testing could continue from there. Trial number two also served as a catch 

trial.  The stimulus for the 3rd iteration was always halfway between the first (suprathreshold) 

and the second (no stim).  From this point, the response of the subject (trigger pressed vs. not 

pressed) determined the amplitude of the following stimulus.  For a “true” response, the 

following stimulus would be halfway between the previous amplitude and the amplitude of the 

most recent “false” iteration.  This same pattern was used for a total of 11 iterations.  On the 12
th

 

iteration, the pattern would restart, beginning a new trial.  Between frequencies, the Brownian 

noise was stopped and the subject was informed that the testing at this frequency was complete, 

and informed of the remaining frequencies were to be tested at that site.  This allowed the 

subjects to open their eyes and share any comments with the experimenters, while allowing the 

experimenters the opportunity to verify the preload force for the next frequency. 

The same verbal instructions were given to all subjects prior to the start of vibration 

testing.  Subjects were informed that Brownian noise would be played to mask the sound of the 

vibration, and were asked to remain as still as possible with their eyes closed and be attentive to 

the site being stimulated.   Subjects were instructed that within 5s of the start of the Brownian 
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noise, a vibration may occur, and were to depress the trigger as soon as the stimulus was felt, and 

then release the trigger.  Subjects were also informed that the length of each vibratory burst 

would be 2 seconds long.  They were told that between vibration bursts, there would be a 3-15s 

time interval before the next burst, and that they should continue to keep their eyes closed and 

attend to the site being tested until the next vibratory burst.  Subjects were informed that some of 

the vibrations would be above their threshold for perception, while others would be below their 

threshold for perception.  In an attempt to standardize between subjects and obtain more 

consistent threshold values, subjects were instructed to ONLY push the trigger if they were 90% 

confident or more that a stimulus was actually felt.  No practice trials were conducted prior to 

testing. 

 

2.2.2.2 – Two Point Discrimination (2PD) 

 Two point discrimination (2PD) measures the smallest distance at which two light touch 

stimuli must be presented in order to be successfully distinguished as two distinct points 

(Moberg, 1990).  The 2PD test was originally regarded as an innervation density test of afferent 

fibres , however it has been shown that this measurement is also based on cognitive function 

(Lundborg and Rosén, 2004).  2PD was one of the main tests used by researchers who first 

identified tactile changes in upper limb amputees (Haber, 1958).  Results in the upper limb show 

a decrease in the distance required to distinguish two distinct points (Teuber et al., 1949; Haber, 

1958), which these researchers indicated was likely due to an enlargement of the corresponding 

cortical area.  Recently, it has been shown that experimental reduction in afferent feedback 

through use of topical anaesthetic can result in improved tactile discrimination, which is 

accompanied by changes in the cortical area of the intact region (Björkman et al., 2009). 
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 Two-point discrimination is most commonly performed following hand surgery as an 

assessment of recovery following nerve repair.  This is usually accomplished using a Disk-

Criminator or set of calipers.  Since both of these instruments are hand operated, the major 

problem with the 2PD test is a lack of standardisation of applied pressure and the lack of control 

of pressure of each of the points (Lundborg and Rosén, 2004).  For the current study, a set of 

calipers were customised with a force transducer on each tip, which were connected to a set of 

LEDs to provide online feedback regarding force application. This custom device was called the 

aesthesiometer. Each tip was wired to three LEDs (yellow, green, red) (Figure 2.4).  The yellow 

LED illuminated when the pressure was below 35g, the green LED illuminated when the 

pressure reached the target; between 35-45g, and the red LED illuminated when pressure 

application exceeded 45g.  By observing the LEDs during stimulation, the experimenter could 

ensure that both points were applied at the set force level and that this occurred at exactly the 

same time.  Any trials in which both LEDS did not turn green simultaneously in both on and off 

phases were discarded. 

Figure 2.4 - Custom made caliper device, called the aesthesiometer, used for two point 

discrimination testing 
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 Due to time constraints, only three sites were tested for 2PD; the quadriceps on the 

amputated leg, the tibial site on the amputated leg, and the heel on the intact foot.  The tibial site 

was selected in order to illustrate how interaction with the prosthetic device may alter 2PD, while 

the quadriceps site was selected because it was outside the area of the prosthetic and away from 

the amputation site, therefore changes at this level would likely be due to central rather than 

peripheral changes.  The heel site was tested to provide a comparison with other research which 

has performed 2PD on the foot sole, and also as an opportunity to examine cortical changes 

ipsilateral to the amputation.   

The procedure for applying the aesthesiometer to the skin was as follows: the two points 

were placed in contact with the skin, pressed until the desired force was reached, held for 

approximately 2 seconds, and then removed.  After removal, subjects would respond with “one” 

or “two” indicating how many points were felt.  Subjects were instructed to only respond with 

“two” if they were 90% confident that two stimuli were actually felt.  Subjects were also 

informed that “regularly” only one point would be applied as a catch trial.  Threshold was 

determined as the smallest distance a subject could correctly distinguish as two points on 75% of 

trials.  If a subject responded with “two” on 50% or more of catch trials, their data were 

discarded.  Prior to testing at each site, subjects were given a one point and a two point 

stimulation, to orient them to the site being tested.  Subjects were instructed to close their eyes 

during testing. 

Thresholds were determined using the 4-2-1 method (Dyck et al., 1993).  This method 

involves selection of a specific starting value, and then deviation from this value based on the 

response of the subject.  When the subject gives a positive response (in this case, if the subject 

indicated that two points were felt), the distance between the two points is decreased by a 
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predetermined step size, and when the subject gives a negative response, the distance between 

the two points is increased.  In the 4-2-1 method, the distance would be increased (if not felt) or 

decreased (if felt) by four steps until the point of turnaround; a turnaround point represents a 

point where the subject changes the response from the previous iteration (‘one to two’ or ‘two to 

one’).  When the first turnaround point is reached, the change in distance between iterations 

becomes two steps.  When the second turnaround is reached, the change in distance between 

iterations becomes one step.  For the quadriceps and tibial site, the initial distance was set at 

20mm and the step size was 2mm.  For the heel site, the initial distance was 10mm and the step 

size was 1mm.  These distances for step size and starting iteration were selected based on pilot 

work in young, healthy individuals to obtain accurate yet rapid thresholds for 2PD.   

 

2.2.2.3 – Light Touch Perception 

 Light touch perception was examined at all 8 sites using Semmes-Weinstein 

Monofilaments (North Coast Medical Inc, Gilroy, California, USA).  Monofilaments are small 

nylon strips which buckle under a known force when applied perpendicularly to the skin.  These 

are widely used across many different applications to assess light touch sensitivity.  The 

monofilaments were calibrated on an analytical scale prior to use to ensure that the correct force 

was applied.  A 3-2-1 countdown was provided, and then the monofilament was applied within 

the next 2 seconds and remained in contact with the skin for a total of 2 seconds.  Effort was 

made to keep the rate of application and removal the same between subjects and trials.  Subjects 

were instructed to respond with a “yes” as soon as the stimulus was felt; no response was 

necessary if the stimulus was not felt.  Subjects were informed that catch trials would be 

regularly included in which no stimuli would be applied, and therefore they should be 90% 
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confident in order to give a “yes” response.  At least 1 catch trial was presented randomly during 

the testing of each site.  Data were discarded if a subject gave a “yes” response on 50% or more 

of catch trials.  Thresholds were determined using the 4-2-1 method (Dyck et al., 1993) with a 

step size of one monofilament.  Threshold was determined as the lowest monofilament which 

could correctly be perceived 75% of the time. 

 

2.2.3 – Gait and Balance Testing 

 

2.2.3.1 – Functional Reach 

 The functional reach task was included to provide a measure of the subjects’ ability to 

maintain balance.  This was defined by the subject’s ability to keep their centre of mass within 

the base of support during a reaching task.  This test was developed by Duncan and colleagues 

(1990) and is defined as “the maximal distance one can reach forward beyond arm’s length while 

maintaining a fixed base of support in the standing position.”  This test has been used in a variety 

of populations to examine the subject’s willingness to extend the centre of mass close to the base 

of support, thus challenging stability, and lower reach distance has shown to be correlated with 

falls in the elderly (Duncan et al., 1990; Duncan et al., 1992). 

 During the functional reach task, subjects stood on a forceplate (model OR6-6, AMTI, 

Watertown MA) with the feet a comfortable distance apart.  Subjects were instructed to raise 

their arm until it was parallel to the ground and then reach as far forward as comfortable without 

letting their feet come off the plate, and then return to the standing position immediately (Figure 

2.5).  Amputees were instructed to reach with the arm contralateral to the amputated limb, while 

control subjects reached with a self-selected arm.  No instructions were given regarding any 

http://wizfolio.com/?citation=1&ver=3&ItemID=428&UserID=18445&AccessCode=CACDF52F8B88481396499C066475A9F1&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=635&UserID=18445&AccessCode=27FE6A83BBEF4B4CA1323B0027BE92A7&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=635&UserID=18445&AccessCode=27FE6A83BBEF4B4CA1323B0027BE92A7&CitationSuffix=
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strategy on how to perform the reach, only that the feet must not move off the plate.  Amputee 

subjects wore their prosthetic device and associated footware, and control subjects wore shoes 

during the reach.  The forceplate was oriented such that the positive y-direction was forward, the 

positive x-direction was to the left, and the positive z-direction was down relative to the subject.  

Forces and moments were sampled at 100Hz (CED 1401MKI, Cambridge Electronic Design, 

Cambridge UK) and video were recorded in the sagittal plane at a sampling rate of 30Hz 

(PowerShot XI, Canon, Japan) from approximately 2 seconds before the reach was initiated until 

1 second after the subject had resumed the initial position.  Two separate reaches were recorded. 

 

Figure 2.5 – Functional reach performed by control subject.  Reach distance defined by 

horizontal difference between tip of 3
rd

 digit at rest and at end of reach. 

 

2.2.3.2 – L-Timed-Up-And-Go 

 The L-Timed-Up-And-Go (L-TUG) is a variation of the Timed-Up-And-Go test 

developed by Deathe and Miller (2005) specifically for work with amputees.  The L-TUG 

provides a slightly more challenging task than the traditional timed-up-and-go, and is therefore 

better suited for more functional, young amputees who are the target population of this study 

(Deathe and Miller, 2005). 

http://wizfolio.com/?citation=1&ver=3&ItemID=433&UserID=18445&AccessCode=F138847074464421B41B0E0C277359EC&CitationSuffix=
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 During the L-TUG, the subject was asked to rise from a seated position in an armless 

chair, walk 5m to a spot marked on the floor, turn 90° to the right, walk 5m to another mark on 

the floor, turn 180°, and return along the same path to sit in the same chair.  The total distance 

covered in the task was 20m with a total of 3 turns and 2 transfers between standing/sitting.  The 

subjects were instructed to complete the task at a self-selected pace, and time to complete was 

recorded on a stopwatch; time was started on initial movement of the subject out of the chair and 

was stopped upon termination of movement when sitting.  The L-TUG was completed twice by 

each subject. 

 

2.2.4 – Skin Characteristic Measurement 

 Skin temperature was measured using a digital infrared thermometer (THS841-065 

Combo Thermometer, ThermoWorks, Orem, UT, USA) at all sites during vibration testing.  Skin 

hardness was assessed with a Durometer.  The Durometer is a handheld device which contains a 

spring of known resistance.  The Durometer is placed perpendicular and is lightly balanced so 

that it remains perpendicular to gravity.  Deformation of the spring provides an indication of the 

resistance of the skin to deformation and is given in arbitrary units; high values indicate hard 

skin while low values indicate soft skin.  Skin condition was also assessed for callus or skin 

damage visually by the investigators.   
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2.3 – Data Analysis 

 

2.3.1 – Dependant Variables 

Peak-to-peak probe displacement was measured with a custom made displacement 

sensor.  For each trial, the final iteration which was perceived by the subject was considered the 

threshold iteration.  Peak-to-peak displacement of the probe was averaged using the threshold 

iteration of the 3 repeat trials at a given frequency. This provided a single absolute threshold 

value for each frequency and site for each subject.  In an effort to compare the differences in 

threshold between hairy skin sites and glabrous skin (the heel) at various frequencies, the 

normalised threshold was also calculated using the following equation: 

              (
                           

             
     ) 

This result, called the normalized threshold effectively normalises the increase in threshold of a 

hairy skin site to the heel (lowest threshold) at the same frequency and can be interpreted as the 

percent increase in threshold compared to the heel at that frequency.  Therefore, based on this 

equation, the heel will always provide a value of 0%.  This provides an illustration of how 

elevated each hairy skin site is relative to the glabrous skin at that same frequency. 

Monofilament thresholds were defined as the lowest monofilament force (g) which was 

perceived on 75% of trials.  Two point discrimination thresholds were defined as the minimum 

distance (mm) that could be successfully distinguished as two separate points on 75% of trials. 

 The functional reach was videotaped in the sagittal plane.  Reach distance was calculated 

in LoggerPro (Vernier Software & Technology, Beaverton, OR, USA) as the horizontal distance 

from the tip of the third digit when the arm was held out to the tip of the third digit at the end of 
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the reach.  Measurements from the two reaches were averaged for analysis.  Centre of pressure 

(CoP) in the antero-posterior direction was calculated from forceplate data using the equation: 

       
  

  
.  Quiet stance baseline values were averaged over 200ms and subtracted from every 

subsequent cell to zero the data.  CoP excursion was determined as the max anterior distance of 

the CoP during the functional reach. Measurements from the two reaches were averaged for 

analysis. 

 Time to complete the L-Timed-Up-And-Go was measured in seconds from the first onset 

of movement throughout the walk until the subject was firmly seated back in the chair.  The time 

from two trials was averaged. 

 

2.3.2 – Statistical Analysis 

 Data were analysed for normality using the Shapiro-Wilk test. Homogeneity of variance 

was assessed using Levene’s test for two sample analyses and Bartlett’s test for greater than two 

sample analyses.  When data were indicated as non-parametric (due to lack of normality or 

homogeneity of variance), non-parametric analyses including the Mann-Whitney U test (for two 

sample data) and Wilcoxon signed rank test (for more than two sample data) were used.  For 

comparisons in which data from all sets were normally distributed and homogeneity of variance 

was confirmed, paired t-tests and repeated measures ANOVA were used.  Individual 

comparisons were made based on a priori hypothesis using the appropriate tests (non-parametric 

vs parametric).  Specifically, non-parametric Mann-Whitney U tests were used to compare main 

effect of frequency in controls at 3Hz and 40Hz. Mann-Whitney U was also used to compare 

VPT of diabetic amputees and controls at 40Hz.  Parametric one way repeated measures 

ANOVAs were used within controls for comparison of VPT across site within 3Hz and 40Hz 
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(each frequency was analysed individually) and a Mann-Whitney U test was used to compare 

heel and tibia site at 250Hz.  Non-parametric Wilcoxon’s signed rank test was used to compare 

VPT across sites at 40Hz in amputee subjects.  Where statistical comparison was not possible 

due to low subject size or ceiling effects, trends were described.  When comparisons are made 

between amputees and controls, the dominant leg (right) of controls was compared with the 

intact leg of amputees, and the non-dominant leg (left) of controls was compared with the 

amputated limb.  For comparisons across site within controls, left and right side were compared 

using paired t-test.  No statistical differences were found (p>0.05) and therefore left and right 

sides were grouped together.  Similarly, no significant differences were observed between medial 

and lateral calf (p>0.05) and these sites were grouped together for further analysis within group. 

For comparisons using the traumatic amputee, trends were assessed visually using standard 

deviation and mean values. 
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Chapter 3 – Results 

 

 The aim of this research was to examine skin sensitivity changes in the residual limb of 

trans-tibial amputees (TTA) compared to the intact limb and to a healthy control population.  

Examination of sensitivity with monofilaments allowed us to observe potential changes in 

perception of light force, which can be related to perception of pressure within the prosthetic 

interface, the identification of which is important for proper loading during balance and gait.  

Vibration perception testing allowed us to examine the subjects’ ability to perceive velocity of 

skin contact which is related to slips across the skin surface. This innovative tool also enables us 

to examine relative differences in sensitivity across different skin receptor types by using 

different frequencies, which allows us to examine if changes in sensitivity are restricted to one 

type of afferent or it they are observed across multiple afferent types.  The use of the two-point 

discrimination (2PD) technique provides information on the sensory acuity in the residual limb 

area, which has been previously measured in upper limb amputees and has been shown to change 

as a result of cortical reorganisation.  Finally, functional balance measures were examined in the 

current project to illustrate the importance of skin sensory feedback in proper balance and gait 

control.   

 

3.1 – Subject Characteristics 

 Overall, 30 TTAs were contacted (24 by phone, 6 by email) and invited to participate in 

the research study.  Five TTAs (Table 2) agreed to participate and were examined, however data 

from one subject was discarded due to positive response on >50% of catch trials during all three 

perception test modalities.  Six healthy control subjects were recruited from the University of 

Guelph population; the best age-matched (i.e. four oldest) control subjects were used for 



56 
 

analysis.  Since skin sensitivity has been shown to be affected by age (Wells et al., 2003; Perry, 

2006) it was important that healthy control subjects were age-matched (  ̅controls = 54.3±6.6 years; 

  ̅amputees = 57.5±10.1 years, p=0.6128) (Table 3.1). 

Table 3.1: Subject characteristic summary 

Subject Age Type of 

Amputation 

Time Since 

Amputation 

Amputated/Dominant 

Limb 

Controls 

Subject 1 56  Right 

Subject 2 46 Right 

Subject 3 62 Right 

Subject 4 53 Right 

Amputees 

Subject 5 59 Diabetes 2 years Right 

Subject 6 71 Diabetes 2 years Right 

Subject 7 52 Traumatic 18 years Right 

Subject 8 48 Diabetes 20 years Left 

 

3.2 – Skin Properties  

Durometer measurements were shown to be non-normal using Shapiro-Wilks test 

(p<0.05) and therefore were analysed non-parametrically.  No difference was seen when 

amputees were compared to controls (chi squared = 0.1879).  Wilcoxon’s signed rank test for site 

showed a significant difference (chi square<0.05).  This was further examined by performing a 

Mann-Whitney U test on the site with the highest durometer value (heel) compared to the second 

highest durometer value (lateral calf) which showed the two were significantly different (chi 

square<0.05).  Only one comparison was performed so that Bon Ferroni correction was not 

http://wizfolio.com/?citation=1&ver=3&ItemID=343&UserID=18445&AccessCode=08AE2C6EDE904F0A8934F1ACFA24D2F3&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=343&UserID=18445&AccessCode=08AE2C6EDE904F0A8934F1ACFA24D2F3&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=338&UserID=18445&AccessCode=C2261F01ED5C45EDA899021769ABB647&CitationSuffix=
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necessary.  It is notable that the heel is also harder than all other sites (Figure 3.1).  Anecdotally, 

the heel generally had more callus compared to all other skin sites.  

 

Figure 3.1 – Durometer measurement for skin hardness (arbitrary units).  Grey bars represent 

mean value (standard deviation).  Heel is significantly harder than lateral residual (chi 

square<0.05). It is also notable that the heel is higher than all other sites which show similar 

magnitude and standard deviation.  “A tib” and “I Tib” indicate the amputated and intact tibia 

sites respectively. 

  

Temperature data were not normally distributed based on Shapiro-Wilks tests (p<0.05) 

and therefore significance was determined using chi square analysis.  Amputees (  ̅= 

28.8±2.49ºC) had significantly lower skin temperature compared to controls (  ̅=30.9±2.2ºC) 

(chi square=0.0004).  There were no significant differences in temperature across any site within 

controls (chi square=0.6829).  Within amputees, temperature was also non-significant between 

sites (chi square=0.0806).  The largest difference in temperature between sites within amputees 

was between the heel (  ̅= 25.7±3.5ºC) and quadriceps (  ̅= 31.1±1.3ºC). 
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 3.3 – Ceiling Effects Observed During Tactile Sensation Tests 

Sensitivity is reported here in terms of threshold for perception.  When threshold values 

are low, the subject was able to perceive stimuli at very low intensity, and therefore reflects high 

sensitivity.  When threshold values are high, the subject was only able to perceive high intensity 

stimuli, and therefore sensitivity is low.  For example, vibration perception thresholds (VPT) 

illustrate the peak-to-peak displacement of the probe required for perception; thus, high values 

represent a large displacement required for the stimulus to be perceived, indicating low 

sensitivity. 

 

3.3.1 – Ceiling Effects in Vibration Perception Testing 

An important limitation occurred during vibration data collection testing.  Based on the 

design of the threshold program (Perry, 2006), the first iteration of each trial must be perceived 

by the subject for the trial to continue, and therefore, the first iteration of every trial was 

expected to be suprathreshold.  Suprathreshold values were set based  on previous experiments in 

the foot sole using the same program (Perry, 2006; Strzalkowski et al, in preparation) and pilot 

testing in young, healthy subjects.  Due to our subject population and the unique location of 

testing (hairy skin of the leg), some experimental subjects illustrated an inability to perceive the 

first iteration of a given trial, and therefore could not perceive the largest displacement capable 

of being delivered by the program at that given frequency (Table 3.2).  If the subject was unable 

to perceive the first iteration of a given trial five times consecutively, the frequency for that site 

was abandoned.  For data analysis, displacements of the probe during 3 missed trials which were 

not perceived were averaged and that value was used as threshold.  Therefore, the presence of 

this ‘ceiling effect’ restricts us from determining the ‘true’ threshold value of that individual; we 

can only conclude that the true threshold value is somewhere above the recorded value, but 

http://wizfolio.com/?citation=1&ver=3&ItemID=338&UserID=18445&AccessCode=C2261F01ED5C45EDA899021769ABB647&CitationSuffix=
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cannot establish its magnitude.  Due to this ceiling effect, statistical analysis was limited to 

groups and frequencies in which no subjects exhibited any ceiling effects.  Therefore, the only 

blocks that could be statistically analysed were: controls (3Hz and 40Hz) and amputees (40Hz).  

Data from all other blocks (Control 250Hz, Amputee 3Hz and 250Hz) will be described based on 

trends and any statistics performed in these blocks are purely descriptive.  Ceiling effects in each 

group are summarised in Table 3.2. 

Table 3.2 – Illustrates which proportion of each group exhibited ceiling effects and at what site 

and frequency during vibration testing.  Values are displayed as the percent of subjects that fall 

in each group.  *MF denotes ceiling effect observed for monofilaments. 

  Amp 

Tib 

Intact 

Tib 

Heel Quad Lat 

Residual 

Med 

Residual 

Lat 

Calf 

Med 

Calf 

3Hz 
Amputee 0 0 50 0 0 25 25 25 

Control 0 0 0 0 0 0 0 0 

40Hz 
Amputee 0 0 0 0 0 0 0 0 

Control 0 0 0 0 0 0 0 0 

250Hz 
Amputee 75 50 50 50 50 75 50 25 

Control 0 0 0 25 100 75 25 75 

*MF 
Amputee 0 0 75 0 25 25 0 0 

Control 0 0 0 0 0 0 0 0 

 

3.3.2 – Ceiling Effects in Monofilament Testing 

 The largest monofilament in a complete set of Semmes-Weinstein monofilaments has a 

maximum force of 300g.  All control subjects had perception thresholds below this force at all 

sites; however 75% of amputee subjects were unable to perceive this monofilament during 

stimulation of at least one site (Table 3.2).  This was most commonly observed at the heel (all 

three diabetic subjects), and was also observed in the amputated residual limb of one diabetic 

subject (Subject 5). 
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3.3.3 – Ceiling Effects in Two-Point Discrimination 

 Two-point discrimination (2PD) is usually recorded using a Disk-Criminator or calipers, 

both of which are hand held tools and do not control the force of application of each of the 

points, or the timing of application to ensure the two points are delivered simultaneously.  The 

custom built aesthesiometer used in the current work (Figure 2.4) was equipped with a force 

readout which indicated when each tip had reached the required force and therefore provided 

control of force and timing of application. These modifications may improve the reliability of the 

2PD test as a true measure of sensory acuity, as subjects are less likely to obtain information of 

whether one or two points were applied based on differences in force or timing (Lundborg and 

Rosén, 2004).  However, due to the fact that some amputee subjects had very high force 

thresholds (section 3.5.1.1) they were not sensitive enough to perceive the calibrated force 

delivered by the aesthesiometer (of 45g).  In these subjects, when the aesthesiometer was 

applied, the subjects were unable to perceive any stimulus, and therefore were not able to 

establish if there were one or two points.  As a result no 2PD data were collected at these 

‘insensitive’ sites for these subjects.  This was observed in the heel of all diabetic amputees and 

in the tibia of two diabetic subjects (Subject 6 and Subject 8) (Table 3.3 – section 3.5.1.1 – p72). 

 In addition to the limitation that some amputee subjects were unable to perceive the force 

delivered by the aesthesiometer, the device was limited by the maximum distance (48mm) of 

separation of the two points.  In some subjects, the 2PD threshold (i.e. the distance of separation 

required for the subject to detect two distinct points) was larger than this 48mm maximum, and 

therefore a ceiling effect was observed.  Thus, the subjects were able to detect the stimulus, 

however they were unable to distinguish two points even at 48mm.  In this case, we report a 

http://wizfolio.com/?citation=1&ver=3&ItemID=346&UserID=18445&AccessCode=F568693E437E4F6D8AA557A513783D23&CitationSuffix=
http://wizfolio.com/?citation=1&ver=3&ItemID=346&UserID=18445&AccessCode=F568693E437E4F6D8AA557A513783D23&CitationSuffix=
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threshold value of 48mm, which underestimates the subject’s true threshold value.  Similar to 

VPT and monofilaments, we cannot evaluate the magnitude of true perception threshold; only 

that it is greater than 48mm.  This was observed in the hairy skin sites of both control and 

amputee subjects (Table 3.3 – section 3.5.1.1 – p72). 

 

3.4 – Tactile Sensation within Control Subjects 

 Overall, control subjects showed lower perception thresholds in the heel compared to 

sites in the hairy skin.  For vibration and monofilament testing, no significant differences 

(p>0.05) were observed between left (non-dominant) and right (dominant) limb and therefore left 

and right sites were pooled for further analysis.  Thus, right medial calf was pooled with left 

medial calf, right lateral calf was pooled with left lateral calf, and right tibia was pooled with left 

tibia.  Similarly, no differences were observed between medial and lateral calf (p>0.05) and 

therefore these were pooled to yield one calf site for further analysis.  Power analysis indicated a 

risk of conducting a type II error in this case, and therefore a second analysis comparing medial 

and lateral was performed including 2 additional control subjects (not age matched with 

amputees).  This improved the power to just below 80%, and still no differences were seen 

between medial and lateral sides.  Therefore, a total of four sites remained for comparison within 

controls; heel, quadriceps, tibia and calf.  For these control subjects, ceiling effects were 

observed for some subjects at a number of sites during 250Hz vibration and for 2PD. These are 

broken down further below. 
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3.4.1 – Vibration Sensitivity in Controls 

3.4.1.1 – Frequency Effects 

A trend was observed in which VPT decreased with increasing frequency.  VPT of 

control subjects was significantly higher at 3Hz compared to 40Hz (chi square < 0.0001) and this 

trend was observed across all sites (Figure 3.2).  The average VPT at 3Hz was 279.1µm (±33.8), 

433.7µm (±59.1), 560.4µm (±44.8) and 386.7µm (±58.2) for the heel, tibia, calf and quadriceps 

respectively.  At 40Hz, these average thresholds were 56.0µm (±18.6), 120.1µm (±23.8), 

113.9µm (±26.5) and 175µm (±31.7) respectively.  At 250Hz, one subject (Subject 3) illustrated 

ceiling effects in the quadriceps, while all subjects exhibited ceiling effects for at least two calf 

sites, making it not possible to compare these sites at 250Hz with similar sites at 3Hz and 40Hz 

(Table 3.2).  At 250Hz VPT at the heel (  ̅ = 4.1±2.4µm) and tibia (  ̅=12.3±5.8µm) did not 

show any ceiling effects. Both supported the trend line with a decreased threshold compared to 

the same sites at 3Hz and 40Hz. 

 

Figure 3.2 – Vibration perception thresholds for each site in control subjects at all frequencies.  

Average at 3Hz is significantly higher than average at 40Hz (chi square<0.05).  Note that ceiling 

effects were observed in the calf and quadriceps at 250Hz, therefore these values underestimate 

true threshold.  Symbols represent mean threshold at that site for all control subjects (n=4). 
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3.4.1.2 – Site Effects 

 Differences between sites (heel, tibia, calf, quad) were analysed separately for each 

frequency.  At all three frequencies examined, the heel showed the lowest VPT compared with 

all three hairy skin sites, indicating higher sensitivity in the glabrous skin.  At 3Hz and 40Hz, 

data across sites illustrated normality as assessed with Shapiro-Wilks (3Hz p=0.4959; 40Hz 

p=0.7363) and homogeneity of variance via Bartlett’s test (3Hz p=0.8034; 40Hz p=0.8616); 

therefore parametric one way repeated measures ANOVAs were used. 

 At 3Hz, there was a significant effect of site (p<0.0001). The heel had the lowest average 

VPT (  ̅= 279.1±33.7µm) which was significantly lower than the quadriceps (386.7±58.2µm), 

tibia (  ̅ = 433.7±59.1µm) and calf (  ̅= 560.4±44.8µm) (p<0.05).  When the hairy skin sites 

were compared to one another, there was no significant difference between the quadriceps and 

the tibia, but both quadriceps and tibia were significantly lower than the calf (p<0.05) (Figure 

3.3). 

 

Figure 3.3 – Vibration perception threshold at 3Hz for control subjects (n=4).  All sites were 

significantly different from each other except tibia and quadriceps (p<0.05).  Grey Bars represent 

mean VPT, error bars represent standard deviation. 
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 At 40Hz, there was a significant effect of site (p=0.0003). The heel showed the lowest 

threshold of all the sites at 40Hz (  ̅= 56.0±18.6µm) and was significantly lower than all other 

sites (Figure 3.4; p<0.05).  Comparison of hairy skin sites at 40Hz was slightly different than at 

3Hz; no significant difference was seen between the calf (  ̅=113.9±26.5µm) and the tibia (  ̅= 

120.1±23.8µm), however both were significantly lower than the quadriceps (  ̅= 175.3±31.7µm). 

 

 

Figure 3.4 – Vibration perception threshold at 40Hz for control subjects.  All sites were 

significantly different from each other except tibia and calf (p<0.05). Grey bars represent mean 

VPT, error bars represent standard deviation. 

 

 Analysis at 250Hz was limited due to ceiling effects observed at the quadriceps and calf.  

Since only the heel and tibia did not show any ceiling effects at this site, they were compared 

with a non-parametric Mann-Whitney U test and the VPT at the heel (  ̅= 4.1±2.4µm) was 

significantly lower than the tibia (12.3±5.8µm) (chi square<0.05) (Figure 3.5).  The quadriceps 
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(  ̅= 20.3±6.9µm) and calf (  ̅= 28.7±2.0µm) showed the highest VPT at 250Hz.  It is important 

to note that due to ceiling effects the true values of VPT at 250Hz for the quadriceps and calf are 

higher than those reported. 

 

Figure 3.5 – Vibration perception thresholds at 250Hz for controls.  Heel was significantly lower 

than tibia (chi square<0.05).  Statistical analysis was not performed on calf and quadriceps due to 

ceiling effects. Grey bars represent mean VPT, error bars represent standard deviation. 

  

The normalised threshold was calculated in an attempt to illustrate the increase in 

threshold at each of the hairy skin sites relative to the heel (glabrous skin).  These normalized 

threshold values represent the percent increase in threshold of the hairy skin site relative to the 

heel at the same frequency.  A value of 0% would indicate that the VPT of that hairy skin site 

was not different from the heel, while a value of 100% would indicate the VPT of the 

corresponding hairy skin site was double that of the heel.  We were particularly interested in 

examining if the percent increase of a hairy skin site was similar across all frequencies tested. 

Essentially, was the decline in sensitivity at a specific hairy site similar for each type of afferent?  
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 All three hairy skin sites illustrated an increase in normalised threshold as the frequency 

increased.  In essence, sensitivity in the hairy skin was lower than glabrous, and higher 

frequencies showed the largest discrepancy. For the tibial site, average normalised threshold 

increased from 56.8% (±28.0) at 3Hz to 130.2% (±86.1) at 40Hz and 262.9% (±225.8) at 250Hz 

(Figure 3.6).  A similar trend was observed for both the quadriceps and the calf as frequency 

increased from 3Hz (quadriceps   ̅= 41.8±36.6%; calf   ̅= 101.7±13.9%) to 40Hz (quadriceps 

  ̅= 224.3±55.3%; calf   ̅= 123.0±98.4%) and 250Hz (quadriceps   ̅= 570.3±430.6%; calf   ̅= 

796.7±543.9%).  It is important to note that due to ceiling effects observed in the quadriceps and 

calf at 250Hz, these percentage increases compared to glabrous skin underestimate the actual 

increase if true threshold was recorded. 

 

Figure 3.6 – Normalised perception threshold of hairy skin sites in control subjects.  Hairy skin 

thresholds are presented as a percentage increase relative to heel threshold.  The increase in VPT 

relative to heel is lowest at 3Hz and highest at 250Hz. At 250Hz increase in threshold is highest 

for quadriceps and calf.  Ceiling effects were observed for quadriceps and calf at 250Hz, 

underestimating actual percent increase in VPT.  Bars represent mean VPT, error bars represent 

standard deviation. 
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3.4.2 – Monofilament Sensitivity in Controls 

 Monofilament data for controls was not normally distributed (Shapiro-Wilks p<0.05) and 

therefore non-parametric Wilcoxon’s test was used for analysis.  No significant difference 

existed between sites (chi square = 0.1236) (Figure 3.12). 

 

3.4.3 – Two-Point Discrimination in Controls 

 Two point Discrimination (2PD) threshold distance was lowest at the heel in control 

subjects, with an average threshold of 16mm (±6.0).  The average threshold distance at the tibia 

and quadriceps were 42.5mm (±7.5) and 32mm (±15.2) respectively, however at least one 

subject illustrated ceiling effects at these sites (max distance 48mm), resulting in underestimation 

of true threshold distance, and therefore statistical analysis was not performed (Table 3.3 – 

Section 3.5.1.1 – p73).  No ceiling effect for 2PD was observed in the heel of control subjects, 

suggesting 2PD is lowest in the heel compared to hairy skin sites. 

 

3.5 – Tactile Sensation in Amputee Subjects 

 When examining data from amputees, it was apparent that diabetic and traumatic 

amputees illustrated different trends. As a result it was necessary to assess them as individual 

groups. When the two classes of amputee were compared to one another, the traumatic amputee 

demonstrated lower VPT values compared to the diabetic amputees; at 250Hz and 40Hz this was 

apparent across all sites, however at 3Hz, the tibial and quadriceps sites were similar in the two 

groups, but the threshold at the remaining sites were lower in the traumatic.  For monofilaments, 

diabetic amputees showed higher thresholds at all sites except the quadriceps compared to the 

traumatic amputee.  Based on these observations and a priori hypothesis that diabetic amputees 
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and traumatic amputees would show differences in skin sensitivity, these groups were broken 

into sub-classifications for further examination (Figure 3.7). 

 

 

Figure 3.7 – Box plot of threshold of amputee subjects compared to controls at each frequency 

when broken into sub-classification.  Each box plot is based on all observations for that group at 

a given frequency and is collapsed across sites.  Bar in middle of box represents median.  Top 

and bottom of box are 75
th

 and 25
th

 quartiles respectively.  Top whisker represents maximum 

value, bottom whisker represents minimum value.  Note logarithmic scale.  Diabetic amputees 

show significantly higher threshold at 40Hz compared to controls (chi square<0.05)*.  Control 

subjects have significantly lower threshold at 40Hz compared to 3Hz (chi sqaure<0.05)**.   

Number of subjects for each group: control n=4; diabetic n=3; traumatic n=1. 
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3.5.1 – Diabetic Amputee Sensation 

 

3.5.1.1 – Frequency differences within Diabetics 

For diabetic amputees, both 3Hz and 250Hz showed ceiling effects, limiting the 

observations that can be made.  In diabetics, threshold at 3Hz was higher in all sites compared to 

the same sites at 40Hz.  Since ceiling effect results in an underestimation of true threshold at 

3Hz, we can be confident that the true threshold is higher at 3Hz than 40Hz.  At 250Hz, at least 

one diabetic subject illustrated ceiling effects at all sites, and therefore the actual magnitude of 

VPT at 250Hz cannot be compared to 40Hz (Figure 3.7). 

 

3.5.1.2 – Site Differences within Diabetics 

 In all skin sensitivity measurements (VPT and monofilaments), diabetic amputees 

showed a trend in which the heel had the highest thresholds and lowest threshold was observed at 

the quadriceps. 

 For vibration testing at 3Hz, the highest thresholds were observed at the heel 

(  ̅=1198.5±278.3µm) and the lowest thresholds were observed at the quadriceps (  ̅= 

436.9±229.4µm).  When comparing the sites within the prosthetic to homologous sites on the 

intact limb, the tibial sites were similar on both legs (intact   ̅= 720.6±501.6µm; amputated   ̅= 

850.1±272.4µm) which was the same trend observed for the medial (intact   ̅= 1052.6±615.0µm; 

amputated   ̅= 917±394.2µm) and lateral (intact   ̅= 1030.9±275.4µm; amputated   ̅= 

998.9±173.3µm) base of the residual limb.  A trend was observed where more distal sites had 

higher thresholds than more proximal sites, and VPT decreased as sites progressed more 

proximally towards the trunk (Figure 3.8).  It should be noted that ceiling effects were observed 
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at the heel in 2 of the 3 diabetic amputees as well as once for the medial residual, lateral calf and 

medial calf (Table 3.2) at 3Hz.  This would result in underestimation of threshold values at these 

sites. 

 

Figure 3.8 – Vibration perception thresholds for diabetic amputees at 3Hz.  Locations are plotted 

in a distal to proximal fashion (left to right). A trend shows a decrease in perception threshold as 

the site moves from the periphery (heel) toward to the trunk.    For sites that are at the same level 

(i.e. calf sites), the amputated side is on the left. No statistical analyses were performed due to 

ceiling effects. Dots represent mean values for each site, error bars indicate standard deviation. 

 

 No ceiling effects were observed at 40Hz in amputee subjects, and data were shown to be 

normal (Shapiro-Wilks p=0.4578) and homogenous for variance (Bartlett’s p=0.8779).  

Therefore, a one way repeated measures ANOVA was used to examine differences between sites 

at 40Hz.  Similar to 3Hz, a trend was observed in which the heel had the highest threshold (  ̅= 

614.4±125.7µm) while quadriceps (  ̅= 180.1±80.0µm) and the medial calf (  ̅= 

178.2±136.3µm) had the lowest threshold, however this did not reach significance (p=0.0588) 

(Figure 3.10).  No trends were seen when comparing VPT at sites within the prosthetic to 

homologous sites on the intact limb at 40Hz.  These sites include the tibia (amputated   ̅= 
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354.1±200.1µm; intact   ̅=249.4±186.4µm) medial residual (  ̅=284.0±228.5µm) compared to 

medial calf (  ̅= 178.2±136.4µm) and lateral residual (  ̅= 265.1±102.2µm) compared to lateral 

calf (  ̅= 304.8±228.5µm).  Analysis between sites at 250Hz was not conducted due to high 

prevalence of ceiling effect observed in diabetic amputees at this frequency (Table 3.2). 
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A similar trend was seen in monofilament stimulation to that observed in VPT, where the 

heel showed the highest threshold (300±0g) (Figure 3.9).  This provides an underestimation of 

the actual heel monofilament threshold, as all three diabetic amputees were unable to perceive 

the largest monofilament.  The quadriceps had the lowest monofilament threshold (1.0±0g), 

similar to trends seen during VPT.  When comparing homologous sites of the intact and 

amputated limbs, a trend was observed in which the amputated limb had higher thresholds at the 

tibia (amputated   ̅=100±69.2g; intact   ̅= 42.3±51.4g) medial residual (amputated 

  ̅=108.3±166g; intact   ̅=62.8±101.5g) and lateral residual site (amputated   ̅= 122±156.4g, 

intact   ̅= 64±100.4g).  The average difference between the amputated and intact limbs across all 

sites was 59.3g (±4.4), indicating that the amputated limb required on average an additional 59 

grams of force for perception to occur. 

 

Figure 3.9 – Monofilament thresholds for diabetic amputees arranged with most distal sites on 

the left and proximal sites on the right.  Trend shows increased thresholds on the amputated limb 

compared to the intact limb.  Statistical analyses were not performed due to ceiling effects.  

White bars indicate mean threshold, error bars indicate standard deviation.  No standard 

deviation indicated for the heel as all three diabetic subjects illustrated ceiling effect at this site. 
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Two-point discrimination (2PD) could not be examined in diabetic amputees due to 

prevalence of the no sensation effect, in which subjects were unable to perceive the calibrated 

force delivered by the aesthesiometer (Table 3.3). 

Table 3.3 – Two-point discrimination thresholds across all control and amputee subjects. 

Distance indicated in mm. Distance ceiling effect and no sensation (not enough force to generate 

a percept at max force) are indicated in the table. 

 Quadriceps Tibia Heel 

Controls 

Subject 1 42 48 (ceiling) 17 

Subject 2 18 42 16 

Subject 3 48 (ceiling) 48 (ceiling) 28 

Subject 4 20 32 15 

AVERAGE 32 42.5 19 

Standard Deviation 15.2 7.5 6.1 

Amputee 

Subject 5 (diabetic) 48 (ceiling) 48 (ceiling) No sensation 

Subject 6 (diabetic) 12 No sensation No sensation 

Subject 7 (traumatic) 28 34 22 

Subject 8 (diabetic) 48 (ceiling) No sensation No sensation 

AVERAGE 34 41 22 

Standard Deviation 17.5 9.9 N/A 

 

3.5.1.3 – Comparison of Diabetic Amputees with Controls 

 Diabetic amputees had elevated thresholds compared to controls in both VPT and 

monofilament thresholds, indicating a decrease in sensitivity.  Increased VPT at 3Hz (Figure 

3.10) and 40Hz (Figure 3.11) as well as increased monofilament thresholds (Figure 3.12) were 

seen in all sites except for the quadriceps VPT thresholds were also elevated at 250Hz at the tibia 

and heel of amputees, but other sites were not inspected due to ceiling effects in both groups 

(Table 3.2) 
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For diabetic amputee comparison with controls which was not statistically analysed, a 

trend was seen where diabetics had higher thresholds for all measurements including 3Hz 

(Figure 3.10) and 250Hz VPT and monofilament threshold (Figure 3.12).  This was seen at all 

sites for 3Hz and monofilament testing.  A similar trend was seen at 250Hz, as VPT were higher 

for the tibial sites and heel, however both groups had ceiling effects at the quadriceps and calf 

and therefore could not be compared for these sites. 

 

Figure 3.10 - Comparison of 3Hz VPT of diabetic amputees and control subjects.  Diabetic 

amputees had higher thresholds compared to controls at all sites except the quadriceps. 

 

 Due to ceiling effects at 3Hz, 250Hz and monofilaments, statistical analysis was only 

performed to compare diabetic amputees and control subjects at 40Hz.  Data showed a non-

normal distribution (Shapiro-Wilks p<0.0001) and unequal variance (Levene’s p<0.0001) and 

was therefore analysed using non-parametric Mann-Whitney U.  VPT at 40Hz was significantly 

higher in the diabetic amputees compared to controls (chi square<0.0001).  As mentioned, this 

0

200

400

600

800

1000

1200

1400

1600

1800

A Tib I Tib Heel Quad Lat Resid Med Resid Lat Calf Med Calf

P
e

rc
e

p
ti

o
n

 T
h

re
sh

o
ld

 (
µ

m
) 

Controls 3Hz Diabetics 3Hz



75 
 

trend was observed for all sites except the quadriceps, where threshold values were similar 

between the two groups (control   ̅=175.3±31.7µm; diabetic   ̅=141.3±102.0µm) (Figure 3.10). 

 

Figure 3.11 - Comparison of 40Hz VPT of diabetic amputees (white bars) and control subjects 

(dark bars).  There was a main effect of group, indicating significantly increased thresholds in 

diabetic amputees compared to controls (chi square<0.05).   

 

3.5.2 – Traumatic Amputee Sensation 

 Only one traumatic amputee was recruited for this thesis (Subject 7).  Therefore, all 

traumatic data are described as trends.  Standard deviation values for VPT are calculated from 

the three trials which were averaged to give the threshold level for that site. 

 

3.5.2.1 – Site Differences within Traumatic Amputee 

 A slight trend was observed when comparing the prosthetic sites on the amputated limb 

with homologous sites on the intact limb, where the amputated limb showed a tendency towards 

lower thresholds at 3Hz vibration (Figure 3.13) and for monofilament thresholds (Figure 3.12), 

however the sites that showed this trend varied depending on the stimulation technique.  At 3Hz, 
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the amputated limb showed decreased threshold at the following sites; base of the residual limb 

(medial = 334.0±32.5µm; lateral = 236.7±30.6µm) were lower than homologous sites on the 

intact limb (medial = 459.57±179.9µm; lateral 615.3±94.7µm). However, no trend was observed 

for the tibia (amputated = 670.8±172.4µm; intact 704.4±117.9µm) (Figure 3.13).  For 

monofilament threshold, all three sites within the prosthetic showed lower thresholds on the 

amputated limb; the tibial threshold was 7g lower on the amputated limb (1g) compared to the 

intact limb (8g), 3g lower on the lateral residual (amputated = 4g, intact = 1g) and 0.8g lower for 

the medial residual (amputated = 0.6g, intact = 1.4g) (Figure 3.12).  This shows a slight trend of 

lower threshold on the amputated compared to the intact limb for the traumatic amputee for 

monofilament and 3Hz threshold. 

 

Figure 3.12 – Comparison of controls (dark bars), diabetic amputees (white bars) and the 

traumatic amputee (grey bars) for monofilament thresholds.  Diabetic amputees showed higher 

thresholds at all sites compared to controls except for quadriceps when compared to controls.  

The traumatic amputee tended to show lower thresholds on the amputated limb compared to 

homologous sites on controls.  Comparisons within group across site can also be made.  The 

traumatic amputee shows higher thresholds on the intact limb (I tibia, med calf, lat calf) 

compared to the amputated limb (A tibia, med resid, lat resid).  Bars indicate mean values, error 

bars indicate standard deviation. 
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At 40Hz and 250Hz, a trend was observed where the tibia and medial residual sites 

showed lower thresholds compared to homologous sites on the intact limb; however this was not 

seen in the lateral residual (Figure 3.14).  At 40Hz VPT in the tibial site on the amputated limb 

was 12.9µm (±1.2) and 30.0µm (±0) on the intact side, while the medial residual was 24.5µm 

(±7.2) compared with the medial calf value of 38.0µm (±9.6) (Figure 3.14a).  At 250Hz, the 

amputated limb was lower than the intact limb at the tibial site (amputated = 2.9±0.6µm; intact 

7.2±1.7µm) and the medial residual (amputated = 7.5±2.6µm; intact = 19±3.9µm) (Figure 

3.14b). 

 

3.5.2.2 – Comparison of Traumatic Amputee with Controls 

 When the traumatic amputee was compared with controls, threshold values were found to 

be similar for some measures and lower for other measures in the traumatic amputee.  For 

monofilament and at 3Hz data, some sites showed similar threshold values between the traumatic 

amputee and controls, while some showed lower thresholds in the traumatic (Figure 3.13).  At 

40Hz and 250Hz, all sites showed lower thresholds in the traumatic amputee compared to 

controls (Figure 3.14). 

 Monofilament data showed a trend in which the amputated limb of the traumatic amputee 

tended to have lower thresholds than control subjects (Figure 3.12).  This was observed at the 

amputated tibia (traumatic = 1g; control   ̅= 2±1.4g), medial residual (traumatic = 0.6g; control 

  ̅= 1.3±0.4g) and lateral residual (traumatic = 1g; control   ̅= 5.25±6.6g).    On the intact limb, 

the traumatic amputee tended to show higher thresholds than controls, particularly at the heel 

(traumatic = 100g; control   ̅= 4.85±3.6g). 
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  At 3Hz, the traumatic amputee showed lower thresholds in the medial (334±32.5µm) and 

lateral residual (236.7±30.6µm) sites compared to homologous locations on the control subjects 

(medial   ̅= 583.9±113.5µm; lateral   ̅= 506.1±92.6µm).  However, not all sites on the 

amputated limb showed this same trend; the amputated tibia (670.8±172.4µm) and quadriceps 

(559.0±86.0µm) had higher thresholds than controls (tibia   ̅= 426.5±127.7µm; quadriceps   ̅= 

386.7±58.2) (Figure 3.13). 

 

Figure 3.13 – Comparison of perception threshold for control subjects (dark bars) versus the 

traumatic amputee (grey bars) across all sites at 3Hz.  Filled bars indicate mean VPT, error bars 

indicate standard deviation.  For control subjects, this standard deviation is calculated from the 

deviation between subjects.  For the traumatic amputee, this standard deviation is calculated 

from the deviation between the 3 trials for that individual. 

 

 At 40Hz and 250Hz, the traumatic amputee showed lower VPT at all sites compared to 

controls (Figure 3.14). This was observed in both the intact and amputated limbs.  At 250Hz, the 

threshold of the traumatic amputee and controls was similar at the heel (traumatic = 3.3µm; 

control   ̅= 4.1±2.5µm), but at all other sites there was a marked increase in threshold for 

controls (Figure 3.14b).  Note that the ceiling effect was observed in the control group at 250Hz 
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for the quadriceps and calf sites (Table 3.2), but was never observed in the traumatic amputee, 

therefore the recorded VPT in the calf and quadriceps of controls at 250Hz underestimate the 

true threshold value.  If a true threshold was recorded for controls, the difference between the 

traumatic amputee and the controls would be even larger for these sites.  

 

Figure 3.14 – Comparison of perception thresholds for control subjects (dark bars) versus the 

traumatic amputee (grey bars) at 40Hz (A) and 250Hz (B) vibration across all sites.  For both 

frequencies, traumatic amputee tended to show lower thresholds compared to controls.  This was 

observed at all sites in both frequencies.  Filled bars indicate mean VPT, error bars indicate 

standard deviation.  For control subjects, this standard deviation is calculated from the deviation 
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between subjects.  For the traumatic amputee, this standard deviation is calculated from the 

deviation between the 3 trials for that individual. 

 

3.6 – Relationship between Skin Sensation and Functional Balance 

 Due to the low number of subjects and limitations with data collection, no statistically 

significant correlations  were observed for any skin sensitivity measure with any functional test 

measure in amputees (p>0.05).  To examine the relationship between sites in contact with the 

prosthetic and functional balance, these sites were averaged (amputated tibia, medial residual, 

lateral residual) and correlated to functional balance measurements from functional reach and L-

timed-up-and-go (L-TUG).  For this averaged prosthetic sensitivity, no statistically significant 

correlations were observed with any functional measure in amputees (p>0.05).  For some 

measures, a trend was seen in which subjects with high thresholds showed low functional reach 

distances.  This was most evident when thresholds at 3Hz that were determined at sites within 

the prosthetic were correlated with reach distance (r
2
=0.9413; Figure 3.15a) and CoP excursion 

(r
2
=0.8264; Figure 3.15b).  Similar results were observed when 40Hz threshold within the 

prosthetic was correlated with reach distance and CoP excursion, however observed r
2
 values 

were lower compared to those found for 3Hz VPT (Figure 3.15a,b) (reach distance r
2
=0.7407; 

CoP excursion r
2
=0.682).  Correlations with 250Hz threshold showed no trends due to ceiling 

effect observed in most (75%) of amputees at this frequency. 
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Figure 3.15 – Correlations of amputee skin sensitivity at 3Hz vibration with functional reach.  

Values were taken as the 3Hz vibration perception threshold averaged across the three prosthetic 

sites (tibia, medial residual, lateral residual). These VPT values were correlated with reach 

distance (A) and CoP excursion during reach (B). Note that neither of these correlations is 

statistically significant (p>0.05) 
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3.7 – Questionnaire Self-Reports 

 The Prosthetic Profile of the Amputee (PPA) (Grisé et al., 1993) questionnaire illustrated 

a ceiling effect when examining functional capabilities in the amputees.  Seventy five percent of 

amputee subjects scored a perfect 56/56 on the functional measures of the PPA, while one 

diabetic amputee (Subject 6) scored a relatively low 20/56.  Subject 6 was the oldest subject in 

the study and was also affected by a number of comorbidities which affect his overall health, 

including heart disease and liver problems.  The other 3 amputee subjects were in overall good 

health.  All amputee subjects reported having experienced phantom pain, with the prevalence 

ranging from “rarely” to “very often”, however it is not possible to relate these subjective scores 

to different amputation types due to low subject levels. 

  

http://wizfolio.com/?citation=1&ver=3&ItemID=423&UserID=18445&AccessCode=18AB9277EC5B400F9C78B51F67A6E1B8&CitationSuffix=
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Chapter 4 – Discussion 

 

 To our knowledge, this is the first study that has extensively examined skin sensation in 

lower limb amputees and healthy control subjects using vibration perception testing (VPT), 

monofilament threshold testing, and two-point discrimination (2PD).  In healthy control subjects, 

our results were similar in magnitude to the existing literature on the glabrous skin of the foot.  

In addition, we found that thresholds in controls were elevated in the hairy skin of the leg relative 

to glabrous skin, which is similar to observations made in the hairy skin of the forearm.  Similar 

trends were seen when thresholds obtained in the current study for the lower limb were 

compared with the hairy skin of the forearm.  When comparing control subjects to amputee 

subjects, it became apparent that it was inappropriate to group all types of amputee together.  

Diabetic amputees consistently showed higher thresholds compared to controls for all sites 

except for the quadriceps, indicating considerably lower tactile sensitivity.  Changes in diabetic 

amputees are likely caused by progression of peripheral neuropathy which commonly occurs in 

patients with diabetic ulcers and results in decreased skin sensitivity.  In the one traumatic 

amputee who was tested, a trend was observed in which thresholds tended to be lower compared 

to controls, indicating higher tactile sensitivity.  We provide some discussion below with respect 

to a possible link with cortical reorganisation, which is known to occur following amputation, 

and has been suggested as the mechanism of tactile sensation changes in upper limb amputees.  

These changes in sensitivity in both classes of amputees were considered in terms of how they 

may relate to functional balance, as changes in sensitivity of skin sites that interact with the 

prosthetic may affect the patient’s ability to obtain accurate sensory feedback.  Limitations of the 

work based on small sample size and ceiling effects are also considered. 
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4.1 – Tactile Perception in the Healthy Controls 

 

4.1.1 – Tactile Sensitivity in the Glabrous Skin of the Foot 

Vibration perception threshold (VPT) values obtained in the foot sole were similar to 

those in the literature, and a similar inverse relationship was observed between VPT and stimulus 

frequency (Inglis et al., 2002; Morioka et al., 2008; Gu and Griffin, 2011).  At 250Hz stimulation 

in the current work, the 4.1µm (±2.5) threshold measured at the heel is comparable to those 

measured by other researchers at the same frequency in the foot sole; Inglis and colleagues 

(2002) found perception thresholds of 3.6µm at 250Hz and Kekoni et al (1989) found thresholds 

of 3.5µm (mean values) at 240Hz, both in the heel. To date threshold levels have not been 

investigated at 40Hz in the foot sole.  However, other studies have used similar frequencies to 

target this group of mechanorecpetors (Inglis et al., 2002; Morioka et al., 2008). VPT measured 

in the heel at 40Hz in the current study (56.1±18.6µm) were higher than those obtained by Inglis 

et al (2002) measured at 50Hz in young subjects (mean age 26, mean threshold 13.1µm) and 

older subjects (mean age 89, mean threshold 49.2µm) at the heel.  The lower threshold recorded 

by Inglis et al (2002) may be due to the higher stimulation frequency used, as perception 

thresholds are known to decrease with increasing frequency (Talbot et al., 1968; Merzenich and 

Harrington, 1969).  Morioka and colleagues (2008) measured a 30µm threshold for 31.5Hz in the 

heel which is unexpectedly lower than the 56.1µm (±18.6) reported here at 40Hz.  This 

discrepancy may be due to the use of young subjects (range 21-38 years) in the Morioka et al. 

(2008) study compared to the average age in the current study of 54 years (range 46-62).  The 

lower threshold may also be due to the use of a gap surround used by Morioka et al (2008).  The 

gap surround is a rigid surface that is fixed to the skin with a hollow centre to allow a probe to 

stimulate the skin.  This limits the spread of vibration across the skin, and has been shown to 
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result in a decrease in VPT within the 20-40Hz frequency range (Gescheider et al., 1978; 

Verrillo, 1979; Van Doren, 1990; Gu and Griffin, 2012).  Comparative data for 3Hz VPT in the 

heel (recorded as 279±33.8µm) is limited to date. One other study has examined VPT at 3Hz in 

the heel using similar methods and reported considerably lower thresholds of 26.1µm and 27µm 

in young (age 23-26) and older (age 65-73) subjects respectively (Perry, 2006).  The VPT 

analysis techniques used by Perry (2006) were very similar to those performed in the current 

study, the main difference being a higher preload force used by Perry (2006) (4N in Perry, 1N in 

the current study).  Previous research in the glabrous skin of the hand has shown VPT decreases 

with increasing preload force (Gu and Griffin, 2012), which may have contributed to the 

differences observed between Perry (2006) and the current study, however the observation that 

the thresholds obtained in the current study are so much higher is somewhat surprising.  Our 

current results are in agreement with other work performed in our laboratory, which has shown 

VPT at 3Hz in the heel of230.7µm (±103.5) in young healthy subjects (Strzalkowski et al, in 

preparation).  In the thenar eminence of the hand, Talbot et al (1968) reported 3Hz threshold of 

around 280µm, similar to those obtained in the current study.  It is generally expected that the 

glabrous skin of the hand will show lower thresholds compared to the foot sole, and therefore the 

observation that our threshold at this frequency is similar may be due to a smaller probe size 

(0.5-3mm compared with 6mm in current study) used in the Talbot et al (1968) study. 

Other studies which have observed the VPT over a range of frequencies have also 

reported that thresholds decrease with increasing frequency until a minimum is observed in the 

range of 200-250Hz (Kekoni et al., 1989; Wells et al., 2003; Morioka et al., 2008; Gu and 

Griffin, 2011).  When stimulation frequency is increased beyond this minimum, VPT begins to 

increase to form a U-shaped curve at high frequency (Inglis et al., 2002; Gu and Griffin, 2011).  
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The results from the current study are in agreement with this previous work, although we cannot 

confirm the increase in VPT at high frequencies (>250Hz), as the highest recorded VPT was at 

250Hz.  The only study which contradicts this trend is Perry (2006), who reported the lowest 

thresholds at 25Hz with higher thresholds at 100 and 250Hz.  This may be due to the higher 

preload force (4N) used by Perry (2006).  The observations of a U-shaped curve are similar to 

those observed in the glabrous skin of the hand (Bolanowski et al., 1988) and hairy skin of the 

forearm (Bolanowski et al., 1994). 

 

4.1.2 – Comparison of Hairy and Glabrous Skin 

Results from the current study indicate that VPTs are higher in the hairy skin of the leg 

than the glabrous skin of the foot at 3Hz, 40Hz and 250Hz for healthy control subjects (Figure 

3.1), which is consistent with what has been previously reported comparing VPT in the hairy 

skin of the forearm with the glabrous skin of the hand (Merzenich and Harrington, 1969; Mahns 

et al., 2006; Morioka et al., 2008).  In both 3Hz (Figure 3.3) and 40Hz (Figure 3.4) trials in the 

current work, VPT was significantly higher at all hairy sites relative to the heel at the same 

frequency (p<0.05).   At 250Hz, the VPT for the tibia (12.3±5.8µm) was significantly higher 

than the heel (4.1±2.5µm) (chi square<0.05), but this frequency could not be analysed for the 

quadriceps and the calf sites, as the true threshold for these sites could not be measured due to a 

ceiling effect.  Since these ceiling effects would act to underestimate the true threshold value of 

the calf (28.7±2.0µm) and quadriceps (20.3±6.9µm) at 250Hz, we can still be confident that 

quadriceps and calf have higher thresholds than the heel, even without the use of statistics.   

Through microneurographic recording, Trulsson (2001) measured from the sural nerve 

supplying the lateral border of the foot and leg, and reported a decreased density of all four types 
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of afferent in the hairy skin.  This decreased density of mechanoreceptive afferents may be the 

cause of decreased sensitivity in the hairy skin of the leg to vibratory stimuli.  This hypothesis is 

supported by the observation that VPT in the hairy skin of the forearm is affected by spatial 

summation (Bolanowski et al., 1994).  This has been examined by altering the probe size used in 

perception testing; when a larger probe is used, VPTs decrease, which indicates that recruiting 

more afferents contributes to decreased perception threshold (Bolanowski et al., 1994). 

Bolanowski et al (1994) showed that frequencies within the range of 0.5-400Hz have decreased 

VPT when using a 19.2mm diameter probe compared to a 1mm diameter probe.  Therefore, if 

there is an overall decrease in receptor density, VPT will be higher.  Another possible contributor 

to the overall decrease in sensitivity in the hairy skin is its mechanical properties.  Previous 

studies have suggested that one of the contributors in difference in perception between the 

glabrous skin and the hairy skin is the fact that the hairy skin is more loosely associated with 

underlying tissues (Merzenich and Harrington, 1969; Morioka et al., 2008).  This may change 

how the peripheral receptors are stimulated, which alters the capacity for perception.   

In addition to the observation that vibration sensitivity was reduced in the hairy skin 

compared to the glabrous skin, it appears that the extent of this reduction varies based on the 

frequency and location of stimulation.  This was investigated through the use of the 

normalisation threshold, in which the threshold for each hairy skin site was expressed relative to 

the heel for that frequency.  Due to the fact that VPT is known to be higher in magnitude at 

lower frequencies, it is inappropriate to simply compare the difference in VPT magnitude of 

hairy and glabrous skin across different frequencies.  For example, an increase in VPT at 3Hz of 

50µm may be insignificant, whereas an increase of the same magnitude at 250Hz would 

represent a drastic decline in sensitivity.  By using the normalised threshold, we were able to 
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compare the decline in sensitivity between the glabrous and hairy skin at each different 

frequency (Figure 3.6).  A trend was observed at all sites, and a decline in sensitivity was 

observed between the glabrous skin and the hairy skin, which got progressively larger as 

stimulus frequency was increased.  For 3Hz vibration, threshold increased between 40-100% 

from the heel to the hairy skin, whereas the increase for 40Hz and 250Hz ranged from 120-225% 

and 225-540% respectively (Figure 3.6).  This suggests that there is a larger discrepancy in 

sensitivity (and potentially receptor density) between glabrous and hairy skin in frequencies 

which are mediated by fast adapting (FA) afferents in the hairy skin.  This smaller decline in 

sensitivity at low frequency is likely due to the increased prevalence of SA afferents in the hairy 

skin compared to the glabrous skin which has been reported in the back of the hand (Järvilehto et 

al., 1981; Edin and Abbs, 1991), forearm (Vallbo et al., 1995) and leg (Edin, 2001; Aimonetti et 

al., 2007).  In addition, a third type of SA afferent, the SAIII, has been identified in the thigh 

which has not been recorded in any other body region, however the response of the SAIII to 

vibration is yet to be examined (Edin, 2001).  Therefore, despite the decrease in density of 

receptors (Trulsson, 2001), the high prevalence of SA afferents acts to preserve VPT at low 

frequencies.   

While prevalence of SA afferents may explain why the VPT at low frequencies is 

relatively maintained compared 40Hz and 250Hz, it does not explain the much larger percentage 

increase at 250Hz compared to 40Hz, as both are mediated by FA afferents (Bolanowski et al., 

1994; Johansson et al., 1982).  This difference is likely due to the location of Pacinian corpuscles 

within the hairy skin region (Bell et al., 1994; Rowe et al., 2005).  Unlike other 

mechanoreceptors in the hairy skin, the Pacinian corpuscle may not exist within the dermal 

layers but lies in the subcutaneous regions of the interosseous membrane of bones.  This 
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hypothesis is based on microneurography studies which have shown that FAII afferents have 

never been recorded from purely cutaneous nerves in the hairy skin (Merzenich and Harrington, 

1969; Konietzny and Hensel, 1977; Järvilehto et al., 1981) but only from mixed nerves which 

also innervate deeper tissues (Trulsson, 2001; Aimonetti et al., 2007).  In addition, when 

anesthetic is injected into the epidermal and dermal layers of the skin, VPT at mid and low 

frequencies (50Hz and under) are significantly increased, while high frequency VPT (60-200Hz) 

are unaffected (Merzenich and Harrington, 1969; Mahns et al., 2006).  Since high frequencies are 

known to be mediated by FAII afferents, this suggests that Pacinian corpuscles likely only exist 

in the deeper tissues of hairy skin.  This provides an explanation as to why there is a large 

decline in sensitivity when comparing the glabrous and hairy skin at high frequency vibrations 

(Figure 3.6).  With deeper situated receptors, the vibratory stimulus must travel through a greater 

amount of subcutaneous tissue that acts to attenuate the stimulus, resulting in less excitation of 

the receptors.  This hypothesis is supported by the observation in the current study that areas of 

the hairy skin of the leg which have more subcutaneous tissue between the surface and the bone 

(calf, quadriceps) illustrate higher thresholds than sites which have bone located superficially 

(tibia).  Similar results have been obtained in the hairy skin of the forearm by Merzenich and 

Harrington (1969) who reported that VPT were significantly higher over the brachioradialis 

muscle compared to over the distal third of the forearm near the interosseous membrane of the 

radius and ulna (forearm). 

One factor which may have contributed to the ceiling effect observed at 250Hz in the 

hairy skin of control subjects is age.  Age has been previously reported to contribute to decrease 

in tactile perception, however the range of frequencies which are affected vary between studies 

(Verrillo, 1980; Wells et al., 2003; Perry, 2006).  Perry (2006) reported a decline in sensitivity at 
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25Hz and 100Hz with age, but no change at 250Hz during stimulation in the foot sole.  

Conversely, Wells et al (2003) and Inglis et al (2002) reported decreased sensitivity in older 

subjects at 50Hz, 250Hz and 400Hz stimulation of the foot sole and Verrillo (1980) reported that 

declines in VPT only at high frequency thresholds were affected by age with no change in low 

frequency (25Hz and 40Hz) thresholds in the hand.  The explanation for this difference may be 

due to the use of a 4N preload by Perry (2006), which the author states may have caused an 

underestimation of the threshold of older individuals at 250Hz.  Combined these studies suggest 

a decrease in sensitivity at frequencies mediated by FAII afferents.  Results in the heel of control 

subjects in the present study do not suggest any age related decreases in sensitivity (  ̅= 

4.1±2.5µm) at the heel, however we cannot rule out that these effects may be contributing to the 

decreased sensitivity observed in the hairy skin regions.  The average age of subjects in this 

study (54, range 46-62), is younger than the age at which most of these studies observed changes 

in sensitivity (Wells et al 2003, mean age 88; Perry 2006, age range 65-73; Inglis et al 2002 

mean age 89). This suggests that the decrease in sensitivity observed is largely due to differences 

between the glabrous and hairy skin, however the effect of age on skin sensitivity may have 

played a role in the increased thresholds observed at 250Hz.  The effect of age on tactile 

perception in the hairy skin has yet to be investigated. 

 

4.1.3 – Comparison of the Hairy Skin of the Leg to Other Hairy Skin Regions 

The majority of research which has examined VPT in the hairy skin has been performed 

on the forearm, and to our knowledge this is the first study to quantitatively examine it 

extensively in the leg.  In the hairy skin of the forearm, VPT has been shown to decrease with 

increasing frequency of stimulation until a minimum VPT is reached in the range of 200-250Hz 



91 
 

(Mahns et al., 2006; Morioka et al., 2008), at which point VPT increases as frequency is 

increased (Merzenich and Harrington, 1969; Bolanowski et al., 1994).  We did not record at 

enough frequencies to create a complete curve over the entire frequency range in the lower limb, 

but did observe a similar trend in which VPT was decreased with increasing stimuli (Figure 3.2).  

This was definitively seen at the tibia at all 3 frequencies tested, but could only be seen in the 

quadriceps and calf from 3Hz to 40Hz, as the true threshold at 250Hz is not known due to ceiling 

effects.  This increase in threshold at 250Hz in the quadriceps and calf is likely due to separation 

of superficial stimulation and the deep location of receptors (see discussion above).  At 

comparable frequencies, the absolute threshold values obtained in the lower limb of the current 

study appeared to be slightly higher than similar studies in the upper limb.  At 3Hz, VPT of the 

tibia, calf and quadriceps were 433.7±59.1µm, 560.4±44.8µm and 386.7±58.2µm respectively 

(Figure 3.3).  It is difficult to compare the VPT at the low frequency measured in this study 

(3Hz) with the literature in the forearm as the lowest reported frequencies in the forearm were by 

Merzenich and Harrington (1969) at 5Hz (200µm) and Morioka et al (2008) at 8Hz (300µm).  It 

is expected that lower thresholds will be observed at higher frequency of stimulation, and 

therefore these studies may not be directly comparable to our values recorded at 3Hz.  In 

addition, the observation of lower VPT above 5Hz may be due to multiple channels contributing 

to perception at these frequencies, since it is known that frequencies as low as 5Hz may also be 

activating FA afferent mediated channels (Bolanowski et al., 1994).  When examining the ventral 

forearm at 40Hz, Merzenich and Harrington (1969) reported a threshold of 50µm which is 

significantly lower than those observed in the current study at all three sites (tibia 120.1±23.8µm, 

calf 113.9±26.5µm, quadriceps 175.3±31.7µm) (Figure 3.4); however another group (Mahns et 

al., 2006) reported comparable threshold values to ours; 114µm on the dorsal forearm at a 
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slightly higher frequency of 50Hz.  The different results between the current study and 

Merzenich and Harrington (1969) may be due to methodological differences rather than 

differences across limbs, as Merzenich and Harrington (1969) did not specify probe size or 

preload force, and used a different method of threshold determination.  For 250Hz vibration, 

thresholds tended to be higher in the lower limb, particularly for sites located away from bone 

(calf and quadriceps).  Morioka et al (2008) reported thresholds of 9µm in the ventral third of the 

forearm (near the interosseous membrane) using a 6mm probe and 2N preload (same parameters 

of current study), which is comparable to the 12.3µm (±5.8) reported in the current study.  

Mahns et al (2006) reported higher threholds of 49.2µm (±3.7) on the dorsal surface of the 

forearm over the brachioradialis muscle.  This suggests that similar to the findings of the current 

study in the lower limb, the upper limb illustrates a decrease in sensitivity when the distance 

between the vibratory stimulus and the bone is increased (Merzenich and Harrington, 1969; 

Mahns et al., 2006).  Aside from differences in subcutaneous tissue which alters 250Hz VPT, the 

current study gives no evidence that vibration perception in the lower limb is mediated by 

different mechanisms than those in the hairy skin of the upper limb.  Further investigation is 

required to compile a complete response over the entire range of detectable frequencies to 

observe if a similar U-shape curve exists in the lower limb hairy skin to that reported in the upper 

limb hairy skin (Bolanowski et al., 1994). 

 

4.2 – Tactile Sensitivity in Diabetic Amputees  

When amputees were sub-classified and compared to controls, diabetic amputees 

generally showed much higher thresholds across all sensitivity testing (Figure 3.7). Specifically, 

diabetic amputees showed significantly reduced sensitivity to 40Hz vibration compared to 
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controls, which was evident as a statistically significant increase in VPT (chi square<0.05).  At 

40Hz, all sites were higher in diabetics compared to controls except the quadriceps (Figure 3.11).  

This same effect was also apparent for 3Hz VPT (Figure 3.10) and monofilament stimulation 

(Figure 3.12), where all sites were higher in diabetics except the quadriceps.  Both 

monofilaments and 3Hz were not analysed statistically due to the ceiling effect observed in 

amputees.  However, since ceiling effects in diabetics will result in an underestimation of 

threshold, we can assume that these amputee subjects do in fact have higher 3Hz VPT and 

monofilament thresholds comparable healthy controls.  Comparison between the two groups at 

250Hz is very limited by the prevalent ceiling effect in both groups, however, it appears 

appropriate to conclude that 250Hz VPT is increased in diabetic amputees at the heel 

(31.64±1.8µm) and amputated tibia (34.2±6.4µm) compared to controls (heel = 4.17±2.4µm; 

tibia = 12.3±5.8µm).  In control subjects, these sites never showed a ceiling effect, and therefore 

we can be confident in these values, which are markedly lower than those observed for diabetic 

amputees at the same sites.  These results suggest that tactile sensitivity in diabetic amputees is 

compromised regardless of the type of mechanoreceptor under study, and that these deficits 

extend at least as high as 5cm below the knee.   

 The observation that skin sensitivity was vastly decreased in amputees is not a surprising 

result, considering the high incidence of peripheral neuropathy which is known to occur with 

diabetes (Carrington et al., 2001).  Particularly, for individuals with diabetes that progresses to 

the point where amputation is required, peripheral neuropathy is almost always prevalent (Young 

et al., 1994).  It was for this reason that we preferentially attempted to recruit traumatic amputees 

who would not exhibit the confounding effect of peripheral neuropathy.  The exact pathogenesis 

of diabetic neuropathy is not completely understood; however both vascular and metabolic 
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factors appear to be involved in the degradation of sensory fibres (Dyck et al., 1986; Tesfaye and 

Selvarajah, 2012).  Typically, diabetic neuropathy begins with sensory loss in the toes and 

progresses into the feet and legs, after which it begins to develop in the hands (Cameron et al., 

2001).  Generally, quantitative sensory tests including VPT (Young et al., 1994; Argiana et al., 

2011) and monofilament testing (Kamei et al., 2005; Feng et al., 2011) are included as clinical 

tools in an attempt to diagnose peripheral neuropathy, which is a risk factor for ulceration and 

future amputation.  The use of monofilaments is especially common, as they have been available 

for decades as a non-invasive and simple procedure to assess sensory function.  Impaired 

monofilament sensation is related to significantly increased risk of ulceration and lower limb 

amputation (Argiana et al., 2011).  More recently, vibration testing has been employed using 

commercially available hand held devices, which generally produce only high frequency 

vibration (>125Hz) (Boulton et al., 1986; Dyck et al., 1987; Argiana et al., 2011).  These studies 

have shown that diabetics with insensitivity to vibration at high frequency are at high risk for 

development of ulcers and need for amputation and that the development of these impairments 

can be evident prior to changes in monofilament sensitivity (Dahlin et al., 2008; Argiana et al., 

2011).  Dahlin et al (2008) examined VPT in the fingertip of diabetic neuropathy patients and 

found that impairment of high frequency vibration was more readily apparent than low frequency 

vibration, and progression was identified earlier using high frequency vibration.  One proposed 

mechanism of the pathogenesis of peripheral neuropathy is that hyperglycemia leads to 

narrowing of the blood vessels, causing a release of metabolic factors that can damage the 

Schwann cells which maintain proper function of the nerve (Cameron et al., 2001).  Our results 

indicate that all diabetic subjects had substantial peripheral neuropathy in not only the amputated 

leg, but also the intact leg which was evident as proximal as the tibia, and that the impairment 
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was evident in all sensory tests (Figure 3.12).  This is expected as the diabetes in these subjects 

has advanced to the point at which amputation was necessary, and therefore nerve function was 

severely compromised.  The observation that neuropathy can be observed in the intact limb is 

consistent with the literature (Carrington et al., 2001), however there has been little study using 

quantitative measurement to examine how far up the leg the neuropathy extends.  Generally, 

examination is only performed on the foot sole and values are referenced to that location for 

diagnosis of abnormality and risk of future ulcer/amputation, or the examination which does 

occur on the leg simply states that sensation is “normal” or “abnormal”, rather than providing 

quantitative data (Quai et al., 2005).  Our results indicate that in diabetic amputees, neuropathy is 

present at least as high as 5cm below the knee (location of tibial site) in both the intact and 

amputated limbs as sensitivity was reduced at all sites except the quadriceps for all sensation 

measurements (Figure 3.8, Figure 3.12).  This suggests that despite the advanced stage of 

diabetes in these subjects, the neuropathy is still restricted to the limbs.    Lack of adequate skin 

sensation is of particular concern in the prosthetic sites (medial residual, lateral residual and 

amputated tibia) as these sites may be important for identifying excessive pressure or chafing in 

the prosthetic, which can lead to complications following amputation (Tesfaye and Selvarajah, 

2012).  In the group of amputees studied in the current population we found that the tactile 

sensitivity of sites within the prosthetic (amputated tibia, medial residual, lateral residual) was 

much lower than homologous sites on control subjects (Figure3.12).  This lack of adequate skin 

sensation places them at risk for future amputation if care is not taken to ensure that ulcer 

formation does not occur, as they may be unable to identify excessive pressure that can cause 

damage to the skin.  Due to vascular problems experienced in advanced stage diabetics, these 

wounds can be slow to heal, leading to ulcers and possible need for further amputation 
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(Rajabally, 2011).  In addition, the skin within the prosthetic as well as on the sole of the intact 

foot is an important source of sensory feedback during balance and gait. Quai et al (2005) 

showed that a low vibration score in the leg of lower limb amputees was associated with 

increased centre of pressure (CoP) sway in quiet stance, and that poor vibration sense was a 

strong predictor of history of frequent falls in this population.  In addition, this decrease in skin 

sensitivity may contribute to the decrease in kinesthesia at the knee joint which has been shown 

to occur in diabetic trans-tibial amputees (Kavounoudias et al., 2005).  The implications of loss 

of sensory function on balance and gait will be further discussed (section 4.4). 

 

4.3 – Tactile Sensitivity in Traumatic Amputee 

 Skin sensation in one traumatic amputee (Subject 7) was investigated in the current study.  

This subject showed increased sensitivity in all sites at 40Hz and 250Hz during VPT compared 

to age-matched healthy controls (Figure 3.14) except the heel at 250Hz, which was similar 

between the two groups.  For monofilament stimulation, the traumatic amputee also tended to 

show lower thresholds on the amputated limb compared to homologous sites on controls (Figure 

3.12).  At the heel, the monofilament threshold for the traumatic amputee was elevated compared 

to controls.  At this site, the subject also showed a higher durometer score (58.5au) compared 

with controls (  ̅=47.1±7.7au) and was observed to have a significant callus at this site, which 

may explain this elevation in perception threshold.  It was expected that one or more sites within 

the prosthetic may show this ‘hardening’ effect, as the soft tissue of the leg is not accustomed to 

the increased pressure to which it is subjected by the prosthetic (Moo et al 2009), however this 

was not seen.  Overall, all skin sites except for the heel were in good condition based on visual 

inspection and palpation as anecdotally assessed by the investigators.   
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Comparison of VPT between the traumatic amputee and control subjects at 3Hz showed 

that some sites on the amputated limb were lower than controls (medial and lateral residual) 

while other sites were higher than controls (quadriceps, amputated tibia) (Figure 3.13).  In the 

absence of visible skin damage, the mechanisms behind the increase in perception threshold are 

unknown and may be due to peripheral or central changes.  Decreases in monofilament 

perception threshold and 2PD observed in upper limb amputees have been previously attributed 

to changes in the central representation of the remaining body areas in the cortex (Teuber et al., 

1949; Haber, 1958; Wilson et al., 1962; Aftans and Zubek, 1964).  A similar mechanism may be 

the cause of decreased VPT observed in the residual and intact limb of the traumatic amputee. 

These ideas are discussed further below. 

 

4.4 – Cortical Reorganisation in Amputees 

 The initial aim of this study was to examine skin sensitivity and acuity in lower limb 

amputees with the intention of comparing the results to similar studies performed in upper limb 

amputees.  As one of our measures we wished to examine two-point discrimination (2PD) in 

lower limb amputees, particularly because it has been reported to change in upper limb amputees 

(Teuber et al., 1949; Haber, 1958; Wilson et al., 1962; Aftans and Zubek, 1964).  In addition, we 

wanted to extensively assess vibration perception in this population which has never been 

quantitatively examined and could provide insight into specific mechanoreceptor contributions to 

sensitivity.  Studying traumatic amputees would give us the opportunity to examine changes in 

skin sensitivity due to the amputation itself, without confounding variables introduced by various 

pathologies that have led to amputation (diabetes, peripheral vascular disease).  Unfortunately, 

we were only able to recruit one traumatic amputee (Subject 7), which limits our ability to draw 
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conclusions on changes related specifically to the amputation, as any change observed may be 

due to single individual differences.  Despite this fact, some interesting trends were observed 

which warrant further investigation of this phenomenon in traumatic lower limb amputees. 

 To include the possibility of cortical reorganisation in the hemisphere ipsilateral to the 

amputation (corresponding to the intact limb) both legs were tested, however the effect of 

cortical reorganisation was expected to be more significant in the contralateral hemisphere 

(corresponding to the amputated limb). A trend was observed in which the amputated limb 

showed slightly lower thresholds than homologous sites on the intact limb, however this was not 

observed at all sites, and the sites which did show this effect were not consistently the same in all 

measures (vibration, monofilament). When compared to controls, the traumatic amputee in this 

study showed much higher sensitivity to vibration at 40Hz and 250Hz (Figure 3.14).  This was 

observed in both the amputated and intact leg.  If in fact this traumatic amputee is representative 

of a more complete sample of this population, the observed increase in sensitivity contributes to 

the hypothesis that peripheral sensitivity changes may be a result of cortical reorganisation 

following amputation.  Previous studies, which have attempted to investigate this putative effect 

in upper limb amputees have, to date, focused on 2PD as the main outcome measure, with a 

decrease in threshold discrimination distance representing increased sensory acuity (Teuber et 

al., 1949; Haber, 1958; Wilson et al., 1962; Aftans and Zubek, 1964).  The proposed mechanism 

for this change is based on the cortical reorganisation which is known to occur following limb 

amputation.  This effect has been observed from single neuron recordings in animals including 

primates (Merzenich et al., 1984), racoons (Kelahan and Doetsch, 1984), and flying foxes 

(Calford and Tweedale, 1990).  In humans similar results have been obtained by using 

transcranial magnetic stimulation (Karl et al., 2001; Schwenkreis et al., 2003) and fMRI (Grüsser 
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et al., 2004; Simões et al., 2012) which have shown increased excitation and modification of 

neural maps following amputation.  After amputation, the region of the brain which once 

received afferent input from the peripheral skin region is taken over by the neighbouring cortical 

areas and these changes progress over time (Merzenich et al., 1984).  Theoretically, this 

reorganisation results in an increased number of cortical neurons devoted to the remaining skin 

area, which may increase tactile sensitivity and acuity (Björkman et al., 2009).  This model is 

supported by the observation that tactile acuity can be increased using an experimental decrease 

in afferent feedback.  In a series of studies, Bjorkman and colleagues have been able to induce 

transient cortical reorganisation in the hand area of the contralateral SI, by using topical 

anesthetic over the skin of the forearm to remove skin sensation (Björkman et al., 2004a; 

Björkman et al., 2009).  Topical anesthesia of the forearm significantly increased 2PD (by 

decreasing threshold distance) and monofilament sensitivity in the ipsilateral hand (Björkman et 

al., 2004a).  Neuroimaging with fMRI confirmed that substantial cortical reorganisation did 

occur following anesthesia (Björkman et al., 2009), through an increased activation assessed 

using the BOLD (blood oxygen level dependant) signal of the contralateral SI as well as 

ipsilateral SI and SII, suggesting that this was the mechanism for increased sensation in the hand.  

The authors have further applied these results to rehabilitation practices, and have been able to 

increase tactile perception in nerve repair patients (Rosén et al., 2006) and diabetic neuropathy 

patients (Lundborg et al., 2010) through application of cutaneous anesthetic cream to the 

neighbouring skin regions.  In diabetic foot patients, reduction in afferent feedback from the 

lower leg by cutaneous anesthesia resulted in increased tactile sensitivity of the diabetic foot 

(Lundborg et al., 2010).  While the majority of these studies have employed 2PD and 

monofilaments as their outcome measures, the study in diabetic neuropathy patients also reported 
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significant improvement in VPT at 125Hz, although exact threshold values were not provided 

(Lundborg et al., 2010). 

In amputees, the majority of these studies examining the effect of cortical reorganisation 

on skin sensation have been performed using monofilaments or 2PD.  In the current study, data 

from 2PD in amputees was very limited due to the recruitment of diabetic amputees.  In most 

2PD studies (including those discussed above) the tool used for measurement is a pair of calipers 

or the Disk-Criminator, a device designed by the early researchers who used the technique 

(Dellon et al., 1987; Crosby and Dellon, 1989).  The problem with these devices is that they are 

hand held with no control of the force and timing of delivery of the two-points, which can 

provide cues about whether one or two points has been applied (Bell-Krotoski and Buford, 1997; 

Lundborg and Rosén, 2004).  We attempted to improve on this method by using a device (the 

aesthesiometer) which was calibrated to provide a specific force and give a visual readout if the 

two points were delivered simultaneously.  Unfortunately because 75% of our amputee subjects 

had very high tactile thresholds, they were unable to perceive the calibrated force of the 

aesthesiometer and therefore the test could not be performed.  In addition, the device had a 

maximum spread distance between the two points of 48mm.  Both control subjects and amputee 

subjects illustrated a ceiling effect at some sites with this device, indicating that their threshold 

was greater than 48mm.  When the traumatic amputee was compared to the most similar age 

matched controls (Subject 1 and Subject 4) threshold values were slightly lower in the amputee, 

however the large variability between subjects suggests that they were not significantly different 

(Table 3.3).  In upper limb amputees, the results have been contradictory; some studies report a 

decrease in 2PD threshold following amputation (Teuber et al., 1949; Haber, 1958; Wilson et al., 

1962; Aftans and Zubek, 1964) while other studies have found no change (Flor et al., 1998; 
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Grüsser et al., 2001).  Differences in these results may be due to differences in methodological 

application of 2PD.  In addition, some of these studies (Braune and Schady, 1993; Flor et al., 

1998; Grüsser et al., 2001) only used homologous sites on the intact limb for comparison and did 

not test control subjects. Based on our results we would suggest caution when using the intact 

limb as the ‘control’ comparison. In the current study, VPT of the traumatic amputee were lower 

on both the amputated and intact limbs compared to age matched controls at 40Hz and 250Hz.  

There are two potential explanations for this observation; i) this individual traumatic subject was 

already more sensitive to 40Hz and 250Hz vibration in the legs prior to amputation, and 

therefore the results are simply due to individual sensitivity, or ii) cortical reorganisation may 

have occurred in the hemisphere ipsilateral to the amputation as well as contralateral, causing 

sensory changes in the intact limb (as well as the amputated limb).   

 While we cannot refute the argument that differences in VPT between the traumatic 

amputee and controls are simply due to the fact that he is generally a more sensitive individual, 

there is some evidence that this may not be the case.  The traumatic amputee only showed 

increased sensitivity to frequencies mediated by FA afferents (40Hz and 250Hz), but showed this 

effect at some sites for 3Hz and monofilament stimulation.  It could be argued that if this subject 

were simply “overall more sensitive”, lower perception thresholds would also have been 

expected during 3Hz vibration and monofilament stimulation.   

In order to test this hypothesis, the control subjects were rank ordered at each frequency 

to examine if the subject who was most sensitive at 3Hz was also most sensitive at 40Hz and 

250Hz (i.e. was each subject’s rank maintained at each frequency).  The two most sensitive 

subjects maintained their rank at all 3 frequencies; however other subjects showed switching of 

rank order between frequencies.  This indicates that in a group of controls, it is normal for there 
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to be fluctuation in which subject is most sensitive for a given frequency.  Therefore, we cannot 

use the observation that the traumatic amputee was not most sensitive at all frequencies as an 

argument that his changes at 40Hz and 250Hz are due to cortical reorganisation and not 

individual variation.  

 The potential does remain, however, that the observed decreases in VPT in the traumatic 

amputee may be due to cortical reorganisation.  The corpus callosum allows for interaction 

between the two hemispheres of the brain during tactile stimulation, and while the main area of 

activation is usually observed in the contralateral SI, the ipsilateral SI and SII also show 

increased activity (Porro et al., 2004; Golaszewski et al., 2006) compared to at rest.  In the 

monkey, direct connections between the SI of the two hemispheres exists (Killackey et al., 

1983).  In amputation, the hemisphere ipsilateral to the amputated limb has been shown to 

undergo cortical reorganisation in both the motor (Schwenkreis et al., 2003) and somatosensory 

cortices (Simões et al., 2012).  A recent fMRI study has indicated that limb amputation results in 

changes in the cortical representation of the intact limb (Simões et al., 2012), however the 

possible sensory consequences of this were not investigated.  In primates there is also evidence 

that amputation may result in cortical reorganisation in the ipsilateral cortex which comes from 

studies that have shown deafferentation via ischemic block in primates’ results in extensive 

reorganisation in both the contralateral and ipsilateral hemisphere of neurons in the SI (Calford 

and Tweedale, 1990; Calford and Tweedale, 1991).  Following digit deafferentation, neurons in 

the contralateral SI which had receptive fields in the previously deafferented area became 

responsive to stimulation in the neighbouring areas.  Neurons in the ipsilateral SI of anesthetized 

monkeys showed the same change in receptive field in the same time course as those recorded 

from the contralateral SI, despite the fact that no intervention was imposed on the corresponding 
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hand.  Werhahn and colleagues (2002a,b) extended these observations to humans, and illustrated 

that ischemic nerve block was able to alter activity in the SI (recorded with somatosensory 

evoked potentials) in both hemispheres of the brain, and that deafferentation in one hand led to 

increased sensory acuity in the intact hand (Werhahn et al., 2002b).  The presence of cortical 

reorganisation in the SI of amputees ipsilateral to the side of amputation has yet to be 

investigated fully (Simões et al., 2012), however similar changes to those observed with 

ischemic deafferentation could explain the decrease in VPT in the observed traumatic amputee.  

Observation of similar changes during investigation on further traumatic amputee subjects would 

strengthen these hypotheses, as the limited number of subjects in this study is not definitive. 

 

4.5– Importance of Skin Sensory Feedback 

 The objective of measuring the functional capabilities (functional reach, L-timed-up-and-

go) in amputees was to correlate amputees with high sensitivity with high functional capabilities.  

It is known that decreased cutaneous sensitivity in the plantar foot sole results in decreased 

functional balance (McKeon and Hertel, 2007; Kars et al., 2009) and alters pressure distribution 

(Eils et al., 2002), normal gait patterns (Höhne et al., 2012) and responses to a perturbation 

(Perry et al., 2000; Höhne et al., 2011) in healthy control subjects.  For amputees, sites which 

interact with support structures (heel or any site in contact with the prosthetic) are of particular 

interest, as they can provide sensory feedback information about the environment.  When 

patients undergo a lower limb amputation, sensory feedback from the amputated foot is lost, and 

the skin within the prosthetic device becomes the new region of interaction between the amputee 

and the supporting ground.  Therefore, subjects who exhibit high sensitivity in this region may 

have adapted to receive greater sensory feedback to compensate for the loss of information from 
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the amputated foot, with the potential correlate of improved balance measures.  Previous studies 

have shown that low skin sensitivity in amputees is associated with instability measured by 

increased centre of pressure (CoP) sway during quiet stance and this skin measure was able to 

predict previous fall history (Quai et al., 2005).  Similar results have also been observed in non-

amputee patients with peripheral neuropathy (Bergin et al., 1995).  

In the current study, none of the sensation variables illustrated a significant correlation 

with functional measure outcomes.  Within the amputee group, the only trend which was 

observed was that VPT at 3Hz in the prosthetic region (average of amputated tibia and residual 

sites) appeared to have a negative relationship with reach distance and CoP excursion during the 

functional reach (Figure 3.15). This negative relationship suggests that amputee subjects with 

low perception thresholds (therefore high sensitivity) of skin within the prosthetic are able to 

reach further and are willing to push their CoP further during functional reach.  Quai et al (2005) 

performed functional reach in lower limb amputees and found that subjects with impaired 

monofilament sensitivity had shorter reach distance.  However, Quai et al (2005) only indicated 

an association between general decrease in sensitivity with functional reach, but did not indicate 

at which sites and could not perform a correlation as sensation was designated as “normal” or 

“impaired”.  No correlations were observed in the current study between any skin sensation test 

and the L-timed-up-and-go functional test.  Previous research has shown that decreased 

vibrotactile sensitivity at 100Hz is related to decreased gait speed in the elderly (Deshpande et 

al., 2008).  The lack of a relationship between skin sensitivity and time to complete the L-timed-

up-and-go in the current study is likely based on the low number of subjects used.  The only 

trend observed here in which subjects with increased 3Hz sensitivity of the sites that fell within 

the prosthetic, showed increased functional measures is likely driven by the two subjects at either 
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end of the correlation.  It is important to note that factors other than skin sensitivity such as time 

since amputation, age, and rehabilitation training will affect the subject’s ability to perform the 

functional reach and other balance tasks (Sagawa et al., 2011). Interestingly, the most sensitive 

subject (Subject 7) was the traumatic amputee who was generally very healthy, active and 

ambulatory. The least sensitive subject at 3Hz in the prosthetic (Subject 8) was a diabetic 

amputee.  Both had similar time since amputation (18 and 20 years respectively) and 

rehabilitation training, and both scored a perfect 48/48 on the functional amputee scoring, and 

were the two most active subjects based on their questionnaire responses.  Since these two 

subjects are reasonably well matched for some of the confounding variables which affect 

functional reach distance; the difference between the two may be due to decreased skin 

sensitivity in Subject 8.  This relationship should be investigated further with a group of 

amputees who are more closely controlled for amputation type in an attempt to examine the role 

that skin sensitivity plays in functional balance of amputees. 

While we were unable to definitively illustrate the importance of skin sensory feedback 

in the prosthetic/limb interaction of the amputee, the skin within this region may well be an 

important point of afferent input regarding pressure, slip and contact information.  If skin 

sensitivity is low, this can have pathological consequences as the amputees may be unable to 

identify excessive pressure which can lead to ischemia and ulcers, resulting in the need for 

further surgical intervention (Meulenbelt et al., 2006).  High skin sensitivity in the prosthetic 

may allow the amputee to use the prosthetic as a more efficient tool in their interaction with the 

environment.  For example, one subject (Subject 5) anecdotally told investigators that he felt as 

though his skin sensitivity in his residual limb had improved over time, and that this 

improvement allowed him to drive has manual transmission car which required him to use both 
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legs and therefore use the skin sensation in his prosthetic to identify how far to press and when to 

let out the clutch.  When examining this amputee’s sensitivity individually, it was observed that 

he illustrated less prevalence of ceiling effects than the other two diabetic amputees at 250Hz, 

however no major trend was observed in comparing sensitivity to other measures.  At each 

frequency, some sites were improved compared to other diabetics, while others were worse, and 

no trend was observed for sites which interact with the prosthetic (amputated tibia and residual 

sites) or the heel. 

  If skin sensitivity in the residual limb is not naturally improved by cortical 

reorganisation, perhaps improving tactile sensation through training or interventions such as 

transcranial magnetic stimulation (Tegenthoff et al., 2005; Ragert et al., 2008) or application of 

anesthetic to neighboring areas (Rosén et al., 2006; Rosén et al., 2009; Björkman et al., 2009; 

Lundborg et al., 2010) could improve functional outcome, similar to that observed with ischemic 

block in stroke patients (Muellbacher et al., 2002) and targeted anesthesia in nerve repair patients 

(Rosén et al., 2006).  Future interventions could attempt to increase the tactile sensitivity of the 

skin within the prosthetic device and examine both functional outcomes and development of 

future ulcers to investigate the possible benefit of increased skin sensitivity in this area.  

 

4.6 – Limitations and Recommendations for Future Work 

 The major limitations of this study have been mentioned throughout the results and 

discussion where they are most pertinent, but they will be summarized here with 

recommendations for future investigation and improvement of future study. 

It is very rewarding to have the opportunity to conduct research on a special population, 

as the individuals who volunteer as subjects are very enthusiastic and interested in furthering 
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research that can help others in the future.  Unfortunately with that reward comes the difficulty in 

recruiting subjects, which was apparent in the current study.  Our research suggests that it is 

inappropriate to group all classes of amputee together when examining skin sensitivity, which 

has been previously overlooked in some studies (Kosasih and Silver-Thorn, 1998; Grüsser et al., 

2001).  In order to make conclusions on how limb amputation itself affects skin sensation, it is 

important that the cause of the amputation does not also affect skin sensation.  Of the four 

amputees studied, two had their limbs removed due to diabetic ulcers in the foot which is 

accompanied by significant peripheral neuropathy affecting skin perception.  One amputee had 

the limb removed due to osteomyelitis which is a bone infection related to the development of 

diabetic ulcers (Frykberg et al., 2007).  Only one traumatic amputee was examined in the current 

study, and therefore we were unable to run statistics to compare his sensitivity with age matched 

controls.  As a result we are limited in our ability to make conclusions regarding differences in 

skin sensitivity between the traumatic amputee and age matched controls.  Future work should 

focus on recruiting traumatic amputees and ensure that different sub-classification of amputee is 

taken into consideration during data analysis.  The low number of subjects also affected the 

correlations that were made between skin sensitivity and functional measures.  Since the amputee 

group is not homogenous for important variables such as amputation type, time since 

amputation, and overall health, differences in functional capability due to skin sensitivity are 

likely masked by other factors affecting functional capabilities. 

The current study is also limited by the occurrence of a ceiling effect in some of the 

measures used.  Due to the use of a special population, pilot testing on the experimental group 

was not an option.  Pilot testing was performed on young healthy subjects (21-38 years) and 

none exhibited any ceiling effects during vibration and monofilament testing.  The fact that some 
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control subjects (aged 46 to 62) exhibited an inability to perceive the first stimulation during 

250Hz vibration at some sites illustrates the decline in skin sensitivity which is known to occur 

with age (Inglis et al., 2002; Wells et al., 2003).  The observation that this occurred only at high 

frequency mediated by FAII afferents was also consistent with the literature (Inglis et al., 2002; 

Wells et al., 2003). This limits the conclusions that could be drawn using data from 250Hz 

vibration; for example, we cannot be confident that the 250Hz threshold in areas such as the 

quadriceps and calf are actually lower than 40Hz thresholds.  Ceiling effects exhibited by 

amputees at both 250Hz and 3Hz are likely due to sensory deficits which are a consequence of 

diabetic neuropathy.  At 3Hz, we can be confident that these subjects do have significantly 

higher thresholds than controls, as their true thresholds lie above the ceiling value, while controls 

demonstrated sensitivities well below the ceiling value.  Similar conclusions can also be drawn 

for monofilament data when comparing control subjects and diabetic amputees. 

The aesthesiometer used to examine two-point discrimination in this study is a 

considerable improvement on previous tools that are commonly used which do not control for 

timing or force application of the individual points.  While all control subjects and the traumatic 

amputee were able to perceive the specified force delivered by the aesthesiometer, three amputee 

subjects (diabetic) were unable to perceive this force at some sites, and therefore two-point 

discrimination could not be measured.  This resulted in missing data points for these subjects at 

some sites.  In addition, the device was limited in the maximum separation distance of the two 

points (48mm).  Some control subjects (50%) and some amputee subjects (50%) illustrated a 

ceiling affect to this device, where their threshold for two-point detection was greater than 

48mm, and therefore a true threshold value could not be obtained using our device.  This effect 

was observed in the hairy skin sites (quadriceps and tibia) but never in the heel, illustrating the 
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increased sensory acuity of the glabrous skin.  Only one amputee subject (traumatic) and two 

control subjects (Subject 2 and Subject 4) had thresholds less than 48mm at all 3 sites.  Two-

point discrimination was included in the testing protocol in an attempt to compare to previous 

literature in upper limb amputees which have shown decreased threshold following amputation, 

however valid comparisons could not be made due to lack of data. 

 

4.7 - Conclusions 

 As has been indicated throughout this thesis, this work was largely limited by the sample 

population under study, as well as a ceiling effect observed in some of the instruments.  Despite 

these limitations, some interesting trends were observed. 

 Control subjects exhibited elevated VPT in the hairy skin of the leg compared to the 

glabrous skin of the foot.  The values showed similar trends to those observed in the hairy skin of 

the forearm; however absolute threshold values tended to be slightly higher in the leg compared 

to previous literature performed on the forearm.  This may be due to slight methodological 

differences between the current study and those in the forearm, or may reflect differences in 

sensitivity due to different afferent innervation or skin mechanics between the two locations.  

The decline in sensitivity between hairy skin of the leg and glabrous skin of the foot was greatest 

at 250Hz vibration and smallest at 3Hz vibration.  In addition, the decline in sensitivity at 250Hz 

between glabrous and hairy skin showed a site interaction, where sites with more subcutaneous 

tissue (calf) had a larger decline in sensitivity compared to those which were located close to 

areas where the bone is more superficial (tibia).  This likely reflects the difference in location of 

Pacinian corpuscle receptors in the hairy skin, which have never been recorded from purely 

cutaneous nerves supplying the hairy regions of the skin, but are known to exist deeper within 
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the interosseous membrane of bone.  Since 250Hz is believed to be mediated by FAII afferents, 

these vibrations are likely partially attenuated as they travel from the surface to the deeply 

located receptors, resulting in increased thresholds. 

 Diabetic amputees illustrated much higher VPT at 3Hz, 40Hz and 250Hz compared to 

controls in all sites except the quadriceps, and similar results were observed with monofilament 

stimulation.  This is likely caused by peripheral neuropathy that is known to accompany 

advanced diabetes, which was present in each of these subjects (n=3). The observation that 

sensitivity at the quadriceps was similar to controls suggests that this neuropathy only has 

reached the level of the knee in our participants.  High thresholds in the intact leg of these three 

subjects indicate existence of peripheral neuropathy in the intact leg as well. 

 The one traumatic amputee participant showed similar vibration perception thresholds to 

controls at 3Hz and monofilament stimulation, but lower thresholds at 40 and 250Hz, illustrating 

heightened sensitivity to these stimuli.  Definitive conclusions cannot be made as observations 

are from a single subject, but these results may provide evidence of cortical reorganisation, 

which is known to follow limb amputation. Cortical reorganization is known to result in an 

increased number of sensory neurons devoted to the remaining intact area, resulting in increased 

sensitivity.  Plasticity in the inter-hemispheric connections of the brain may also lead to 

reorganisation of the hemisphere ipsilateral to the amputation, resulting in improved sensitivity 

in the intact limb.  Similar changes have been documented following ischemic block in the upper 

limb resulting in changes in sensitivity on the unaffected limb.  If cortical reorganisation does 

result in functional skin sensitivity changes in lower limb amputees, perhaps these changes can 

be directed or enhanced in order to increase sensory feedback from the amputated limb to 

compensate for the loss of feedback from the amputated area, as has been performed in stroke 
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(Muellbacher et al., 2002) and peripheral nerve injury patients (Rosén et al., 2006).  If these 

interventions were employed in the amputee population, the increase in residual limb sensitivity 

could benefit them by allowing them to use the prosthetic as a more efficient tool as it provides 

them with afferent feedback about the environment on the support structure they are standing on.  

An increase in sensitivity would also be beneficial in the identification of excessive pressure 

within the prosthetic that can lead to ulcer formation and further amputation. 

http://wizfolio.com/?citation=1&ver=3&ItemID=727&UserID=18445&AccessCode=8170997964B64E8DBBFBF7602204182C&CitationSuffix=
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Appendix A – Amputee Subject Questionnaire 

 

Prosthetic and Mobility Questionnaire 
Experiment: Cutaneous sensitivity in unilateral trans-tibial amputees 

 

Section 1: Physical Condition 

1.1 Name: _____________________ 

1.2 Age: _________ 

1.3 Sex:   Male  or  Female 

1.4 Amputated Limb:  Left  or  Right 

1.5 Date of amputation: ______________ 

1.6 Reason for amputation:  

Traumatic  Diabetes  Cancer 

 Other:__________________________ 

1.7 Level of amputation: 

 Below Ankle  Below Knee  Below Hip 

1.8 Are you currently on any medications? Please specify: _______________________________  

______________________________________________________________________________

______________________________________________________________________________

______________________________________________________________________________ 

Section 2: Prosthetic and Residual Limb Characteristics 

2.1 How many lower limb prosthetic devices do you own? ____________ 

2.2 What type of prosthetic do you use most often? ___________________________________ 

2.3 How long have you been using this prosthetic? ____________________________________ 

2.4 If you have multiple prosthetic devices, how often do you change between them? 

 More than once a day  Once a day  Once a week  Once a month 

  Other:__________________ 
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2.4.1 Why do you usually change your prosthetic? 

Performing athletics  Formal occasions  Other:__________________ 

2.5 Have you had any rehabilitation training since your amputation?  Yes No 

2.5.1 If yes, what training have you received? __________________________________    

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________ 

2.5.2 How long was it between your amputation surgery and the start of your 

rehabilitation training? _______________ 

2.5.3 How long was the duration of this rehabilitation training? ___________________   

2.5.4 How long ago was this rehabilitation training? ____________________________ 

2.6 How much do you use your prosthesis? 

a. None, the prosthesis does not enhance my life   [  ] KO 

b. I use it within my home, on level surfaces.  [  ] K1 

c. I use it outside my home or   

I can traverse curbs, stairs, or uneven surfaces. [  ]    K2 

d. I use it for work, leisure or sport.    [  ] K3 

e. I use it for high impact and energy levels  

(child, active adult or athlete)   [  ] K4 

2.7 Do you use any assistive devices aside from your prosthesis? (ex. canes, walkers, crutches) 

  Yes  or No 

If Yes, what assistive device do you use? _____________ 

2.8 Do you typically experience any discomfort or sensitivity when using your prosthesis?

 Yes  No  

2.8.1 Where do you experience this discomfort/sensitivity? _______________________ 

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________ 
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2.8.2 What activities typically cause this discomfort/sensivitiy? ____________________ 

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________ 

 

Section 3: Phantom Limb Sensations 

3.1 Have you ever experienced any phantom limb sensations (i.e. any sensations in the 

amputated part of the limb?)  Yes  No 

If the answer is No to question 3.1, please continue to section 4, otherwise; 

3.2 Which of the following sensations have you experienced in the phantom limb (circle all that 

apply) 

 Presence of the limb   Pain   Burning  Itching 

  

 Muscle tightness   Other:_________________________________ 

3.3 How often do you experience these sensations? (select one) 

 a) Very often (daily or almost daily) 

 b) Somewhat often (a few times a week) 

 c) Sometimes (once a month) 

 d) Rarely (a few times a year) 

 e) Almost never (few sensations ever experienced) 

3.4 When was the last time you felt a phantom sensation? _________________ 

3.5 Has your phantom limb sensation changed over time? If so, how? _____________________  

______________________________________________________________________________ 

______________________________________________________________________________ 

______________________________________________________________________________ 

  

Section 4: Prosthetic Use – The Prosthetic Profile of the Amputee (PPA) 
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The following questions are regarding the use of your prosthetic.  These questions have been 

reproduced from the Prosthetic Profile of the Amputee (©1993 Gauthier-Gagnon, Grisé) with 

permission from the authors, Marie-Claude Grisé and Christiane Gauthier-Gagnon. 

4.1  Would you say that you are able to don (put on) your prosthesis … 
 
Check [√] one box only 

 … alone without difficulty?  
 … alone but with difficulty? 
 … alone, but with the supervision of another person? 
 … only if you have the help of another person? 
 
4.2 Whether or not you wear your prosthesis, at the present time, would you say that you are 

able to do the following activities WITH YOUR PROSTHESIS ON? 
 

Check one [√] for each statement 

 
BASIC ACTIVITIES ITEM 

NO YES, if 

someone 

helps me 

YES, if 

someone is 

near me 

YES, alone, with 

ambulation aids 

YES, alone, without 

ambulation aids 

a.  Get up from a chair O O O O O 

b.  Walk in the house O O O O O 

c.  Walk outside on even 

ground 

O O O O O 

d.  Go up the stairs with 

a handrail 

O O O O O 

e.  Go down the stairs 

with a handrail 

O O O O O 

f.  Step up a sidewalk 

curb 

O O O O O 

g.  Step down a sidewalk 

curb 

O O O O O 
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ADVANCED ACTIVITIES 

ITEM 

NO YES, if 

someone 

helps me 

YES, if 

someone is 

near me 

YES, alone, with 

ambulation aids 

YES, alone, without 

ambulation aids 

h.  Pick up an object 

from the floor (when you 

are standing up with 

your prosthesis) 

O O O O O 

i.  Get up from the floor 

(e.g. if you fall) 

O O O O O 

j.  Walk outside on 

uneven ground (e.g. 

grass, gravel, slope) 

O O O O O 

k.  Walk outside in 

inclement weather (e.g. 

snow, rain, ice) 

O O O O O 

l.  Go up a few steps 

(stairs) without a 

handrail 

O O O O O 

m. Go down a few steps 

(stairs) without a 

handrail 

O O O O O 

n. Walk while carrying an 

object. 

O O O O O 
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*PLEASE NOTE : 
Questions 4.3 to 4.11 concern the people who wear their prosthesis at least once a week. If 
you do not ever wear your prosthesis please go to question 4.12. 
 

 
 
4.3 For the following question, write the appropriate number in the designated space. 
 
I wear my prosthesis __________ day(s) a week 
I wear my prosthesis approximately  __________ hour(s) a day 
 
 
4.4 In general, you spend approximately what percentage of your day … 
 

Check [√] for each statement 

 

 almost ………………………………………............. almost 
0%         25%         50%        75%             100% 

                                                                (all day) 
 
a) … sitting? ……………………….………                       ……...   …….....     ………...   …………..   
b) … standing and/or walking around? ….........    ……...   …….....     ………...   …………...  
 
 
4.5 During the day, when you have to move about IN THE HOUSE, approximately what 

percentage is done…  
 

Check [√] for each statement 

 

almost ……………………………………….............. almost 
0%         25%         50%        75%             100% 

(of all your moving around) 
 
a) … in a wheelchair? ..……….………….......      ……...     ……..     ………     …………       
b) … walking with your prosthesis 
         (technical aids can be used)? ……...      ……...     ……..     ………     …………       
c) … walking without your prosthesis 
         (technical aids can be used)? ……...      ……...     ……..     ………     …………       
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4.6 If you do not use your prosthesis 100% of the time for your activities IN THE HOUSE, 
could you tell us why? Those who use their prosthesis 100% of the time to move about in the 
house, please proceed to question 4.7. 

 
Check [√] the appropriate boxes 

 

a) Because it is not fast enough ……………..….………………………….  

b) Because it is too tiring .……..…………..………………………………..  

c) Because my hands are not free …………………………………………  

d) Because of problems with my non-amputated leg 

    (e.g. : fatigue, pain, etc.) .……………………………………………….  

e) Because of problems caused by the prosthesis 

    (e.g. : discomfort, perspiration, etc.) ………….……………………….  

f) Because of stump problems 

    (e.g. : skin irritations, pain, wounds, etc.) …………………………….  

g) Because I feel unstable with the prosthesis ……………………………  

h) Because the prosthesis needs adjustments 

    (e.g. : the socket is too tight, too large (loose), etc.) ..…………………  

i)  Other reasons ______________________________ ………………..  

«specify» 

 
 
 
 
 
 
 
 
 
4.7 During the day, when you have to move about OUTSIDE, approximately what percentage is 
done… 
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Check [√] for each statement 

almost ………………………………………….......... almost 
0%         25%         50%        75%             100% 

(of all your moving around) 
 
a) … in a wheelchair? ..……….……………   …….      ……..      ………      …………      
b) … walking with your prosthesis 
         (technical aids can be used)? ..……   …….      ……..      ………      …………      
c) … walking without your prosthesis 
         (technical aids can be used)? ..……   …….      ……..      ………      …………      
 
 
 
4.8 If you do not use your prosthesis 100% of the time for your activities OUTSIDE of the house, 
could you tell us why? Those who use their prosthesis 100% of the time for moving about 
outside, please proceed to question 4.9. 
 
 

Check [√] the appropriate boxes 

 

a) Because it is not fast enough ……………..….………………………….  

b) Because it is too tiring .……..…………..………………………………...  

c) When distances to cover are too long …………………………………..  

d) Because of problems with my non-amputated leg 

    (e.g. : fatigue, pain, etc.) ………………………………………………..  

e) Because of problems caused by the prosthesis 

    (e.g. : discomfort, perspiration, etc.) ………….……………………….  

f) Because of stump problems  

    (e.g. : skin irritations, pain, wounds, etc.) ……………………………...  

g) Because I am afraid of falling ………………….………………………..  

h) Other reasons ___________________________ …………………….  
                                             «specify» 
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4.9 When walking with your prosthesis, approximately what DISTANCE can you cover WITHOUT 
STOPPING? 
 
Check [√] the most appropriate box 

 
 … I am not limited in my walking distances outside of the house or in wide open spaces (e.g. : 

shopping mall) 
 … I walk one block (approximately 5-6 houses) or its equivalent non stop 
 … I walk more than 30 steps at a time, but less than one block non stop 
 … I walk between 10 to 30 steps non stop (e.g. : approximately the length of a hallway in the 

house) 
 … I walk less than 10 steps (e.g. : a few steps within one room in the house) 
 … I do not walk with my prosthesis 
 
 
4.10. Since you have returned home, have you fallen with your prosthesis? 
 
 NO 
 YES ____________________________________________ 
   number of falls in the last month 
 
 
4.11 When you walk with your prosthesis, do you have to think about each step you take? 

 
 … NO, walking has become automatic for me  
 … YES, I have to concentrate on every step I take 
 … I don’t know 
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*PLEASE NOTE :  
THE FOLLOWING 2 QUESTIONS CONCERN ONLY PERSONS WHO DO NOT WEAR THEIR 
PROSTHESIS. 
 

 
 
4.12 When did you stop wearing your prosthesis? 
 
Check [√] one box only 
 … Less than one (1) month ago 
 … Less than six (6) months ago 
 … Less than one (1) year ago 
 … Less than two (2) years ago 
 … Less than three (3) years ago 
 … Less than four (4) years ago 
 … Four (4) years ago or more 
 … I never wore it 
 
 
4.13. Why did you stop wearing your prosthesis? 
 

Check [√] the appropriate boxes 

 
a) The socket of the prosthesis was too large (loose) for my stump …...  
b) The socket of the prosthesis was too small (tight) for my stump …….  
c) It was too tiring …………………………………………………………….  
d) I had surgery on my stump (eg. : re-amputated, other surgery) ……..  
e) Other _______________________________ ………………………...  
                                    «specify» 
 


