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ABSTRACT
Acuity of proprioceptive sense plays an important role in ankle joint movements and balance
control in daily activities and physical exercises, so measuring it accurately is critical. Several
factors are thought to affect the measurement of ankle proprioceptive sense and the
proprioceptive sense itself, and research evidence has identified factors that induce transient
or chronic changes in joint proprioception. However, few studies have investigated the
factors that may influence the measurement of proprioceptive acuity and the nature of the
trend in ankle proprioception across the life span. In addition, research on how different
physical activities relate to ankle proprioception is limited. The aim of this thesis was firstly
to explore the effect of laterality on the proprioceptive ability of the ankle joint, next to
examine the across-life-span age-related changes in proprioceptive ability, and then to
consider the associations of different types of physical activities with the proprioceptive
aging process. All research studies were conducted using an active movement extent
discrimination task involving ankle inversion movements that are similar to normal joint
function in sports and daily activities. In addition, the relationship between different ankle
proprioception measurements was investigated to better understand whether all methods of
measurement are testing the same aspect of proprioception, and to determine which method is
the most appropriate for assessing ankle proprioception in different settings. A series of five
studies was conducted, starting with developing valid and reliable Chinese-language laterality
questionnaires, to ensure that the laterality of each participant could be appropriately
determined for use in later studies. Then one study focused on laterality in the process of
familiarization, considering laterality effects on proprioceptive performance. Further research
studies examined the relationship between different proprioception measurements, agerelated effects on proprioceptive ability, and the associations of different types of physical
activities on proprioceptive ability.
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The first study (presented in Chapter 3) involved the development of Chinese laterality
questionnaires, including the determination of their reliability and validity.

In

neuropsychology and motor behavior research, handedness and footedness information is
often required. In China, several studies have reported the use of questionnaires to assess
participants’ hand or foot preference, according to the Chinese online research paper website
– China National Knowledge Infrastructure (CNKI), but no information on the validity and
reliability of Chinese-versions of hand and foot preference measurement was found.
Therefore, a reliable and validated Chinese version of both handedness and footedness
questionnaires needed to facilitate future studies that investigate participants’ laterality. The
objective of the present study was to translate the Edinburgh Handedness Inventory (EHI)
and the Waterloo Footedness Questionnaire-Revised (WFQ-R) into Mandarin Chinese, and to
evaluate the reliability and validity of these translated versions in healthy Chinese people. In
the first stage of the study, Chinese versions of the EHI and WFQ-R were produced from a
process of translation, back-translation and examination, with necessary cultural adaptations.
The second stage involved determining the reliability and validity of the translated EHI and
WFQ-R for the Chinese population. One hundred and ten Chinese participants were tested
online, and the results showed that Cronbach’s alpha coefficient of internal consistency was
0.877 for the translated EHI and 0.855 for the translated WFQ-R. Another 170 Chinese
participants were tested and re-tested after a 30-day interval. The intra-class correlation
coefficients showed high reliability, 0.898 for the translated EHI and 0.869 for the translated
WFQ-R. This preliminary validation study showed the translated versions of EHI and WFQ
to be reliable and valid tools for assessing handedness and footedness in this population.
In the second study (presented in Chapter Three), the effect of familiarization on the
ipsilateral or contralateral side prior to an ankle proprioception test was investigated. In
proprioceptive ability testing with the Active Movement Extent Discrimination Assessment
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(AMEDA) (Waddington & Adams 1999; Han, et al. 2013a), the test movement on any trial is
made to a physical stop at one of a small set of movement extents (usually 5, numbered
respectively from 1 to 5). After the participant actively moves the body segment being tested
to a predetermined and randomly presented stop position and has returned to the start position
(i.e. been presented with a movement extent), the participant reports which one of the
movement extents they have just completed. To enable identification of extent of movement
to a given position, the participant initially undergoes a familiarization session, with repeated
exposure and feedback about each of the stop positions that constitute the test set and their
corresponding allocated position numbers, so that they are able to identify different stop
positions when they undertake the test without feedback. One question that arises about the
familiarization procedure regards the interchangeability of the side of the limb familiarized
and limb tested. That is, whether there is a side-specific component in proprioception.
Therefore, it is of significance to investigate whether there is any effect produced by a test
position familiarization of one side on the proprioceptive acuity performance of the limb on
the contralateral or ipsilateral sides. Ankle proprioception of forty right-handed participants
was tested using an active movement extent discrimination assessment. Proprioceptive acuity
scores were compared when familiarization and testing happened with either ipsilateral or
contralateral limbs, and no significant difference was found (p = 0.292). Similarly, whether
the left or the right foot was familiarized, the accuracy scores, given as the mean area under
the Receiver Operating Characteristic curve (AUC), for the tested left or right foot were
similar (p = 0.731). These results suggest that proprioceptive information from the
familiarization session is equally available to both hemispheres without loss of quality.
In the third study (presented in Chapter Four), proprioception assessment methods were
compared. Three assessment methods are commonly employed in proprioception research –
threshold to detection of passive motion (TTDPM), joint position reproduction (JPR), and
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active movement extent discrimination assessment (AMEDA). Previous studies comparing
the passive testing method TTDPM and the two active methods - JPR and AMEDA - have
not shown any significant correlation between passive testing and active testing scores. In the
present study, the two active proprioception testing methods, JPR and AMEDA, were
compared, using testing with active inversion movements at ankle, and the relationships
between the scores arising from these two measurement systems were examined.
Two different test setups were employed: one was a 5-position testing protocol with one
degree of arc between the extents of adjacent movements, and the other 4-position protocol,
with two degrees of arc between the movements. 50 participants volunteered to take part in
this research, 20 of whom were tested on the 5-position protocol by the methods of JPR and
AMEDA while the other 30 were tested on the 4-position protocol, again by both methods.
Proprioceptive acuity was represented by absolute error (AE) and variable error (VE) for JPR
testing, and AE and AUC for AMEDA. Proprioceptive acuity scores are found to be
significantly correlated within test methods, in that the JPR AE correlated with the JPR VE
and AMEDA AE correlated to AMEDA AUC.

However, there were no significant

correlations between methods, in that JPR AE and VE were not correlated with either
AMEDA AE or AUC. Acuity scores obtained from the two active movement proprioceptive
tasks, movement extent discrimination and joint position reproduction, are thus not
significantly correlated. Together with previous findings, these results indicate that scores
from the three classical psychophysical methods for measuring sensitivity (adjustment, limits,
and constant stimuli) are not correlated, and suggest that each ankle proprioception
measurement system assesses different aspects of proprioception.
In the Fourth Study (presented in Chapter Five), the trend across the lifespan for ankle
proprioception scores obtained from active ankle inversion movement testing was
investigated. The right ankles of 118 healthy, right-handed participants, in six age-groups,
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were assessed - children (6-8 years), adolescents (13-15 years), young adults (18-25 years),
middle-aged adults (35-50 years), old adults (60-74 years) and very old adults (75-90 years).
Ankle proprioception was measured in standing using the active movement extent
discrimination apparatus (AMEDA). The mean discrimination scores showed an asymmetric
inverted-U function across the six age groups, with a peak at 18-25 years, later than the age
of peak visual and auditory acuity at seven years. For ankle proprioception, young adults
were significantly better than children, adolescents, old adults and very old adults. An acrosslifespan pattern of ankle proprioception for healthy participants was established, showing that
proprioceptive acuity progressed from a comparatively low-level during childhood, to its
highest level in young adulthood, then decreased from middle age, with older adults showing
proprioceptive acuity corresponding to that of adolescents. The least sensitive ankle
proprioceptive ability was found in people aged over 75 years old.
In the fifth study (presented in Chapter Six), the associations in elderly people between
involvement in two different physical activities ( Tai Chi and Square Dance) ankle
proprioceptive acuity, and the perception of somatosensory sensations at the plantar sole were
investigated. 83 participants were recruited into 5 groups: Young adults; Active Older adults;
Older adults from a community Taiji team; Older adults from a community square dance
class; and Inactive old adults. Ankle proprioception was measured in standing using the
active movement extent discrimination apparatus (AMEDA). The 30-Second Chair Stand
Test was implemented to test the functional strength of the lower extremities. Monofilament
testing was used to test the pressure sensation threshold for the foot. The results showed that
the function of somatosensory system degenerates as age increases, as did ankle
proprioceptive acuity. The better performance of the active old adults than the inactive ones
in all the tests suggests that physical activity plays a proactive role in maintaining the
somatosensory sensation of the elderly. Cutaneous receptors in the skin around the sole of the
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foot provide critical tactile information that contributes to proprioceptive task performance.
Therefore, aging degradation of the tactile acuity in plantar skin may be a major contributor
to the age-related decline observed in ankle proprioceptive performance.
Finally, a summary was provided in Chapter 7, in which the clinical /ecological relevance of
the findings and the implications of this work for future research were discussed.
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CHAPTER ONE
INTRODUCTION

The foot and ankle complex, through its function at the interface between the body and the
ground, is a crucial base for human balance and stability. Muscles, tendons, and ligaments
surround the ankle, providing stability to the ankle joint for walking and running. To control
balance, the central nervous system (CNS) integrates visual, vestibular, and proprioceptive
information to produce motor commands that coordinate balance through the activation
patterns of muscles but in doing this also uses anticipation and internal representation
(Shumway-Cook & Woollacott, 2007). Proprioception has been defined as the ability to
integrate sensory signals from various mechanoreceptors, to thereby determine body position
and movements in space (Goble, 2010; Han et al., 2016a). Ankle proprioception may be one
of the most important components contributing to balance control, because during most
upright activities, the ankle/foot complex is the only part of the body contacting the ground.
Ankle proprioception provides essential information to enable fine adjustment of ankle
position and thereby enable the upper body movements needed to perform complex motor
tasks (Di et al., 2009; Shun et al., 2009).
Several studies have explored interventions or experiences that induce transient or chronic
changes in ankle proprioception, including factors such as exercise (Han et al., 2014;
Waddington & Adams, 2004; Winter et al., 2015), injuries (Hertel, 2008; Nakasa et al., 2008;
Waddington & Adams, 1999b; Witchalls et al., 2014), exercise-induced fatigue (Allen &
Proske, 2006; Forestier & Bonnetblanc, 2006; Ju et al., 2010; Mohammadi & Roozdar, 2010;
Ribeiro et al., 2011), aging (Adamo et al., 2007; Ribeiro & Oliveira, 2010), and cryotherapy
(Costello & Donnelly, 2011; Dover & Powers, 2004; Oliveira et al., 2010). The assessment of
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ankle proprioception in healthy individuals, participants with musculoskeletal or neurological
disorders, and those with sport training experience has been systematically reviewed in
several recent studies. (Han, Anson, et al., 2015; Han et al., 2016b; Hillier et al., 2015;
Röijezon et al., 2015). However, few studies of ankle proprioception have explored factors
that may affect the process of assessment of ankle proprioception, such as whether the
information obtained from a familiarization session can be affected due to laterality (i.e. do
proprioceptive performances differ when

the familiarising and the testing limbs are

ipsilateral or contra-lateral?). Similarly, little research has been undertaken comparing the
different measurement methods utilised in proprioception research. Knowledge of age-related
and exercise-related effects on ankle proprioception is also limited.
In this thesis, a series of five studies are reported, starting with work aimed at developing
valid and reliable Chinese language laterality questionnaires, because data collection for this
research project was undertaken in China, and no validation of the laterality tools used with
English-speaking populations had been previously reported. This work was undertaken in
order to ensure that the laterality of each participant could be effectively determined in
subsequent studies of proprioceptive ability. Thereafter, the studies in this thesis focused on:
assessing the extent of any laterality effect of familiarization on ankle proprioceptive
performance; the relationship between different measures of proprioception; the shape of the
age-related function for ankle proprioceptive ability; and the association between different
volumes and types of physical activities and ankle proprioceptive ability.
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1.1 Factors Influencing Ankle Proprioception
1.1.1 Laterality and Ankle Proprioception
1.1.1.1 Development of valid and reliable Chinese language versions of laterality
questionnaires for behavioural and motor control studies

In neuropsychology and motor behaviour research, information about participant handedness
and footedness is often required. A literature survey using keywords such as “ 惯用手”
（handedness）, “调查问卷” (questionnaire）, “ 惯用足” （footedness）, and “ 利手/利
足”(laterality), and their combinations searched research papers on the largest Chinese
online data base of academic research – China National Knowledge Infrastructure
(WWW.CNKI.NET), and identified more than 300 studies which had reported the use of
questionnaires to assess their participants’ hand or foot preference since 1949 . But none of
these studies has reported the validity or reliability of any Chinese versions of hand and foot
preference measurements. The handedness questionnaire most frequently employed in these
studies was a Chinese version of the ten-item handedness questionnaire (CH-HQ-1981) that
was used in a general handedness survey carried among 20,000 Chinese people in 1981 and
reported in a research paper by Li (1983). The CH-HQ-1981 was developed from the
Edinburgh Handedness Index Oldfield (1971) and Annett’s Handedness questionnaire
(Annett, 1970). Li (1983) listed the ten activities investigated in his questionnaire: (using a
pen, using chopsticks, throwing, using a toothbrush, using scissors, striking a match,
threading a needle, holding a hammer, holding a bat, using a towel to wash the face) and
explained how they determined the participant’s handedness. However, no statistical analysis
in relation to the reliability or validity of this handedness questionnaire employed with
Chinese participants was reported. Similarly, footedness among Chinese participants has been
considered in only a few studies, all of which have relied on observation or a questionnaire
investigating only one or two activities, such as kicking a ball and hopping on one foot.
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Therefore, reliable and valid Chinese-language versions of both handedness and footedness
questionnaires are needed to facilitate future studies that investigate participants’ laterality.
The development of reliable and valid Chinese versions of both handedness and footedness
questionnaires, carried out according to the standard procedure of across-language translation
and validation, is outlined in Chapter 3.
1.1.1.2 Laterality of Input and Ankle Proprioception

The Active Movement Extent Discrimination Assessment (AMEDA) (Han, Anson, et al.,
2013; Waddington & Adams, 1999a) is the principal proprioceptive ability testing method
used in the studies in this doctoral project (Studies 2-5). In AMEDA tests, the relevant
movement excursion on any trial is from horizontal to one of a small set of stop positions
(usually 4 or 5 positions are used, numbered respectively from 1 to 4 or 1 to 5). To enable
identification of the extent of movement to a given experimenter-determined position, the
participant initially undergoes a familiarization session, with repeated exposure to, and verbal
feedback about, each of the movement extents that constitute the test set so that they are able
to identify the different stop positions when they undertake the test without feedback. Once
the participant has been familiarised with the movement extents employed for the test, they
then actively move the body segment being tested to a predetermined, randomly-presented
stop position, then return the body segment to the start position (i.e. the participant has now
been presented with a movement extent). Subsequently, the participant reports which one of
the five of the fixed set of movement extents has just been experienced. The psychophysical
method of movement extent discrimination used for testing proprioceptive function was
reviewed by Han et al. (2016a), and its reliability and validity have been reported in several
studies (Cameron & Adams, 2003; Han, Adams, et al., 2013; Waddington et al., 2000). One
question that arises about the familiarization procedure in movement discrimination tasks
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regards the impact of the laterality of the proprioceptive input and possible effect on
proprioceptive performance. Studies regarding this are very limited.
Studies of motor output, using joint matching tasks requiring memory retrieval and/or
interhemispheric transfer of proprioceptive information, have provided valuable insight
regarding asymmetries in proprioceptive performance. In a conventional joint position
matching task, one limb is passively positioned and then this reference position is actively
reproduced with the same or contralateral limb (Goble, 2010). In ipsilateral tasks, where the
same limb performs both the reference and matching movements, a non-preferred righthemisphere/left limb advantage in position-related proprioceptive sense has been identified in
some studies, which have reported that the absolute matching errors were less for the left than
right limb (Carnahan & Elliott, 1987; Goble & Brown, 2010; Riolo-Quinn, 1991). This
finding supports the dynamic dominance theory proposed by Sainburg (2002), which states
that in right-handed individuals the dominant right limb/left hemisphere system is specialized
in controlling limb dynamics and the non-dominant left limb/right hemisphere system is
specialized in controlling static limb position. Therefore, based on dynamic dominance
theory, one hypothesis about the asymmetry in limb proprioceptive performance during
AMEDA movement discrimination tasks would be that when the familiarization and test
happen on the same side (ipsilaterally), and both limbs are tested, proprioceptive performance
should be superior on the non-preferred left side.
Interestingly, other studies employing ipsilateral matching tasks reported no significant
differences in matching performance between the limbs (Carson et al., 1990; Imanaka et al.,
1995; Wrisberg & Winter, 1985) . In their work, Imanaka et al. (1995) attributed the
symmetry between limbs to muscle innervations that may be primarily unilateral for distal
musculature and bilateral for proximal musculature. Another hypothesis for the functional
processes underlying movement discrimination tasks might be that when both the
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familiarization and the test happen ipsilaterally, proprioceptive performance should be the
same on the dominant, right side and non-dominant left side.
In contralateral matching tasks, where the reference limb and limb tasked with doing the
matching are on opposite sides of the body, the observed asymmetries have been found to be
dependent upon which limb, the dominant or non-dominant, received the reference or
performed the matching task (Adamo & Martin, 2009; Goble & Brown, 2007; Goble et al.,
2006; Worringham & Stelmach, 1985). Adamo and Martin (2009) compared the matching
errors between the contralateral and ipsilateral conditions and found greater absolute
matching errors in the contralateral than ipsilateral conditions. From this result they
suggested that performance is impaired in conditions that require inter-hemispheric transfer
and retrieval of memory-based proprioceptive information. Similarly, Goble and Brown
(2010) noted that before proprioceptive information from one side can be used in making a
movement by the opposite limb, it must cross the hemispheric divide, via the trans-callosal
pathways. Thus, if the quality of position information was degraded during transfer across the
corpus callosum, proprioceptive performance would be better if the limb tested was the same
as the familiarized one, and no inter-hemispheric transfer was needed.
However, it has been shown that motor impairments can occur both to the contralateral side
as well as to the ipsilateral side following a lesion after unilateral stroke (Jones et al., 1989;
Schaefer et al., 2009). Studies assessing the effects of unilateral ankle injury suggest that
damage at the level of the peripheral receptors causes central adaptation seen as consequent
bilateral deficits (Waddington & Adams, 1999a), and this interpretation is supported by the
finding that training the stable ankle has bilateral effects (Han, Anson, et al., 2013). Similar
findings have been reported in sport skills training studies, where, after initial practice with
one limb, better performances were found on both sides (Senff & Weigelt, 2011; Stockel &
Weigelt, 2012). The inference here is that the preferred mode of use of proprioceptive
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information in motor control is to only include information inputs that are common to both
sides (Gauffin et al., 1988b; Tropp et al., 1985b; Waddington & Adams, 1999a). By this
account, during the active movement extent discrimination test, no proprioceptive acuity
difference should be seen, irrespective of the side familiarized.
From the discussion on the possibilities of the effect of lateral familiarization on
proprioceptive performance, it is of significance to investigate whether there is any effect
produced by familiarization of one side of the body on the performance of the limb on the
contralateral or ipsilateral sides. The impact of aspects of laterality of training or
familiarization on subsequent proprioceptive performance is explored in Chapter 4.

1.1.2 Measurement of Ankle Proprioception

Two commonly-reported test protocols, Threshold To Detection of Passive Motion (TTDPM)
and Joint Position Sense (JPS) determined by movement reproduction error, have often been
used to draw conclusions regarding overall proprioceptive ability (Barrett et al., 1991;
Halseth et al., 2004; Kaplan et al., 2009). However, depending on the type of proprioceptive
test used, different results regarding proprioception outcomes have been observed in the same
participant groups. For example, Barrett et al. (1991) reported that proprioception was
significantly improved by reconstruction of the knee anterior cruciate ligaments (ACL) when
measured by a joint position visual estimation test. However, MacDonald et al. (1996) found
that in patients with reconstruction of the ACL, proprioception did not improve when
measured by a TTDPM test. Similarly, Skinner and Barrack (1991) were unable to find any
improvement in patients with ACL injuries when using a TTDPM test and a JPS test with
different protocols from that of (Barrett et al., 1991). These conflicting results lead to the
question as to whether the measurement methods are evaluating the same feature. Several
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studies that have examined the relation between different tests of proprioception have
reported no correlation between different testing methods used. Tests of movement detection
and joint position matching were shown to correlate poorly in healthy participants
(Elangovan et al., 2014; Grob et al., 2002) and in participants with injured or diseased joints
(Barrack et al., 1984; Friden et al., 1997). Joint position sense error measured under different
testing protocols (i.e. weight-bearing and no-weight bearing) was also found to lack
significant correlation (Grob et al., 2002; Stillman & McMeeken, 2001). De Jong et al. (2005)
compared methods of passive movement detection and active movement discrimination, and
similarly found no significant correlation between these two tests.
Thus far, no studies have been conducted to examine the relationship between the scores
arising from the methods of JPR and active movement extent discrimination. Therefore, a
study was designed to compare the JPR and AMEDA methods, and to evaluate the
relationship between the results of these two measurements with active inversion movements
at the ankle. A comprehensive exploration of this issue can be found in Chapter 5.

1.1.3 Age and Ankle Proprioception

The somatosensory system provides information about the modalities of somatic sensation,
including pain, temperature, touch, and proprioception (Franzen et al., 1996). Proprioception
is the perception of body movement and joint position in space, and proprioceptive
information is generated from mechanoreceptors located in the muscles, tendons, ligaments,
joint capsules, and tactile receptors in skin (Lephart et al., 1997). This information is
integrated with visual and vestibular input in the central nervous system for successful
movement and postural control (Han et al., 2016a). Because it arises from the last joint where
adjustments can be made before contact with the ground, ankle proprioception plays a crucial
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role in sport activities and mobility (Han, Waddington, et al., 2015). Although proprioceptive
development has been studied separately in childhood and adulthood with an overall results
showing that in typically developing children, proprioceptive ability is characterized as an
age-related improvement from younger children to adolescents, while in adults, an age
related decline from younger to older adults, in position matching tasks (Goble et al., 2011;
Goble et al., 2005; Holst-Wolf et al., 2016), no studies have systematically investigated ankle
proprioceptive changes across the lifespan. Ankle proprioception plays a predominant role in
postural control (Kavounoudias et al., 1998), so information on ankle proprioception across
the human lifespan could provide a normative base against which the proprioceptive status of
populations in paediatrics and gerontology can be compared, and therefore may facilitate
testing interventions designed to improve ankle proprioception. In this study, movement
discrimination ability will be assessed by the AMEDA test, which allows for examination of
ankle proprioception in a functional standing (normal weight-bearing) position, with normal
(though non-target) vision allowed, and involves judging movements that vary in extent. This
study is reported in Chapter 6.

1.1.4 Physical Activity and Ankle Proprioception

Regular physical activity has been considered one strategy to reduce the incidence of poor
proprioception and falls with aging (Petrella et al., 1997) and to improve the sensorimotor
systems that contribute to stability (Lord et al., 1999; Lord et al., 1994). Tai Chi has been
extensively studied as a modality for older adults to improve various physical outcomes.
Growing research evidence supports the claims for the health benefits of this traditional
Chinese activity. Regular or long-term practice of Tai Chi was associated with improved limb
strength, balance, joint proprioception, range of motion, gait outcomes, reaction time, balance,
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postural control, and flexibility among healthy community welling older adults. (Lelard et al.,
2010; Li et al., 2008; Tsang & Hui-Chan, 2003, 2004) It is suggested that all forms of Tai Chi
emphasize conscious awareness of body position and movement, which seem to contain the
characteristics of proprioceptive exercise (Irrgang & Neri, 2000). However, different forms of
exercise may have different effects on postural equilibrium and proprioception. Xu et al.
(2004) reported that the elderly people who regularly practiced Tai Chi not only showed
better proprioception at the ankle and knee joints than sedentary controls, but also better
ankle kinesthesis than swimmers/runners. However, another study which compared
experienced Tai Chi practitioners and golfers reported that both groups had improved joint
proprioceptive acuity and dynamic standing balance control, and demonstrated that the male
elderly golfers achieved levels of joint proprioceptive acuity and balance performance similar
to those of the elderly Tai Chi practitioners (Tsang & Hui-Chan, 2004). Since different
physical activities may have varied effects on ankle proprioception, it is worthwhile to extend
the investigation to other physical exercises.
Like the practice of Tai Chi, which is popular among elderly Chinese, Square Dance is
another newly emerging sport popular among elderly women in China, ranking in top 20
physical activities in the 2019 Chinese Fitness Trend Report. Similar to general dancing skills,
Square Dance requires mental concentration, as well as precise and coordinated trunk and
limb movements. Consequently, experienced Square Dancers could also have improved joint
proprioception and balance control. Notably, different from Tai Chi that features slow
movements, Square Dance involves more vigorous and fast-rhythm movements, which might
lead to better performance in the somatic senses test scores of Square Dance practitioners.
Thus, another objective of the present project was to compare the somatosensory ability of
the elderly dancers with those of elderly Tai Chi practitioners and inactive participants
matched for age and physical activity level, as well as with those of young healthy subjects.
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Since the association of physical exercise with ankle proprioception has been sparsely
reported to date and the results of the existing studies are contradictory, it is worthwhile
comparing younger adults with both sedentary and active old adults to assess the association
of regular physical activities with proprioceptive ability, and to examine whether there are
significant differences in ankle proprioceptive ability between older participants involved in
different activity levels (High, Moderate, and Low levels) and different styles (Tai Chi and
Square Dance).
In addition, the contribution of cutaneous sensation to proprioception has been noted in
various studies, because cutaneous mechanoreceptors surrounding joints can respond to the
skin strain and deformation that is generated by movement, and thus provide proprioceptive
cues (i.e., information about the position and movement of neighbouring body segments)
(Aimonetti et al., 2007; Edin, 2001; Edin & Abbs, 1991; Edin & Johansson, 1995). Poorer
ankle proprioception in older adults compared with younger adults has been reported in
previous studies, including those studies using a range of measures of proprioceptive
sensitivity, including; threshold for detecting passive ankle rotation (Gilsing et al., 1995),
dynamic position sensing (Madhavan & Shields, 2005), and active movement discrimination
(Yang et al., 2017), but research on age-related differences in the haptic sense of the plantar
skin is limited. Yümin et al. (2016) examined plantar cutaneous sensation in healthy women
and revealed that they may experience a decrease in foot plantar sensation with increasing
weight and age. The authors suggested that healthy females should focus on proprioception
and sensory training in order to prevent balance and falling problems. However, they did not
investigate the relation between the plantar sensation and ankle proprioceptive performance,
and the literature provides limited data regarding the relationship between plantar sensation
and physical activity volumes and styles. Therefore, a study was needed to compare the
somatic senses, including proprioception and cutaneous sensation, between elderly
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participants engaged in different styles and levels of physical activities, and compare them
with young healthy participants, and to thereby investigate the relationship between physical
activity (PA), ankle proprioception acuity and plantar cutaneous sensitivity.
In addition, because lower extremity muscle weakness is identified as an important falls risk
factor (Gehlsen & Whaley, 1990; Whipple et al., 1987), and lower limb strength is also
known to contribute to the control of balance (Madhavan & Shields, 2005), such a study
should also include investigation as to whether any relationship might exist between ankle
joint proprioception during a weight-bearing standing position and lower limb strength
among elderly Chinese female participants (Only female participants were included because
one one hand, they were the high-risk group of falling; on the other hand, the gender
differences in proprioceptive performance could be avoided as a possible variable that may
impact the results.), and whether different styles and levels of physical activity are associated
with different lower limb functional strength performance.
Chapter 7 details research undertaken to explore the relationships between ankle
proprioception, plantar cutaneous sensitivity, and functional strength of the lower extremity
in long term Tai Chi and Square Dance older practitioners, highly active and inactive old
adults, and young healthy controls.
Exploration of each of the research areas outlined above has the potential to extend current
knowledge and generate novel insights into the factors that may influence ankle
proprioception, and thus improve understanding about this important ability.
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1.2 General Aims and Significance of the Research Project
The global aims of this doctoral research can be divided into two areas. The first involves
consideration of factors related to the measurement of ankle proprioception, including;
examining the effects of the pre-test familiarization session on the subsequent proprioceptive
test scores, and investigating the relationship between different proprioceptive assessment
methods. Given these different methods, the existence of a general ‘proprioceptive acuity’
that can be measured by any testing method interchangeably cannot be assumed. Because
participants are to be drawn from the Chinese population, this work necessitated the a priori
development of a validated Chinese version of a frequently used handedness questionnaire,
and similarly a footedness questionnaire, to be used with the ankle proprioception test. The
second area of focus involves examining the association between ankle proprioceptive ability
and age, and the relationship between ankle proprioceptive ability, physical activity,
functional muscle strength and cutaneous sensation., as knowledge about the relationships
between these variables may provide important information underpinning for interventions
designed to reduce age-related injury.
In summary, the aims are listed below:


To establish a reliable Chinese version of Handedness Questionnaire and Footedness
Questionnaire to be used in the future studies among Chinese participants;



To examine the effects of the familiarization session on the subsequent proprioceptive
test;



To investigate the relationship between different proprioceptive methods;



To consider the age-related changes in ankle proprioception;



To consider the relationship between ankle proprioception and physical activity,
plantar sensation and functional strength in low extremity.
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CHAPTER TWO
LITERATURE REVIEW
2.1 Proprioception
Proprioception, defined as one’s ability to determine body segment positions in space based
on the integrated information from various sensory receptors (Goble, 2010; Goble et al., 2009;
Han, 2013; Han, Anson, et al., 2013), requires the input of signals to the central nervous
system, arising from the stimulation of mechanoreceptors. The quality of the available
proprioceptive information and an individual’s proprioceptive ability are considered as two
main factors that can determine overall proprioceptive performance (Han et al., 2016a) The
roles that the central and peripheral processing systems play in an individual’s proprioceptive
function have been the focus of several reviews (Goble, 2010; Han et al., 2016a; Hillier et al.,
2015).
The central nervous system (CNS) receives proprioception-relevant input from three main
sub-systems: the visual system, the vestibular system, and the somatosensory system
(Tyldesley & Grieve, 1996). The visual system provides the brain with visual cues for use as
reference points in orientating the body in space, and contributes to the maintenance of
balance. The vestibular system receives information from the vestibules and semicircular
canals of the ear, and is used in the maintenance of body posture, controlling eye musculature,
conscious awareness of body and joint position, and motion (Guskiewicz & Perrin, 1996).
The somatosensory system, functioning to detect sensory stimuli such as tactile stimulation
and movement stimuli such as joint displacement (Tyldesley & Grieve, 1996), receives input
from the peripheral tactile, articular and musculotendinous receptors located within the skin,
the bone, joint ligaments, and joint capsules. The somatosensory system provides information
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regarding changes in muscle length and tension, and information about joint position and
motion. (Nyland et al., 1994; Tyldesley & Grieve, 1996) Under normal conditions, the
somatosensory subsystems are generally accepted as the primary mediators of proprioception.

2.1.1 Somatosensory system

The somatosensory system provides information about physical contact with objects in the
external environment through touch (e.g., object shape, force, pain) and about the position
and movement of body parts (proprioception) through the stimulation of muscles and joints
(Brodal & Rinvik, 1981). The somatosensory system consists of efferent receptors and
afferent neurons that are distributed in the periphery and the central nervous system and
usually includes three neurons – primary, secondary and tertiary neurons (Schnitzler et al.,
2000). Generally, the cell body of the primary neuron is located in the dorsal root ganglia of a
spinal nerve while that of the secondary neuron is situated in either the brainstem or the
spinal cord (Necker, 2000). Most of the axons of the tertiary neurons end in the relay centre
of the brain, the thalamus, and some terminate in the cerebellum or the reticular activating
system, and thus, sensory information in the somatosensory systems travels through three
different anatomical pathways: the periphery, the spinal cord, and the brain (Schnitzlein,
1981). Sensory receptors in the periphery, including nociceptors, mechanoreceptors and
thermoreceptors, can detect various physical stimuli such as pressure, temperature, etc
(Franzén & Westman, 1991). The somatosensory system in the spinal cord consists of
ascending pathways functioning as highways for information transferred from the periphery
and other parts of the body to the brain where the primary somatosensory cortex can be found
in the postcentral gyrus (Franzén & Westman, 1991). The following section details the
central efferent and peripheral afferent pathways of the somatosensory system.
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2.1.2 Central Efferent Pathways

Central pathways play a critical role in processing afferent proprioceptive information
ascending from the peripheral nervous system (Riemann & Lephart, 2002b). The motor
components that compose the efferent pathways can be categorised as the central axis and the
two associated areas (Lundy-Ekman, 2013b). In the central axis, motor output is preceded at
three levels of motor control - the spinal cord, brain stem and cerebral cortex - by afferent
input (Lephart et al., 1998). Responses can be subdivided into two types, reflexive responses
from the spinal cord and descending motor commands from the brain stem and/or cerebral
cortex (Lephart et al., 1998). The cerebellum and basal ganglia comprise the associated areas,
which are then answerable for modulating and regulating motor commands (Biedert, 2000).
The spinal cord is composed of motor neurons, sensory neurons and interneurons (Bosco &
Poppele, 2001). The motor neurons supply muscle fibres via the ventral horn and sensory
nerve fibres get into the spinal cord through the dorsal horn (Stillman, 2002). The spinal cord
integrates information from the peripheral afferent pathways by supplying space in cord grey
matter for synapses to take place between interneurons and mechanoreceptors (Barrack et al.,
1994). In addition, the spinal cord also contributes to the reflex response to signals from
peripheral afferent pathways, i.e. protective reflexes for stabilizing joints during movements
(Hewett et al., 2002).
The brain stem supplies the relay between the spinal cord and the cortex under the direct
command from the cerebral cortex (Lundy-Ekman, 2013a). Axial and proximal muscles are
generally controlled by the medial neural pathway descending from the brain stem to the
spinal cord, whereas distal muscles are influenced by the lateral neural pathway (LundyEkman, 2013a). Therefore, the brain functions to benefit spinal reflexes and muscular tone
(Lephart et al., 1998; Lundy-Ekman, 2013a) and plays a significant role in human movement
and postural balance through integration of somatosensory information (Lephart et al., 1998).
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The cerebral cortex, responsible for controlling complicated and discrete voluntary
movements (Lephart et al., 1998), transmits efferent signals directly to the spinal cord or
indirectly through the brain stem (Barrack et al., 1994). The cortex and the spinal cord are
linked via the corticospinal tract, a major neural pathway (Riemann & Lephart, 2002a). The
primary motor area contributes to muscular contraction, movement force and movement
direction, while the pre-motor area plays an indirect role in muscle contraction and motor
command organisation. The supplementary area helps the primary motor area to program
complex contractions in muscle groups, and provides assistance to the pre-motor area in the
management of bilateral synergic movement (Lephart et al., 2000; Riemann & Lephart,
2002a).
The cerebellum is believed to be responsible for correctly sequencing motor activities, and
plays an important role in the processing of feedback, feedforward and error correction.
Research shows that the cerebellum predicts body position and movement according to
previous knowledge of body movement and copies of motor commands (Bhanpuri et al.,
2013). Bosco and Poppele (2001) have reported that information from afferent pathways is
transmitted to the cerebellum via dorsal and ventral spinocerebellar tracts. Dye (2000)
suggests that the neural pathways along dorsal and ventral spinocerebellar tracts transmit
signals at a high speed of around 100m/s. Sensory information from various
mechanoreceptors runs through the dorsal tracts, while the copy of efferent signals sent to the
spinal cord runs through the ventral tract (Bosco & Poppele, 2001). The basal ganglion is
believed to receive input from the cerebral cortex and contribute to higher-order motor
control because of its direct connection with the cerebral cortex (Riemann & Lephart, 2002a).
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2.1.3 Proprioceptive afferent pathways

Afferent information is believed to play a key role in motor control. Mott and Sherrington
(1894) reported movement impairment caused by surgical deafferentation of sensory endings
in the upper and lower body in a study considering peripheral afferent information among
primates. Research evidence also shows that the central nervous system processes sensory
information forwarded by ascending pathways from peripheral mechanoreceptors (Grigg,
1994; Mott & Sherrington, 1894). Lundy-Ekman (2013b) suggests that a neural signal is
produced and transmitted to the CNS along ascending pathways when the magnitude of the
nerve ending potential transformed by mechanical stimulation (i.e. compression or
deformation of a muscle or joint) sent to it reaches a sufficient level. Generally, the
proprioceptive afferent inputs are integrated at the three different levels: the spinal cord level,
the brain stem and cerebellum level, and the cerebral cortex level, in order to manage the
coordination of body posture prior to a movement and correction of errors during a
movement (i.e. in velocity and timing) (Batson, 2009). The supraspinal areas of the CNS are
believed to play a part in the adjustment of the proprioceptive information that goes into the
ascending tracts (Riemann & Lephart, 2002a). For a human being, the ability to process and
utilise proprioceptive information is regarded as a relatively enduring characteristic of an
individual that determines one’s proprioceptive performance (Magill, 2011). Cordo et al.
(2011) suggested that individuals show different levels of proprioceptive ability. This
indicates that differences exist between individuals in their ability to integrate and utilise
proprioceptive information from various mechanoreceptors during functional movement.
Different types of peripheral mechanoreceptors are described in the following section.
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2.1.4 Proprioceptive mechanoreceptors

Proprioceptive mechanoreceptors, such as Pacinian corpuscles, Ruffini endings and Golgi
tendon organ–like endings, have been histologically identified within the joint capsule
(Barrack, 1984; Barrett et al., 1991), anterior cruciate ligament (Kennedy et al., 1982; Schutte
et al., 1987), posterior cruciate ligament (Katonis et al., 1991), meniscus (Zimny et al., 1988),
and lateral collateral ligament (De Avila et al., 1989). Receptor afferent information is
transmitted by transforming mechanical deformation information (e.g., joint rotation caused
by positional change and motion) to electrical signals (Grigg & Hoffman, 1989; Stillman,
2002). This information is organised and managed in various higher order centres after it is
sent to the central nervous system (CNS) (Biedert, 2000). Thus motor control commands are
formed and then sent to relevant muscles around the joint to ensure effective, coordinated
movements (Riemann & Lephart, 2002b). Changes in muscle length and muscle tension can
stimulate mechanoreceptors usually stimulated by changes in their membrane potential,
which in turn generates an action potential travelling to the CNS (Johansson et al., 2000).
Based on the different adaptive features associated with their response to a stimulus,
mechanoreceptors can be classified as quick-adapting mechanoreceptors (Pacinian corpuscle)
and slow-adapting mechanoreceptors (Ruffini endings and the Golgi tendon organ). Quickadapting mechanoreceptors are highly sensitive to stimulation changes, and are thought to
mediate the sensation of joint motion, while slow-adapting mechanoreceptors are maximallystimulated at certain joint angles, and are considered to mediate the sensation of joint position
(Heetderks, 1978; Johansson et al., 1991).
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2.1.4.1 Muscle mechanoreceptors

The significant role of muscle mechanoreceptors in proprioceptive function has been
described by Goodwin et al. (1972). There are two types of muscle mechanoreceptors that
provide proprioceptive information to the CNS: muscle spindles and Golgi tendon organs
(GTO). The muscle spindle has been considered to play a major role in proprioception
(Gandevia et al., 1992; Proske & Gandevia, 2009; Proske, 2005, 2006), and the discharge of
the GTO to play a complementary role to that of muscle spindles in active muscle movements
(Carpenter, 1990).
Muscle spindles are fusiform complex receptors embedded in the muscle belly (Fitzgerald et
al., 2012). They provide important sensory information related to muscle tension, the length
of muscle fibres, and the velocity change of the muscle displacement (Collins et al., 1998;
Gandevia et al., 1992). This sensory information is transmitted from two afferent nerve fibres,
primary (Type Ia) and secondary (Type II) afferent endings of spindles and one motor nerve
fibre, i.e., a gamma motor neuron (Type Ay) (Proske & Gandevia, 2009; Sargant, 2000).
Primary afferent endings show greater sensitivity to stretch and are responsible for sending
sensory information related to muscle length and the velocity of changes in the muscle length
to the CNS (Kandel et al., 2000; Lephart et al., 1997), while secondary afferent endings are
more sensitive to absolute muscle length, but not sensitive to velocity (Proske & Gandevia,
2009). It is generally acknowledged that spindles' primary endings (Type Ia) respond to sense
of position and movement, whilst secondary endings (Type II) respond to position sense
alone (Matthews, 1988; Proske & Gandevia, 2009; Proske, 2006).
In addition, the afferent signals transmitted from one muscle alone are not sufficient for
successful proprioception (Ribot-Ciscar et al., 2003). It has been reported that afferent
information from more than one muscle spindle is necessary for the brain to detect joint-
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position change (Macefield et al., 1990). Evidence also suggests that coupled muscles, such
as agonists, antagonists and synergists, generate an enhanced proprioceptive ability when
functioning together (Ribot-Ciscar & Roll, 1998). Several studies have shown that muscle
spindles may have favoured sensory directions, which means that some of the muscle
spindles are responsible for detecting muscle fibre shortening while others are responsible for
detecting muscle fibre lengthening (Ribot-Ciscar et al., 2003; Ribot-Ciscar et al., 2002).
Information from muscle spindles’ detection of changes in muscle length (shortening or
lengthening) is integrated to provide an accurate representation of movement direction or
static position of a limb (Bergenheim et al., 2000; Ribot-Ciscar et al., 2003; Ribot-Ciscar et
al., 2002). Therefore, proprioceptive input would be at an optimal level when all the muscular
systems involved in a movement make their contributions to the afferent signal.
Golgi tendon organs, known as neuro-tendinous spindles, are situated within the muscle near
musculotendinous junctions or within tendons, and provide additional extra-fusal fibres
(Type Ib) (Fitzgerald et al., 2012; Jami, 1992). Golgi tendon organs are slow-adapting
receptors, which detect small changes in tension and force generated by active muscle
contraction rather than passive muscle stretching (Kandel et al., 2000; McCloskey, 1978;
Proske et al., 2000; Riemann & Lephart, 2002a). Research findings also indicate that the
activation thresholds for Golgi tendon organs are much greater for passive force than for
active force (Stuart et al., 1970; Stuart et al., 1972). Grigg (1994) has found that when there
are isometric contractions, error occurs in joint proprioception ability. Similarly, Gandevia et
al. (2006) and Rymer and d'Almeida (1980) have reported that muscle length and force
afferent information are conflicting in the process of isometric contractions, which may
reduce proprioceptive ability. However, when the force-associated information from Golgi
tendon organs is added to muscle spindle length information when isotonic contraction occurs,
the integration of afferent signals provides more accurate proprioception (Gandevia et al.,
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2006; Rymer & d'Almeida, 1980). These findings are evidences of a critical role for both
muscle and tendon mechanoreceptors in proprioceptive performance during movement.
2.1.4.2 Joint Mechanoreceptors

Joint mechanoreceptors can be functionally and anatomically classified into four types: Type
I mechanoreceptors (Ruffini mechanoreceptors), Type II mechanoreceptors (Pacinian
mechanoreceptors), Type III mechanoreceptors (Golgi-like tendon organs) and Type IV
mechanoreceptors (Free nerve endings). Ruffini mechanoreceptors are found in the
connective tissue and superficial layers of the fibrous joint capsule, primarily in the flexion
side of the articulation (Grigg, 1994). Ruffini endings can function as not only static receptors
but also as dynamic receptors because they have slow-adapting characteristics though they
have a low threshold (Riemann & Lephart, 2002a). These slowly-adapting receptors have
been related to consciousness of joint motion and joint position (Burke et al., 1988; Freeman
& Wyke, 1967), and are found to be most active at flexion and extension positions
(McCloskey, 1978).

Pacinian mechanoreceptors are situated in all periarticular tissues and joint capsules (Wyke,
1972). These receptors, classified as “dynamic receptors” (Riemann & Lephart, 2002a), are
rapidly adapting receptors that have low thresholds and are highly sensitive to alterations
related to pressure and movement (Schutte et al., 1987). Pacinian corpuscles can rapidly
respond to acceleration and deceleration but not to static or constant joint rotations, indicating
that they can detect the onset or termination of a movement, but they are insensitive to
constant joint displacement (Johansson et al., 2000).
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Golgi-tendon organs are not only situated near musculotendinous junctions but they are also
located in the intrinsic and extrinsic ligaments of joints, providing afferent information about
joint angle or position (Solomonow & Krogsgaard, 2001; Wyke, 1972). Being slow-adapting
receptors with high thresholds, they are considered to play an important role in protecting
joints, as they usually discharge at the extreme range of joint motion (Janwantanakul et al.,
2001). Free nerve endings are also slow-adapting receptors with high thresholds (Kennedy et
al., 1982), the majority of which are unresponsive during normal joint movement, but
proactive when the articular tissue is damaged or injured (Johansson et al., 2000). This
suggests that a free nerve ending supplies afferent information through nociceptive sensory
input only when the joint is damaged (Solomonow & Krogsgaard, 2001).

2.1.4.3 Cutaneous mechanoreceptors

There are four types of cutaneous mechanoreceptors: Pacinian corpuscles, Ruffini corpuscles,
Merkel discs, and Meissner’s corpuscles. Each type responds to cutaneous distortion in
different ways (Johnson, 2001). Pacinian corpuscles, large, encapsulated, rapidly-adapting
mechanoreceptors situated in the derma and deep tissues, have been found to specialize in
detecting stimuli of high frequency (Deshpande, 2002; Johnson, 2001; Johnson et al., 2000).
Ruffini mechanoreceptors are believed to supply a neural image of movement information
provided by the hand, and thus make essential contribution to grip control and interaction
with objects touched by the skin (Macefield et al., 1996). The Merkel discs are highlydeveloped, encapsulated receptors that are crucial for perception about form and texture
(Johnson et al., 2000). Meissner corpuscles are usually located in the dermis ridges
underneath the epidermis (Johnson, 2001). Their function is to ensure the discrimination and
perception of vibration with low frequency (Johnson et al., 2000). The afferent signals
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provided by Merkel discs and Meissner corpuscles are thought to play a minor part in
kinaesthesia and joint position sense (Edin & Johansson, 1995; Grigg, 1994).
Due to the problem of isolating cutaneous receptors, it is difficult to measure specific
cutaneous responses to joint movement (Grigg, 1994). Psychophysical studies have shown
that when stretch or distortion activate cutaneous receptors to reach a threshold, then a sense
of movement, the total joint displacement, and the movement direction are perceived (Collins
& Prochazka, 1996; Edin & Johansson, 1995). Additionally, a predominately linear
relationship between skin stretch and cutaneous afferent activity (Edin, 1992; Edin, 2001)
suggests that more cutaneous receptors can be activated when a joint moves to the extreme
range of joint motion, which causes the maximal skin stretch. Cutaneous receptors is thus
believed to facilitate contributors to proprioception (Burgess et al., 1982).

2.1.4.4 Summary

Mechanoreceptors do not function independently. Studies have shown that when muscle
afferents are obstructed, a participant’s ability to detect joint movement decreases (Gandevia
& McCloskey, 1976), and when joint and cutaneous afferents are impeded, proprioceptive
ability also diminishes (Gandevia et al., 1983). Mechanoreceptors within the muscle, skin and
joints generate action potentials from which the brain obtains proprioceptive information.
Muscle mechanoreceptors are commonly acknowledged as the most important receptors in
perception of body position and movement, while the joint receptors play a minor part in
proprioception (Proske & Gandevia, 2012). However, during functional movement, all the
three types of mechanoreceptors work together to produce accurate proprioception because
proprioceptive

information

from

different

types

of

mechanoreceptors

facilitates

proprioceptive precision (Proske & Gandevia, 2012). Research evidence shows that
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proprioceptive information is a complex combination of all afferent signals. For instance,
cutaneous input has been found to facilitate muscle afferent input that contributes to
proprioception (Proske & Gandevia, 2009). Integrated information from afferents in muscle
and cutaneous receptors is also reported to produce superior proprioceptive performance
(Cordo et al., 2011). The additive and subtractive characteristics of these afferent submodalities indicate that the combination of proprioceptive inputs ultimately defines the
magnitude of proprioception. However, it has been noted in several studies that
proprioceptive mechanoreceptors of different types may be responsive to movement
parameters at different joint motion ranges and across different movement planes
(Cammarata & Dhaher, 2011; Cordo et al., 2011). Findings from Cordo et al. (2011) suggest
that dynamic position sense may be affected by cutaneous receptors but not muscle receptors,
while the sense of velocity is influenced by both receptors. This supports the view that some
proprioceptive receptors are responsible for a sense of movement, whereas others contribute
to joint position sense (Clark et al., 1985). Nevertheless, proprioceptive information,
including different types of afferent signals and sensory inputs about limb position and
movement, is conveyed to the brain for processing (Biedert, 2000).

2.2 Function of Ankle Proprioception
The ankle joint complex is comprised of the lower leg and the foot and forms a kinetic
linkage. It allows the lower limb to interact with the ground during gait and other daily
activities. The ankle joint complex bears a force that is approximately five times body weight
during stance in normal walking, and up to thirteen times body weight during activities such
as running (Burdett, 1982). Although bearing substantial compressive forces during gait, the
ankle joint complex functions with a high degree of stability when compared with other joints,
such as the hip or knee.
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The primary movements of the ankle joint complex comprise: plantarflexion and dorsiflexion
that occur in the sagittal plane, abduction and adduction that occur in the transverse plane,
and in an operational sense, inversion and eversion that occur in the frontal plane (Grimston
et al., 1993). It has been reported that ankle range of motion (ROM) varies between adult
participants due to geographical differences and cultural differences shown in their daily
activities (Grimston et al., 1993). Motion of the ankle occurs mainly in the sagittal plane,
where plantarflexion and dorsiflexion occur primarily at the tibiotalar joint. Research
evidence shows a total ROM in the sagittal plane ranging from 65 to 75°, with ROM from 10°
- 20° of dorsiflexion through to 40° - 55° of plantarflexion (Grimston et al., 1993; Stauffer et
al., 1977). However, the ROM required for the sagittal plane in the daily activities is much
reduced, with a maximum of 30° for walking, 37° for ascending stairs and 56° for descending
stairs (Röijezon et al., 2015). The overall ROM in the frontal plane is approximately 35° (23°
inversion - 12° eversion) (Stauffer et al., 1977).
Proprioception plays an essential role in balance control, and ankle proprioception is arguably
the most important component. To control balance, the CNS integrates visual, vestibular, and
proprioceptive information to produce motor commands that coordinate the activation of
muscles (Roijezon et al., 2015; Speers et al., 2002). Proprioceptive information from the
ankle integrated by the CNS is utilised to produce and modulate muscle contractions to
maintain vertical standing balance (Fitzpatrick & Mccloskey, 1994; Goble et al., 2011). The
central processing of ankle proprioceptive information, along with other sensory information,
enables integration for balance control (Sorensen et al., 2002). Since the ankle-foot complex
is the only part of the body contacting the ground, ankle proprioception is considered one of
the most critical components contributing to balance control in everyday activities. Essential
information provided by ankle proprioception enables adjustment of ankle position, to
provide a platform for movements of the upper body and successful performance of complex
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motor tasks (Giulio et al., 2009). Consistent with this view, ankle proprioception and sports
performance have been found to be related. Han et al. (2014) assessed 100 elite athletes from
5 different sports (aerobic gymnastics, soccer, swimming, badminton, and sports dancing) for
their ankle proprioception and reported that ankle proprioception scores can function as a
significant predictor of the level of athletes’ sport performance. Han, Waddington, et al.
(2015) subsequently measured proprioception at the ankle, knee, spine, shoulder, and hand.
The authors have suggested that, in addition to ankle proprioception scores, proprioception
scores at the shoulder and spine were also significantly correlated with the sport performance
levels in the elite athletes. Of the three body parts: ankle, shoulder, and spine, ankle
proprioception has been shown to be associated most strongly with sport performance levels
and thus has been considered as the most significant predictor of sports performance (Han,
Waddington, et al., 2015). All these findings suggest that ankle proprioception has a
significantly important role in success in sport.
Sensory noise and sensory information reweighting are two possible mechanisms for the
optimal use of sensory information in balance control, and may explain the importance of
ankle proprioception for balance control (Röijezon et al., 2015; Speers et al., 2002). Han,
Anson, et al. (2015) suggested that when the CNS utilises a reweighting strategy that depends
on more reliable sources of proprioceptive information to optimise balance control, refined
ankle proprioception through practice could be one of these more reliable sources that
underpin performance in a certain sport. Additionally, studies of bilateral deficits in ankle
proprioception and balance control after ankle injury (Lim & Tan, 2009; Waddington &
Adams, 1999b) support a central motor program view of bilateral limb movement control
(Summers & Anson, 2009). Han et al. (2016a) indicated that there may be a higher-order
central mechanism for processing proprioceptive information that contributes to postural and
balance control. Goble et al. (2011) have also reported that central processing of
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proprioceptive information provided by the foot-ankle complex is crucial for balance control.
The links between ankle proprioception and balance control suggest that the most appropriate
measurement methodologies for ankle proprioception should be those that are closely related
to normal function and are ecologically valid in terms of balance function (Han et al., 2016a).
In the next section, the commonly-used measurements for ankle proprioception are discussed.

2.3 Methods of Measuring Ankle Proprioception
Different techniques for examining proprioceptive ability have been employed in research
studies in the literature. Three classical methods have been extensively used in
psychophysical experiments: the method of adjustment, the method of limits and the method
of constant stimuli since their inception by Fechner in 1860 (Gescheider, 2013; Han et al.,
2016a). In the method of adjustment, also called the method of average error, the level of the
stimulus is started from a level clearly lower or higher than the reference stimulus, and then
the participant is allowed to adjust the stimulus until they feel that the level of the stimulus is
similar to the reference one. The difference between the adjustable stimulus and the reference
is recorded as the participant’s error on that trial, and the average error over trials is
calculated as the measure of sensitivity.
For the method of limits, experiments can be organized in an ascending or descending order.
In the ascending form of limits, the level of the imposed stimulus is started at such a low
point that it cannot be perceived by the participant, and then the stimulus gradually increases
until the participant announces that they can just notice the stimulus (Gescheider, 2013). In
the descending form of limits, the level of the stimulus is started from a high value, one that it
can be easily perceived by the participant, and then gradually decreased to a level that the
participants report that they cannot feel it (Gescheider, 2013). One limitation in relation to the
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ascending and descending methods is that the participant’s anticipation that the stimulus is
becoming perceptible or imperceptible may consequently lead to a premature judgement. In
contrast, it is also very likely that the participant becomes inclined to report that they detect a
stimulus and continues to make similar response.
In the method of constant stimuli, the selected levels of stimulus intensity are randomly
presented in pairings with a standard stimulus, with standard first or standard second in the
pairing also being randomly determined (Han et al., 2016a). In this way, the participant is
kept from predicting the level of the next stimulus, and thus errors caused by expectation and
habituation can be reduced (Han et al., 2016a). During the test, the participant makes a
comparison between the standard (constant) stimulus and the variable stimuli, at each of the
different levels presented. The method of constant stimuli has been stated to be the most
accurate of Fechner’s methods for studying the psychophysics of movement (Fullerton &
Cattell, 1892). In the method of constant stimuli, just noticeable difference (JND) and its
derivative method conducted without the standard, the method of single stimuli or absolute
judgement, have been employed as methods of obtaining a measure for discrimination acuity
in proprioception. The JND discrimination measure is derived based on a curve-fitting
procedure, which means that outliers can exert a distorting effect (Lee et al., 2012). The
method of constant stimuli requires a large number of trials, which is not practical for clinical,
anthropometric or provisional purposes (Fullerton & Cattell, 1892; Lee et al., 2012).
However, the number of trials can be reduced by using the method of absolute judgement, in
which only the variable stimuli are presented and because on each trial the movement
stimulus presented is judged against the memory of the movements that were undertaken
during familiarisation, the movement needed to present the standard on each trial is
eliminated (Lee et al., 2012).
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On the basis of the protocols of these three methods, three main testing techniques for
assessing proprioception have been developed. The Time To Detection of Passive Movement
(TTDPM) proprioception assessment technique is one form of the method of limits, where
participants are required to detect a joint movement imposed by a motor that can move the
joint at different velocities (Lephart et al., 2002). The Joint Position Reproduction (JPR)
proprioception assessment protocol is one form of the method of adjustment, where
participants are asked to match or reproduce a previously experienced reference joint position,
using their ipsilateral or the contralateral limb (Goble, 2010). Active movement extent
discrimination assessment is a form of the method of single stimuli, in which participants are
asked to differentiate between individual movement extents randomly selected from a
predetermined range of joint movement extents, by using proprioceptive information
(Waddington & Adams, 1999a). The three proprioceptive acuity assessment techniques are
detailed in the following sections, so as to compare the methods, the procedures and the
protocols used in each approach.
Threshold to detection of passive motion (TTDPM)
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Figure 2.1 Photograph of a testing device used by (Refshauge et al., 2009) for ankle TTDPM. Figure copied from Figure
1,Refshauge et al (2009), American Journal of Sports Medicine, v. 37 (2), 371-375.

The method of TTDPM has been used in testing ankle proprioception with a machine
controlled by an investigator that can move an isolated body part in a predetermined direction
with different speeds (Refshauge et al., 1995). In a TTDPM test, participants are usually
seated or lying down. The ankle under investigation is isolated by strapping the adjacent leg
segments. Peripheral information (i.e. tactile, visual, and aural information) is usually
blocked via air cushions, blindfolds, and headphones. When all the variables are controlled,
the ankle being tested is passively moved in a predetermined direction. Participants are
required to press a stop-button connected to the machine as soon as they detect the movement
driven by the machine. Then they are supposed to report the perceived direction of movement
of their ankle. When the reported direction is wrong, the trial is discarded, and the test
continues until three to five correct judgements are accomplished (Refshauge et al., 1995).
The mean value of the differences between the start and perceived positions in TTDPM tests
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has been interpreted as an assessment of proprioceptive accuracy at the tested joint, and the
error variance an assessment of consistency.
Joint position reproduction (JPR)

Figure 1.2 Photograph of the ankle joint position reproduction device as used for JPR testing by Steinberg et al.
(2019) ,Journal of Sport Rehabilitation, v.28, 824-830.

Three types of JPR tasks have been documented in literature involving the assessment of
proprioception: the ipsilateral JPR method (IJPR), the contralateral JPR (CJPR) and the
remembered contralateral JPR (RCJPR). Both the referencing movements and the
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reproduction movements in all these three testing methods can be conducted in an active or
passive fashion (Goble, 2010).
During an IJPR testing, one of the prearranged joint positions is actively or passively
presented as a reference to the participant for a few seconds. Then, the joint is put back to the
starting position actively by the participant or passively by the researcher. Thereafter, the
participant is asked to reproduce the joint position just presented and experienced in the
previous referencing stage. This procedure can also be conducted in two different modes:
actively or passively. For the active way, the participant moves the joint under investigation
to the target position by himself or herself, and when the participant feels that the position
similar to the reference is reached, he or she can stop the movement and report that they have
reached it. For the passive way, the joint under test is passively moved either by the
researcher or the device designed for the research; when the participant feels that the target
position is reached, he or she can indicate with verbal reports, pre-planned gestures or
pressing a stop-button connected to the device to stop the passive movement. In the IJPR test,
participants are supposed to remember the target position and use the same limb in
experiencing and duplicating the reference position.
For the RCJPR tests, the first part of the procedure, experiencing the reference joint position,
is identical to that of the method of IJPR testing. The RCJPR test differs from the method of
IJPR in the reproduction procedure, in that during the reproduction procedure, the participant
is required to duplicate the joint position in an active or passive way with the contralateral
limb. Therefore, participants in the test of RCJPR need to use the joint of one limb to
experience the reference joint position, remember the position, and then reproduce the
position by using the other limb on the opposite side. The method of CJPR is slightly
different from that of RCJPR in that the participant needn’t remember the reference joint
position. Once the joint of one limb is moved to the reference position, it remains there and
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then the participant is asked to reproduce the target position by using the joint of the
contralateral limb. So it is believed that in the test of CJPR, memory of the target position is
not required, and this “online” information in the position matching task will facilitate the
reproduction of the target joint position on the contralateral (Han et al., 2016a).
Active movement extent discrimination assessment (AMEDA)

Figure 2.3 Photograph of the testing device used for Ankle Active Movement Extent Discrimination
Assessment (Ankle AMEDA). A) Starting Position: Participant standing on the Ankle Active Movement
Extent Discrimination Apparatus (AMEDA) platform; B) One of the Five Testing Positions: Participant
making an active inversion movement which rotates the moveable plate until the outer side rim of the
moveable Plate Contacted an Adjustable Metal Plate Contacted an Adjustable Metal Stop.

The AMEDA technique has been developed and validated for testing proprioception at
different joints, such as the ankle (Han, Adams, et al., 2013; Waddington & Adams, 1999a),
knee (Cameron & Adams, 2003; Muaidi et al., 2008), hip (Cameron et al., 2003), lumbar
spine (Han, Adams, et al., 2013), cervical spine (Lee et al., 2005), shoulder (Whiteley et al.,
2008), and hand (Han, Waddington, et al., 2013). Active movements are used in AMEDA
tests (Waddington & Adams, 1999a). Before data collection, a familiarization session is
given to each participant by utilising the AMEDA apparatus. During the familiarization
session, participants are familiarised with a set of predetermined movement displacement
distances (generally four or five different positions) in a sequential order from the smallest
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angle (numbered as position 1) to the largest (numbered as position 4 or 5). The participant is
to experience the series of positions at least three times: 12 or 15 movements in total. After
the familiarization session, the participant takes on a 40 or 50 trials of testing, in which all the
positions are randomly presented 10 times. For each trial in the test protocol, the participant
can only make one movement from the start position to the target position with the joint
under investigation and thereafter return the joint to the start position with a steady pace.
Immediately after the joint returns to the start position, the participant is required to make a
judgement as to the position by reporting the reference number (1, 2, 3, 4, or 5) of the test
position. No feedback will be offered to the participants about the correctness of their
judgement as to each trial. That is, memory of the joint position information obtained from
the familiarization sessions plays an essential role in the subsequent identification and
judgement of each perceived stimulus being presented. Therefore, it is thought that the
movement extent discrimination task in the AMEDA test is a single stimulus or absolute
judgement task, wherein a single stimulus is presented and a single response is made on each
trial(Han et al., 2016a).
The calculation of the AMEDA assessment, based on signal detection theory (Swets et al.,
2000; Swets, 2014), analyses response data collected in the presence of uncertainty, such that
sensitivity to a stimulus can be assessed while controlling for response bias (Swets, 2014).
Participants’ ability to utilise a continuous response scale to differentiate between the two
states of a binary variable can be evaluated by the use of the receiver operating characteristic
(ROC) analysis, which represents the magnitude of participants’ sensitivity when they make
judgements about joint movements against noise. The area under the ROC curve (AUC)
calculated by geometric means is the representation of the participant’s ability to discriminate
between any two joint movement extents (Mcnicol, 2005). When a participant is incapable of
discriminating between the two movement extents, the ROC curve will cut off half of the area
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and produce a value of 0.5 for area under the curve (AUC), a value corresponding to chance
response. Conversely, when a participant can perfectly discriminate between the two
movement extents, all area below the ROC curve will be included, and thus a perfect AUC
value of 1.0 is produced (Mcnicol, 2005; Swets, 2014). That is, signal detection theory
provides a method to take a participant’s uncertainty into consideration and gives an
estimation of a participant’s proprioceptive performance with no bias. For this method, at
least ten repetitions of each stimulus are demanded for a better reflection of the actual
distribution of proprioceptive signal presentation in the brain.
Which of the three proprioception measurements (TTDPM, JPR and, AMEDA) is the most
appropriate for testing joint proprioception continues to be a matter of consideration. Both the
TTDPM and JPR techniques try to minimize extraneous variables and reduce factors thought
to be confounders in the attempt to explore proprioceptive sense in isolation. Elangovan et al.
(2014) proposed that threshold to detection of passive motion (TTDPM) testing better reflects
afferent proprioceptive feedback processing ability and suggested that testing detection of
passively-induced joint motion produces the “purest” measure of proprioceptive function. But
the “purest” measures that use very slow movement velocities, passive movements, nonweight bearing conditions and isolation of the joint under investigation may also reduce their
ecological validity in that few daily activities involve movements that passively imposed to
the individuals or delivered at extremely slow speed (Taylor, 1982). In fact, most everyday
movements demand active movements at normal, functional speeds (Ashton-Miller et al.,
2001). Indeed, both the TTDPM and JPR tests of proprioception induced by passive
movement and isolation of proprioceptive input have been criticised for lack of ecological
validity (Ashton-Miller, 2000; Laszlo, 1992) because the testing conditions are so different
from normal functions in daily activities that they may contribute little to understanding the
role proprioception has in everyday activities and sports. In contrast, the AMEDA approach
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aims to examine how the proprioceptive system functions under natural conditions and thus
test conditions closer to normal functions of daily activities are utilised. In this sense, the
AMEDA test can better reflect the proprioceptive mechanism underlying the daily activities
and sporting exercises. Notably, Gibson (1966) defines the proprioception that arises when a
body part is passively moved by an external device, for instance, like what occurs in TTDPM,
as “imposed proprioception”, while he classifies the proprioception arising from active,
voluntary movements as “obtained proprioception”. Therefore, it is worthy of further
investigation whether different proprioception measurements reflect different types of
proprioception, or different types of proprioception require different proprioception
measurements.

2.4 Factors Affecting Proprioception
The ability to utilize proprioceptive information without the aid of vision can be affected by
various factors, including developmental level (Goble et al., 2005), hemispheric
specialization or asymmetry (Goble & Brown, 2007; Goble et al., 2006; Sainburg & Wang,
2002), age (Adamo et al., 2007; Boisgontier et al., 2012; Bullock-Saxton et al., 2001; Ferrell
et al., 1992), injury (Ashton-Miller, 2000; Cameron et al., 2003; Friden et al., 1997;
Glencross, 1982), and physical activity (Adamo et al., 2009; Hunter et al., 2000; Ribeiro &
Oliveira, 2007). In the following sections, results from studies involving these factors of
influence are reviewed.
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2.4.1 Hemispheric Specialization / Asymmetry

2.4.1.1 Hand preference

Approximately 90% of the population shows a preference for using their right hand in
executing daily tasks of movement (Perelle & Ehrman, 2005), such as writing with a pen,
eating with a spoon, or brushing teeth. This behavioural asymmetry is entitled “righthandedness” and seemed to be the reflection of left-hemisphere specialization in skilled
motor activities (Goodale, 1988). Due to the large proportion of right-handed individuals in
the population, in most studies examining underlying neural mechanisms, only the
right/preferred hand has been used because it was considered to be more skilful and thus less
variable than the left/non-preferred hand. This approach is also considered advantageous
because it may reduce experimental design complexity, and avoid possible problems resulting
from the difficulties in recruiting a sufficient number of left-handed participants. However,
this method shows its limitation in its inability to determine significant sensorimotor
differences existing between the preferred and non-preferred limbs, and between right and
left-handed individuals. In fact, distinct differences in neural activation have been reported
between right-handed and left-handed participants when they are performing upper limb
movement tasks (Dassonville et al., 1997; Lutz & Al, 2005). For instance, a negative
correlation between ipsilateral brain activity and strength of handedness has been identified in
left and right-handedness groups (Dassonville et al., 1997).
Proprioception defined as one’s ability to determine body segment positions in space based
on the integrated information derived from various sensory receptors within muscles, joints
and skin (Goble, 2010; Goble et al., 2009; Han, 2013; Han, Anson, et al., 2013)Previous
studies have reported that right-handed participants present greater accuracy in tasks
matching proprioceptive targets when they are required to use their non-preferred left thumb
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(Nishizawa, 1991; Roy & Mackenzie, 1978) or elbow (Goble & Brown, 2007; Goble et al.,
2006). That is, there is a left arm/right hemisphere specialization for utilising proprioceptive
signals. This non-preferred arm/right hemisphere asymmetry in the processing of
proprioceptive information is supported by findings from Leonard and Milner (1991) who
reported that right versus left hemisphere deficits were associated with larger impairments in
proprioceptive matching tasks among participants with unilateral brain lesions/excisions. In
healthy, right-handed participants, the neural activation underlying proprioceptive illusions of
joint position and movement also demonstrates right hemisphere dominance (Takao et al.,
2005). In contrast to these work reflecting a specialization for proprioceptive tasks in the nonpreferred limb (Goble et al., 2005; Sainburg & Wang, 2002), however, Sainburg (2002),
Goble et al. (2006), Schaap et al. (2015) did not find limb asymmetries in proprioceptive
acuity, in either young or older adults.
Left-handedness is not necessarily the mirror image of righthandedness. Studies of
sensorimotor abilities in left-handers have revealed different patterns of asymmetry when
different sensorimotor processes are tested. Boulinguez et al. (2001) and Chase and Seidler
(2008) showed that left-handers are identical to right-handers in reaction time and
sensorimotor adaptation respectively. However, Velay and Benoit-Dubrocard (1999) found
the left-handers were less lateralized than the right-handers in reaction to a visual stimulus.
Similar findings were presented in the work by Schmidt et al. (2000) in which they
investigated tapping speed and variability. But Wang and Sainburg (2006) suggested that the
asymmetry displayed by left-handers in their visually-guided targeted reaching task was the
reverse of that displayed by right-handers. These researchers assessed target reaching
accuracy and reported that non-preferred right arm accuracy in lefthanders was greater than
that of the preferred left arm when exposed to the same rotation. Earlier studies on
proprioceptive asymmetries in left-handed participants did not show any arm/hemisphere
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differences in stimulation of afferent l pathways (Aimonetti et al., 1999) or magnitude of
brain potentials (Grunewald et al., 1987). But the left-hander mirror image asymmetry

is

supported by Goble et al. (2009) who found that the left-handed subjects’ non-preferred/right
arms exhibit larger matching errors that would be enhanced by manipulating task difficulty,
for instance, increasing task demands or target amplitudes.
This review of the studies on the effect of hand preference on the proprioceptive performance
shows controversies over the role of handedness in proprioceptive function, and these
controversial findings provide a sound rationale for conducting precise and accurate
assessment of hand/foot preference before each sensorimotor experiment, an assessment
which requires validated and reliable measurement tools. Although there have been many
behavioural studies measuring handedness and footedness conducted in China (Ai et al., 1991;
Li, 1983; Si et al., 2016; Wang et al., 2014), the questionnaires used to date lack published
data on their validity and reliability. Therefore, the first step of this thesis project was to
develop validated and reliable Chinese versions for the two most commonly used English
language instruments, the Edinburgh Handedness Inventory (Oldfield, 1971) and the
Waterloo Footedness Questionnaire (Bryden & Elias, 1998).

2.4.1.2 Interhemispheric transfer

Matching tasks demanding memory retrieval and/or interhemispheric transfer of
proprioceptive signals has been employed to examine asymmetries in upper limb position
sense. The effect of memory-transfer on asymmetries in position sense have been examined
using matching paradigms of ipsilateral (Carnahan & Elliott, 1987; Rioloquinn, 1991; Roy &
Mackenzie, 1978), contralateral (Stelmach & Worringham, 1985) or a combination of
ipsilateral and contralateral tasks (Adamo et al., 2007; Goble & Brown, 2007; Goble et al.,
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2006). Findings from these studies suggested that the magnitude of between-limb differences
in matching tasks depended on several influential factors, such as the displacement amplitude
of the reference position, the memory or interhemispheric transfer requirements, and the role
that the limb tested played, for example, whether it served as the reference or performed the
matching task. Research evidence has shown that absolute matching errors were less for the
left limb than the right one when the reference and matching movements were performed by
the same limb, and thus suggested a left limb/right hemisphere advantage in processing
proprioceptive signals (Carnahan & Elliott, 1987; Rioloquinn, 1991). However,
It is undeniable that no significant differences in matching performance between the limbs
have been identified in studies conducted by Carson et al. (1990) and Imanaka et al. (1995).
These contrasting findings may result from differences in muscle innervations that may be
primarily unilateral for distal musculature and bilateral for proximal musculature (Imanaka et
al., 1995).
When contralateral and ipsilateral matching tasks are compared, greater constant errors are
exhibited for matching performed with the opposite limb than with the same limb (Adamo &
Martin, 2009). This finding suggests a significant difference in processing proprioceptive
information between the preferred and non-preferred limb. Similar findings have been found
in

reaching tasks in contralateral matching paradigms that position matching errors

demonstrated marked increases when the interhemispheric transfer of memory-based
proprioceptive information was required between the contrlateral limbs (Schaap et al., 2015).
The asymmetry demonstrated in the contralateral limb matching tasks has been explained in
terms of a limb/hemisphere specific advantage or a directional advantage in favour of
transferring proprioceptive information. The directional interhemispheric transfer of
proprioceptive information from the left limb to the right limb was thought to justify greater
right limb overshoots in matching tasks because the right limb was directed to match a joint
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position based on a poorer representation of the reference position made by the left limb
(Yamauchi et al., 2004). This interpretation also supports asymmetrical transfer demonstrated
in reaching movements and manual performance in visuo-motor tasks (Parlow & Kinsbourne,
1989). In addition, the matching accuracy difference between limbs has been associated with
a non-preferred left limb/right hemisphere advantage for processing proprioceptive
information (Criscimagna-Hemminger et al., 2003; Goble & Brown, 2007). A directional
advantage for the left/non-preferred limb is consistent with the view of a predominant use of
feedback control mode by the left/non-preferred limb (Wang & Sainburg, 2004). This
asymmetry

between

limbs, however, is

not systematic and

is

thought

to

be strongly relevant to the circumstance in which the perception of joint position is tested
(Carson et al., 1990). For instance, an attentional constraint added to a concurrent
performance with both thumbs in ipsilateral matching tasks (Rioloquinn, 1991; Roy &
Mackenzie, 1978) contributed to the observed asymmetry, as predicted by attentional models
(Imanaka et al., 1995).

2.4.2 Age

Proprioception has been widely examined and compared between different age groups by
using various proprioceptive measurements. There are indirect and direct proprioception
measurements available to assess children’s proprioceptive function in clinical practice and
scientific research (Chu, 2017). Indirect measurements through parents’ report or clinician
observation checklist are usually used by clinicians. These assessments include Sensory
Profile (Dunn, 1999), Sensory Processing Measure(Parham & Ecker, 2007), and
Comprehensive Observation of Proprioception (Blanche et al., 2012), which can provide
clinicians with information about the child’s behavioral patterns relating to proprioceptive
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function with short testing time. They are commonly used as screening tools to identify
children that require further proprioceptive testing.
In comparison with indirect measurements, direct assessments of proprioceptive function
provide more specific information about different proprioceptive senses (e.g. joint position
sense, movement sense, movement discrimination, etc.) Most direct proprioceptive
assessments are research protocols and require laboratory equipment. Joint position sense can
be assessed by moving a limb to a reference position and asking the child to reproduce the
position without visual aids through ipsilateral or contralateral limb matching (Fatoye et al.,
2008b; Gray et al., 2019; Tseng et al., 2019). Movement sense is usually tested by
establishing the joint displacement (usually passive) detection threshold, as the joint is
gradually and subtly moved by the equipment or the examiner until the person is able to
identify the direction of movement (Fatoye et al., 2008a; Fatoye et al., 2008b). Movement
discrimination is assessed by giving a child a familiarization session with a series of
numbered positions before testing and then asking the child to discriminate and make
judgements on the positions experienced during the test and to verbally report the
corresponding numbers of the positions to the examiner(Steinberg et al., 2015; Steinberg et
al., 2016).
Although the three direct measurements have been widely employed in scientific research,
some of them may have their own drawbacks when testing children whose cognitive system
and movement control are still in development. For example the joint position reproduction
test is considered highly dependent on attention, memory and movement control(Han et al.,
2016a). Therefore, this method may have concerns for potential confounding factors induced
by immature cognitive and musculoskeletal development. As for the method of passive
movement detection, the complex testing protocol and the long testing time ( up to six hours)
(Han et al., 2016a) make it difficult to operate with younger children. Compared to the joint
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position sense and the passive movement detection tests, the movement discrimination test is
a measurement required less attention, memory, movement control, and testing time (about
10 minutes)(Han et al., 2016a). However, so far, data of movement discrimination tests
among children in current literature are mainly about teenagers (from 13 to 19)(Steinberg et
al., 2015). So data from children under 13 will be helpful to fully understand the adaptability
of the movement discrimination test in different age groups.
Similar to the varied proprioceptive tests, results of the proprioceptive developing mechanism
were also varied. In a test of standing stability, Steindl et al. (2006) found that maturation of
proprioceptive function occurred by approximately 3 to 4 years of age, but Duzgun et al.
(2011) did not find any differences between early and late adolescents in passive or active
ankle proprioception. Different findings have been reported in research on the development
of proprioceptive acuity in children’s upper limbs (Goble et al., 2005; Holst-Wolf et al., 2016;
Laszlo & Bairstow, 1980). Laszlo and Bairstow (1980) stated that children have developed
proprioceptive acuity in their arms that is equivalent to adults by the age of seven, while
Goble et al. (2005) have suggested that proprioceptive ability at elbow joint continues to
improve into adolescence (Goble et al., 2005).
Given that results from studies on proprioceptive maturation are conflicting, and that no
studies have yet examined ankle proprioception among typically developing children and
adolescents, one purpose of the present thesis was to compare proprioceptive acuity at the
ankle in children and adolescents, with that of adults over different age stages.
Boisgontier et al. (2012) has proposed the term “presbypropria”, a noun extended from the
words presbyopia and presbycusis, to describe age-related loss of proprioceptive acuity. To
date, most of the studies assessing age-related decline in proprioception have been crosssectional studies comparing different age groups using either JPS or TTDPM methods
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(Ribeiro & Oliveira, 2007). Kokmen et al. (1978) investigated age effects using a TTDPM
methodology and reported that older adults showed a significantly higher threshold needed to
detect movement in the lower limbs in comparison with a young adult group. Skinner et al.
(1984) investigated joint position sense and kinaesthesia of the knee and reported that knee
proprioceptive ability decreased with age. Similarly, Pai et al. (1997) and Barrett et al. (1991)
found a positive correlation between age and knee JPS, in that error scores rose with age.
Hurley et al. (1998) investigated joint position sense at the knee among three groups of
participants: young (mean age 23 years), middle aged (mean age 56 years) and elderly (mean
age 72 years) and reported that elderly participants exhibited the poorest joint position sense
of the three groups, suggesting that proprioceptive ability declined with increasing age.
This distinct age-associated decline in proprioceptive acuity has been related to the central
and peripheral nervous systems. As age increases, changes occurs in the sensory organs, for
instance, muscle spindles decrease in diameter (Herter et al., 2014) while muscle spindle
capsular thickness increases (Herter et al., 2014; Ribeiro & Oliveira, 2007, 2010; Shaffer &
Harrison, 2007; Swash & Fox, 1972). This is thought to be the result of an increase in the
fibrous tissue encapsulating groups of muscle fibres and the collagen and fibrous tissue
content in the inner capsule (Swash & Fox, 1972). These changes in the muscle capsule
brings about increasing stiffness and decreasing extensive ability of the primary endings,
which then results in incapability of deformation and decreased sensitivity of the spindle
(Mynark & Koceja, 2001). All these changes eventually lead to the compromised joint
position and movement sense. Another cause of the diminished sensitivity of muscle spindle
is thought to be composition alterations in spindle (Herter et al., 2014; Suetterlin & Sayer,
2013). It is reported that denervation is the result of fast myosin-heavy chain isoforms loss,
axonal atrophy, axonal swelling and end plates expansion (Ribeiro & Oliveira, 2010; Shaffer
& Harrison, 2007; Suetterlin & Sayer, 2013). This may cause decrease in nerve conduction
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velocity (Tanosaki et al., 1999) and make the spindle less sensitive to stimuli. As age
increases, reductions in the total number of intrafusal muscle fibres (particularly nuclear
chain fibres), articular receptors and cutaneous receptors have been reported in several
studies (Aydoğ et al., 2006; Herter et al., 2014; Iwasaki et al., 2003; Mynark & Koceja, 2001;
Ribeiro & Oliveira, 2007, 2010; Shaffer & Harrison, 2007; Suetterlin & Sayer, 2013). The
distribution and cross-sectional area of cutaneous receptors has been found to be significantly
decreased in the elderly participants (Iwasaki et al., 2003). Declines in Ruffini nerve endings,
Pacinian corpuscles and Golgi-like tendon organs in the ligaments has been reported in
studies on aged rabbits (Aydoğ et al., 2006) reported. Thus there exists a logical linkage
between the reduction in the total number of receptors in the peripheral system and the
reduced proprioceptive sensitivity.
In summary, the age associated proprioception deterioration has always been primarily
related to two neural aspects: changes in the peripheral nervous system and changes in the
central nervous system. However, it is still unclear which aspect or which combination of
aspects causes the decline in proprioceptive ability. Moreover, although the view that
proprioception declines with ageing process is extensively supported by research work, the
inconsistent proprioceptive testing methods used result in incomparable findings across
studies.
Age-related deterioration in ankle proprioception has been reported both in tests of ankle
position sense (Verschueren et al., 2002) and in thresholds for perception of imposed ankle
inversion and eversion (Gilsing et al., 1995), however active movement extent discrimination
has not yet been tested in this regard. Further, much of the current knowledge about age
effects on ankle proprioception is based on comparing proprioception between just two age
groups, an older and younger group. Therefore, it is important to examine the developmental
trend for ankle proprioceptive acuity from childhood to older adulthood, using an
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ecologically valid, full weight-bearing, active movement test, with the active movement
extent discrimination apparatus (AMEDA). The AMEDA tests functional movements, in
normal weight-bearing, with normal (though non-target) vision allowed, and involves judging
movements that vary in extent, which allows for examination of ankle proprioception in
functional standing. Ankle proprioception plays a predominant role in postural control
(Kavounoudias et al., 1998), so information of ankle proprioception across the human
lifespan will function as normalized data for proprioceptive performance with which the
proprioception in the context of paediatrics and gerontology can be compared, and thus
facilitate evaluation of interventions designed to improve ankle proprioception.
2.4.3 Injury

In sport, the ankle is one of the most frequently injured body regions. Ankle injuries, such as
fractures, sprains, and strains, account for 24% to 54% of all sports-related injuries (Bahr &
Bahr, 2007; Cumps et al., 2007). Among all ankle injuries, ankle sprain is reported as the
most common (Pellow & Brantingham, 2001). Approximately 47% of all ankle sprains occur
to those who have previous sprain experiences (Wright et al., 2000). Indeed, the reoccurrence rate of ankle injuries in athletes has been reported as high as 80% (Denegar et al.,
2002). Joint hypermobility syndrome (JHS) is another common disorder causing increasing
concern among athletes and the medical team(Vieira et al., 2011). JHS may increase the
incidence of ankle injuries, especially sprains, because it was found to affect individuals’
proprioceptive responses and sensory feedback(Hall et al., 1995), and this disorder has been
reported to affect 0.6 to 31% of the population(Silverman et al., 1975).

Good ankle proprioception is reported to be negatively associated with ankle injuries
(Witchalls et al., 2012). Ankle injuries are also thought to result in disruption of the relevant
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muscles and tendons in addition to the damages to mechanoreceptors (Freeman et al., 1965;
Herb & Hertel, 2014). Thus, proprioceptive deficits are likely to occur when nervous system
and musculotendinous tissue are injured, and may manifest as decreased proprioceptive
ability. However, inconsistent results have been found in studies on proprioception of ankles
with an injury history. A longitudinal study has suggested that ankle proprioception could
predict ankle injuries in college basketball players (Payne et al., 1997). Garn and Newton
(1988) alsofound that kinaesthetic acuity appeared to be diminished in the injured as
compared to the uninjured ankle. Similarly, Glencross (1982) reported deficits in the ability
to reproduce passive ankle position in patients demonstrating unilateral ankle injury.
Konradsen and Ravn (1990) stated that functional ankle instability results from damage to
mechanical receptors in the lateral ligaments or muscle/tendon, with subsequent partial
deafferentation of the proprioceptive reflex.
However, not all studies of the performance of ankles with an injury history have found
associated deficits in ankle proprioception (Brown et al., 2004; De Noronha et al., 2007;
Gross, 1987; Hertel, 2008). For example, Gross (1987) and Holme et al. (2010) failed to
identify any significant differences between injured and uninjured ankles in either active or
passive joint position sense. Refshauge et al. (2000), who did not find a proprioceptive deficit
in dorsiflexion-plantarflexion movements in previously-sprained ankles, proposed that a
decrease in discharge from the joint mechanoreceptors would not incur a noticeable
proprioceptive deficit because three classes of afferents are responsible for providing
proprioceptive signals: input from afferents arising from the ligament, joint capsule and
proprioceptive receptors located in the cutaneous and muscle tissues. These authors argued
that the identification of proprioceptive impairment in sprained ankles was dependant on the
methods used, which often did not conform to the minimum suggested requirements of the
optimal number repetitions of test stimuli in psychophysical test procedures. For example,
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Glencross and Thornton (1981) only repeated the ankle movement stimulus five times. They
did not follow the principles of psychophysical assessment which indicate that, when testing
movement thresholds, the movement test stimuli should be presented a large number of times,
as thresholds may fluctuate over time (Coren et al., 1978; Mcnicol, 2005). Currently, there is
some lack of clarity about the proprioceptive consequences of ankle inversion injury.

2.4.4 Physical Activity

It is believed that regular physical exercise is one of the effective strategies that can maintain
or improve joint proprioception in older people. A majority of studies have pointed out the
beneficial effect of regular physical activity and exercise on lower limb proprioception in
older adults (Li et al., 2008; Petrella et al., 1997; Pickard et al., 2003; Ribeiro & Oliveira,
2010; Tsang & Hui-Chan, 2003). Petrella et al. (1997) evaluated the influence of regular
physical activity on proprioception by measuring knee joint proprioception among young
volunteers and active and sedentary elderly volunteers. From this cross-sectional study, the
authors concluded that proprioception diminished with age and that regular activity may
attenuate this decline, an inference supported by their reported better knee joint
proprioception in exercising-older subjects than in non-exercising-older subjects. Pickard et
al. (2003) also found that hip joint position sense was not different between sedentary-young
and active-but-aged participants. The authors ascribed this lack of difference to the fact that
the aged group reported higher levels of physical activity. In a study on the effects of
different types of exercise on postural control and balance of aged individuals, Gauchard et al.
(1999) concluded that proprioception can be “trained”. This conclusion was corroborated in
several studies and a positive effect on proprioception was thought to be associated with
participation in the exercise of Tai Chi, an activity program which puts emphasis on joint
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proprioception (Li et al., 2008; Tsang & Hui-Chan, 2003). More recently, Ribeiro and
Oliveira (2010) investigated the age-related decline in knee position sense and the effect of
engaging in regular exercise on the decline. These authors reported that the proprioceptive
acuity of exercising-older adults was similar to that of the non-exercising-younger adults, and
significantly better than non-exercising-older individuals, a finding which is similar to the
results observed by Pickard et al. (2003) at the hip joint.
The exact mechanisms by which the exercise improves joint proprioception remain poorly
understood. Hypotheses in the literature can be found regarding mechanisms at the central
and peripheral levels, proposed to explain the positive effect of regular physical activity and
exercise on joint proprioception. Research evidence shows that physical exercise has no
effect on the number of mechanoreceptors (Ashton-Miller et al., 2001). However, studies
have reported that physical exercise can induce morphological alterations in muscle spindle,
such as metabolic changes of the intrafusal muscle fibres and decreased latency of the stretch
reflex response (Hutton & Atwater, 1992). Also, regular physical activity and exercise can
increase the output of muscle spindles, and the over-time increase in the output of the muscle
spindle may induce enhanced strength of synaptic connections and altered organization of
connections among neurons (Ashton-Miller et al., 2001). These plasticity changes can change
the cortical map of the body in the long run, enhance the cortical representation of the joints
and therefore contribute to improved joint position sense (Ashton-Miller et al., 2001).
Additionally, physical activity can improve muscle strength, and the improvement in muscle
strength with exercise might yield better control of movement, which, as a consequence,
could enhance joint proprioception under weight-bearing conditions (Petrella et al., 1997).
However, the effect of physical exercise on proprioception at the ankle remains unclear,
especially when compared to that of exercise on knee proprioception. To date, the results of
studies that have investigated the effect of physical exercise on ankle proprioception are
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conflicting. Xu et al. (2004) reported that elderly individuals who regularly practised Tai Chi
not only showed better proprioception at the ankle than sedentary controls, but were also
better than swimmers and runners. In contrast, Li et al. (2008) found that the training effect of
Tai Chi exercise on ankle kinaesthesia was not obvious. Further, the consequences of
examining the effects of regular exercise on ankle proprioception by measuring with joint
position reproduction versus active movement extent discrimination have not been
documented. Therefore, it is worthwhile to compare sedentary and active young adults with
sedentary and active aged adults, in order to examine the possible association of regular
physical activities with proprioceptive ability at the ankle.
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CHAPTER THREE
ANKLE PROPRIOCEPTION AND LATERALITY
3.1 Development of Reliable Chinese Laterality Questionnaires
(Published work)
This chapter is based on a paper which has been published in Laterality: Asymmetries of
Body, Brain and Cognition as:
Yang, N., Waddington, G., Adams, R., & Han, J. (2018). Translation, cultural adaption, and
test–retest reliability of Chinese versions of the Edinburgh Handedness Inventory and
Waterloo Footedness Questionnaire. Laterality: Asymmetries of Body, Brain and Cognition,
23(3), 255-273.
Description of the study:

Quantitative assessments of handedness and footedness are often required in studies of
human cognition and behaviour, yet no validated and reliable Chinese language versions of
commonly used handedness and footedness questionnaires are available. Accordingly, the
objective of the present study was to translate the Edinburgh Handedness Inventory (EHI)
and the Waterloo Footedness Questionnaire-Revised (WFQ-R) into Mandarin Chinese and to
evaluate the reliability and validity of these translated versions in healthy Chinese people. In
the first stage of the study, Chinese versions of the EHI and WFQ-R were produced from a
process of translation, back translation and examination, with necessary cultural adaptations.
The second stage involved determining the reliability and validity of the translated EHI and
WFQ-R for the Chinese population. One hundred and ten Chinese participants were tested
online, and the results showed that the Cronbach’s alpha coefficient of internal consistency
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was 0.877 for the translated EHI and 0.855 for the translated WFQ-R. Another 170 Chinese
participants were tested and re-tested after a 30-day interval. The intra-class correlation
coefficients showed high reliability, 0.898 for the translated EHI and 0.869 for the translated
WFQ-R. This preliminary validation study found the translated versions to be reliable and
valid tools for assessing handedness and footedness in this population.
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3.2 Lateral Effect on Ankle Proprioception

(Published work)
This chapter is based on a paper which has been published in Journal of Motor Behavior as:
Nan Yang , Roger Adams , Gordon Waddington & Jia Han (2020): Ipsilateral vs
Contralateral Presentation of Familiarization Trials in a Lower-Limb Proprioception Test,
Journal of Motor Behavior, DOI: 10.1080/00222895.2020.1777929
Description of the study:

Given previous reports on the cost of inter-hemispheric transfer of proprioceptive information,
this study examined the effect of familiarization on the ipsilateral or contralateral side prior to
a proprioception test. Methods: Forty right-handed adults (19 males and 21 females, mean
age = 26.8 years, range 18 - 39) were included grouped into four: 1.Familiarizing with left
foot, test left foot first; familiarizing the left foot again, and then test right foot;
2.Familiarizing with right foot, test right foot first; familiarizing the right foot again and then
test left foot; 3.Familiarizing with left foot, test right foot first; familiarizing the left foot
again, and then test left foot; 4.Familiarizing with right foot, test left foot first; familiarizing
the right foot again, and then test right foot. Ankle active movement extent discrimination
apparatus was used to test the participant’s proprioception ability. The results showed that
whether the left or the right foot was familiarised, the mean AUC of the tested left or right
foot was similar, with the left scoring 0.652 while the right scored 0.650 (p = 0.884). Neither
was there any significant difference between the mean AUC of the first test side and the
second test side. The mean AUC of the first test side was 0.650 and the second test side was
0.653 (p = 0.574). We also compared the mean AUC of familiarization and test of the same
side and those of the different sides, and found that the two figures are very close: the same
side 0.652 whereas the different sides 0.653. Based on the results and the data analysis, we
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conclude that proprioceptive information from the familiarization session, where the
inversion distances are presented with feedback as to what the inversion extent actually was,
is equally available to both hemispheres without loss of quality.
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CHAPTER FOUR
COMPARISON BETWEEN DIFFERENT ANKLE PROPRIOCEPTION
MEASUREMENTS
4.1 Joint Position Reproduction and Joint Position Discrimination at the
Ankle Are Not Related

Published work.

This chapter is based on a paper which has been published in Somatosensory & Motor
Research as:
Nan Yang, Gordon Waddington, Roger Adams & Jia Han (2020): Joint position
reproduction and joint position discrimination at the ankle are not related, Somatosensory &
Motor Research, DOI: 10.1080/08990220.2020.1746638

Description of this study

Measures of ankle proprioceptive function are important for assessing lower limb movement
performance and injury effects and all methods are assumed to assess the same attribute.
However, examinations of the relationship between the three commonly-employed
assessment methods – threshold to detection of passive motion (TTDPM), active joint
position reproduction (JPR), and active movement extent discrimination assessment
(AMEDA) – have shown no correlation between scores obtained from the passive testing
method and the two active methods. In the current study, the two active proprioception
testing methods, JPR and AMEDA, were compared, using active ankle inversion movements
made in weight-bearing to maximise ecological validity. The present work compared the two
active proprioception testing methods over two studies that differed in task difficulty. The
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harder task employed a 5-position testing protocol with one degree steps between the
movements, and the easier task used a 4-position protocol with two degree steps between the
movements. 50 participants volunteered in this research, 20 of whom were tested using the 5position protocol by the methods of JPR and AMEDA, while the other 30 participants were
tested on the 4-position protocol, by both methods. Proprioceptive acuity was represented by
AE and VE for JPR and by AE and AUC for AMEDA. Proprioceptive acuity scores are
found to be significantly correlated within test methods (i.e. JPR AE correlated to VE;
AMEDA AE correlated to AUC) but not between methods, where JPR AE and VE scores
were not correlated with either AMEDA AE or AUC. Scores obtained from the two active
movement proprioception tests, movement extent discrimination and joint position
reproduction, were not significantly correlated. Taken together with previous findings, these
results show that for proprioception, scores from the three classical Fechnerian
psychophysical methods for measuring sensitivity (adjustment, limits and constant stimuli)
are not correlated with each other. This suggests that each proprioception measurement
system assesses a different aspect of proprioception.
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4.2 Fechner’s Three Experimental Methods: Do the Results Correlate?
Paper peer reviewed and published in conference proceedings.
This section is based on a paper that has been peer reviewed and published in conference
proceedings of 34th Annual Meeting of the International Society for Psychophysics as:
Yang, N., Adams, R., Han, J. & Waddington, G. (2018). FECHNER’S THREE
EXPERIMENTAL METHODS: DO THE RESULTS CORRELATE? Fechner Day 2018:
Proceedings of the 34th Annual Meeting of the International Society for Psychophysics,
Müller, Friedrich; Ludwigs, Lara; and Kupper, Malizia (Eds.). , Lüneburg, 161-166.

Description of this study:

Fechner in 1860 outlined three experimental methods – limits, adjustment, and right and
wrong cases, the three fundamental psychophysical methods that Boring noted were still in
constant use one hundred years later. Each of these methods was proposed as a way of
determining a just noticeable difference that could be either absolute or differential. Although
the definition of a correlation did not appear until Galton’s paper in 1888, and the
computational formula until Pearson’s paper in 1895, it might be assumed that Fechner
believed that results from the three methods would be correlated. When testing acuity of
proprioception, the perception of information about movement of the body and body
segments, it is possible to apply the methods with the same participants, obtain sensitivity
scores, and determine their inter-correlation. In this study, the method of adjustment and a
signal detection theory-based discrimination task were employed with the same apparatus and
same participants to derive sensitivity indices for the extent of ankle inversion movements.
The scores obtained by the two methods were not significantly correlated. A search of the
literature revealed a similar lack of correlation obtained between the JND for active inversion
Chapter four

101

movements (constant stimuli) and detection of imposed passive inversion movements (limits)
at the ankle 1, and similarly uncorrelated sensitivity indices for the method of adjustment and
method of limits applied in tests of proprioceptive function at the knee joint 2. Thus, for
proprioception testing, no pair-wise combination of Fechner’s three methods shows a
significant correlation between the obtained sensitivity scores. It is possible that the observed
lack of correlation between the measures derived from the three different methods emerges as
a result of different cognitive processes involved in task performance.

Chapter four

102

Declaration of Co-Authored Publications

Chapter four

103

Chapter four

104

Published work

Chapter four

105

Chapter four

106

Chapter four

107

Chapter four

108

Chapter four

109

Chapter four

110

CHAPTER FIVE
THE DEVELOPMENT TREND OF ANKLE ROPRIOCEPTION ACORSS LIFE
SPAN
Published work.
This chapter is based on a paper which has been published in the Journal of Sports and Health
Science as:
Nan Yang et al., Age-related changes in proprioception of the ankle complex across the
lifespan, Journal of Sport and Health Science (2019),
https://doi.org/10.1016/j.jshs.2019.06.003

Description of this study:
Ankle proprioceptive ability, as manifested in active human movement, may change across
the lifespan from childhood to elderly adulthood, however its development across all life
stages has not been examined. The present study investigates the trend across the lifespan for
ankle proprioception scores obtained from active ankle inversion movements. The right
ankles of 118 healthy right-handed participants in six groups were assessed - children (6-8
years), adolescents (13-15 years), young adults (18-25 years), middle-aged adults (35-50
years), old adults (60-74 years) and very old adults (75-90 years). Ankle proprioception was
measured in standing using the active movement extent discrimination apparatus (AMEDA),
and mean discrimination scores showed an inverted-U function across the six age groups,
with a peak at 18-25 years, later than the age of peak visual and auditory acuity at seven years.
For ankle proprioception, young adults were significantly better than children, adolescents,
old adults and very old adults. An across-lifespan pattern of ankle proprioception for healthy
participants was established, showing that proprioceptive acuity progressed from a
comparatively low level during childhood, to its highest level in young adulthood, and
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decreased from middle age, with older adults showing proprioceptive acuity corresponding to
that of adolescents. The least sensitive ankle proprioceptive ability was found in people aged
over 75 years old.
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CHAPTER SIX
PHYSICAL ACTIVITY AND ANKLE PROPRIOCEPTION
Paper submitted for publication.
This chapter is based on a paper that has been submitted for publication to the journal,
Experimental Gerontology, and is currently under editorial review. The document is
presented here with the format used by that journal.
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Abstract
Background: Information regarding ankle proprioception, plantar sole sensitivity, and lower
limb strength in relation to physical activity level in normal ageing may be important for
developing strategies for preventing or delaying mobility limitations.
Objectives: To compare performance scores for proprioception, cutaneous sensation, and
lower limb strength between elderly participants involved in different styles and levels of
physical activities, and to investigate the relationship between physical activity, ankle
proprioception acuity, plantar cutaneous sensitivity, and lower limb strength.
Method：An observational study was conducted with 83 volunteers participating in 5 groups:
Young Adults (mean age, 19.2yrs); Highly Active Older Adults (67.1yrs); Older adults from
community Tai Chi (67.7yrs); Older adults from community Square Dance (66.8yrs);
Inactive older adults (67.9yrs). Physical activity was assessed with the International Physical
Activity Questionnaire. The Active Movement Extent Discrimination Apparatus was used to
assess ankle proprioception in full weight-bearing stance, and the 30-second chair stand test
was used to assess lower extremity muscle strength. Plantar cutaneous sensation was assessed
using the Plantar Pressure Sensation test with nylon Semmes-Weinstein monofilaments.
Results: Plantar skin sensitivity, functional strength and ankle proprioception scores were all
significantly higher in Young than Older Adults (p < 0.001), and all measures declined
linearly across activity levels in the older groups (p < 0.001). Older participants involved in
high and medium level of physical activity showed better performance in all tests than the
inactive ones (p < 0.001). Scores of Tai Chi practitioners did not differ on any measure from
those for Square Dance practitioners. From regression analysis across all participants, 56% of
the variance in ankle proprioception scores (adjusted R Square = 0.565) was explained by just
one variable, plantar skin sensitivity.
Conclusions：Ankle proprioception and plantar sole sensitivity scores decrease with lower
levels of physical activity in older females. The positive association between ankle
proprioceptive scores and plantar cutaneous sensitivity identified across all the five groups
highlights the importance of plantar cutaneous sensation in ankle proprioceptive performance.
Key words: Ankle; Proprioception; Plantar Sole; Functional Strength; Lower Limb
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Introduction
The maintenance of postural stability depends on the ability of the somatosensory system to
extract inputs relating to the orientation of the body, integrate this information within the
central nervous system, and activate an appropriate motor response (Anand & Elliott, 2010).
Proprioception as an essential sensory component to postural stability provides
proprioceptive information relating to the sense of movement (kinesthesia) and position of
the joints (joint position sense), velocity of muscular contractions, and the force or effort
associated with muscular contraction (Westlake et al., 2007). The importance of
proprioception in relation to standing balance, walking stability and risk of falling has
previously been established in older adults. (Benjuya et al., 2004; Menz et al., 2004;
Sturnieks et al., 2004) Modified or impaired ankle performance has also been reported in
relation to normal ageing. (Gilsing et al., 1995; Hurley et al., 1998; Madhavan & Shields,
2005; Skinner et al., 1984; Yang et al., 2017) Therefore, a better understanding of ankle
proprioception may be important for preventing or delaying mobility limitation and
maintaining normal balance control in the face of advancing age. In the present study, the
aim was to examine the ankle proprioceptive performance of older women and its relation to
other factors that may affect balance control or postural stability, such as physical activity
(Lord et al., 1999; Petrella et al., 1997), plantar sole sensation (Wang & Lin, 2008) and lower
limb strength (Madhavan & Shields, 2005).
Regular physical activity has been considered one strategy to reduce the incidence of falls
associated with aging (Petrella et al., 1997) and to improve the sensorimotor system that
contribute to stability (Lord et al., 1999; Lord et al., 1994). Regular or long-term practice of
Tai Chi, which emphasize conscious awareness of body position and movement (Irrgang &
Neri, 2000), has been associated with improved limb strength, balance, joint proprioception,
range of motion, gait outcomes, reaction time, balance, postural control, and flexibility
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among healthy community dwelling older adults (Lelard et al., 2010; Li et al., 2008; Tsang &
Hui-Chan, 2003, 2004). Xu et al. (2004) reported that elderly people who regularly practiced
Tai Chi not only showed better proprioception at the ankle and knee joints than sedentary
controls, but also better ankle kinesthesis than swimmers/runners, while another study which
compared experienced Tai Chi practitioners and golfers reported that both groups had
improved joint proprioceptive acuity and dynamic standing balance control and demonstrated
that the male elderly golfers achieved levels of joint proprioceptive acuity and balance
performance similar to those of the elderly Tai Chi practitioners (Tsang & Hui-Chan, 2004).
Like the practice of Tai Chi, Square Dance is another newly emerging sport, which is popular
with elderly Chinese and ranking in top 20 physical activities in the 2018 and 2019 Chinese
Fitness Trend Report (Li et al., 2018; Li et al., 2019). It also requires concentration of mind,
as well as precise and coordinated trunk and limb movements. Thus, an objective of the
present study were to investigate whether experienced Square Dancers could also have
improved joint proprioception and lower limb strength and to compare them with Tai Chi
practitioners matched for age and physical activity level.
In addition, the cutaneous mechanoreceptors in skin surrounding joints can respond to the
skin strain and deformations generated by movement, and thus provide proprioceptive cues
(i.e., information about the position and movement of neighbouring body segments).
(Aimonetti et al., 2007; Edin, 2001; Edin & Abbs, 1991; Edin & Johansson, 1995) Worse
ankle proprioception in older adults compared with younger adults has been reported in
previous studies using threshold of detecting passive ankle rotation (Gilsing et al., 1995),
dynamic position sensing (Madhavan & Shields, 2005), and active movement
discrimination(Yang et al., 2017). Age-related differences in haptic sensitivity of plantar skin
can also be found in previous studies. For example, Yümin et al. (2016) examined plantar
cutaneous sensation in healthy women and revealed a decrease in foot plantar sensation with
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increasing age. However, research on the relation between ankle proprioception and foot
plantar sensation is very limited. Therefore, the present study examined the proprioception
and cutaneous sensation of the elderly participants involving different styles and levels of
physical activities and young healthy participants and investigated the relationship between
ankle proprioception acuity and plantar cutaneous sensitivity.
Finally, because lower extremity muscle weakness is identified as an important falls risk
factor (Gehlsen & Whaley, 1990; Whipple et al., 1987), and lower limb strength is also
known to contribute to the control of balance (Madhavan & Shields, 2005), performance in
lower limb functional strength was tested in this study to observe its relation to ankle
proprioception, cutaneous sensation, and physical activity level.
In summary the objectives of the present study were to compare measures of the somatic
senses, including proprioception and cutaneous sensation, between elderly participants who
were involved in different styles and levels of physical activities, and young healthy
participants, and investigate the relationship between physical activity (PA), ankle
proprioception acuity and plantar cutaneous sensitivity.

Methods
Participants

127 female participants were recruited from a local university and a residential community by
advertisement. At a screening interview, participants were excluded for neuromuscular
impairment, use of psychoactive or vasoactive medications, history of pathology of either the
ankle or the subtalar joint, restricted right ankle range of motion, severe arthritis of the lowerextremity joints, or symptoms of central or peripheral nervous system dysfunction. Older
adults with scores less than 24 on the Mini-mental State Examination (Katzman et al., 1988)
were excluded, as were those with a history of falling within the last 2 years. Participants in
the Tai Chi and Square Dance groups, and in the young adults control group, were only
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included if classified as participating in“Moderate”physical activity (PA) according to the
International Physical Activity Questionnaire (IPAQ-short form) (Macfarlane et al., 2007)
(see Table 1).
After screening, 83 of the 127 volunteers in 5 groups participated in the main tests:
1) Young adults from a local university (n = 15, mean age, 19.2yrs; range 18-20yrs); 2)
Highly active older adults from local communities (n= 17, mean age, 67.1yrs; range 6570yrs); 3) Older adults from a community Tai Chi team (n= 17, mean age, 67.7yrs; range 6570yrs); 4) Older adults from a community Square Dance class (n= 19, mean age, 66.8yrs;
range 65-70yrs); 5) Inactive older adults from a local community residence (n= 15, mean age,
67.9yrs; range 65-70yrs).
All participants were right-handed and right-footed according to Chinese versions of the
Edinburgh Handedness Inventory and the Waterloo Footedness Questionnaire (Yang et al.,
2018b) respectively, and provided written informed consent. The study was approved by the
Human Research Ethics Board at Shanghai University of Sport.
Testing Procedures

PA was assessed by the International Physical Activity Questionnaire (IPAQ-short form)
(Macfarlane et al., 2007). Three levels of physical activity are proposed to classify
populations: low, moderate, and high. In the present study, the criterion for the inactive
group was that of the “low”category. For the other three groups – Tai Chi practitioners,
Square Dance practitioners and young healthy adults, only those who fell into the “moderate”
category were further tested. The criterion for the highly active group was that of the“high”
category.
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The purpose-built ankle Active Movement Extent Discrimination Apparatus (AMEDA)
(Waddington & Adams, 1999a)as used here was developed to test ankle proprioception in a
full weight-bearing stance, and provides ankle movement discrimination scores that represent
participants’ sensitivity to small differences in the extent of active ankle inversion. The
AMEDA consists of a fixed wooden platform housing a swinging square wooden plate that
rotates about an axle aligned to the long axis of the foot. During the test, participants were
instructed to look straight ahead and stand astride on the device in an even weight-bearing
stance, with their left foot on the fixed platform and the right foot centred over the axle of the
swinging plate (Figure 1 B). For each trial, participants were required to make an active ankle
inversion that rotated the swing plate from the horizontal start position downwards until the
rim of the swing plate contacted a height-adjustable stop at the test position, and thereafter to
actively return the swing plate to the start position. The computer-controlled heightadjustable mechanism could generate 4 inversion extents, of 10°, 12°, 14°, and 16° from
horizontal.
Before data collection, participants were given a familiarisation session in which they
experienced the four ankle inversion positions in order, from the smallest (position 1=10°)
through to the largest (position 4=16°), with 3 repetitions, giving 12 familiarisation inversion
movements. During the test, participants undertook 40 trials without feedback, with 10
random presentations of each of the 4 different inversion displacements. With eyes looking
forward at a point on the wall opposite, participants were required to identify the 4 different
ankle inversion positions based on proprioceptive information, and to respond with a number
(1, 2, 3, or 4) indicating the ankle inversion position that they had just experienced. The
AMEDA apparatus has been tested for validity and displays sensitivity to age-associated
changes and a variety of injury and training conditions affecting active ankle movement
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proprioception. (Han, Waddington, et al., 2015; Waddington & Adams, 1999a; Yang et al.,
2017)
For assessing lower extremity muscle strength, the 30-second chair stand test was used. This
test is meaningful to older adults, with high test-retest reliability ICC of 0.84 for men, 0.92
for women (Jones et al., 1999). During the chair stand test, the participant sat on a straightbacked chair without arm rests, then stood up and sat down repeatedly for 30 seconds. The
number of repetitions completed was recorded as a measure of functional strength. To
minimize the administration influence on the outcome, the one tester was assigned to do the
counting and record the numbers during the test, and another tester was assigned to follow the
whole process and ensure the counting and the recorded numbers were correct.

Nylon Semmes-Weinstein monofilaments test (Figure 1 A) were used to assess plantar
cutaneous sensation (tactile sensitivity). The monofilaments apply a deformation stress to the
skin and create a sense of pressure, with the pressure applied indicated by values of the
thickness of the monofilament ranging from 1.65 to 6.65 (mm). To keep the test scores
consistent and make the results easier to be compared with results from other tests, the
present study chose to use monofilament of a single specification (a 5.07mm monofilament)
in the monofilament test. During the test, participants lay on their back with their feet bare
and eyes open, though unable to see if and where the examiner applied the filament. The
experimenter placed the filament on the participant’s plantar sole at an angle of 90 degree and
applied sufficient force to cause the filament to bend or buckle by 1cm. The total duration of
the approach, skin contact, and removal of the filament was approximately 2 seconds. Nine
sites on the plantar surface of the foot were tested (first toe, third toe, fifth toe, the first, third,
and fifth metatarsal heads, the medial and lateral sides of the mid-foot, the hind foot) in a
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randomised sequence (Booth & Young, 2000; Yümin et al., 2016). Each site was tested with
two occasions - on one occasion, the filament was pressed to the participant’s plantar skin
such that it buckled; on the other occasion, the filament was not applied to the skin. As the
experimenter said “time one” or “time two”, participants were required to identify whether
their plantar skin was touched or not, and verbally report to the testers. The order of the two
occasions was randomly determined during the test.

Data Analysis

Area Under the Curve (AUC) values was used to represent the participant’s performance in
the AMEDA tests. The raw data of each test were entered into a 5 × 5 matrix representing the
frequency with which each response was made for each inversion movement stimulus, and
pair-wise Receiver Operating Characteristic (ROC) curves were produced by non-parametric
signal detection analysis, namely, comparing responses to distances 1 and 2, 2 and 3, 3 and 4,
4 and 5 (Han, Adams, et al., 2013; Han, Anson, et al., 2013; Mcnicol, 2005). The ROC curve
for each pair of distances was plotted and the AUC obtained as a discrimination measure(C.
G. Maher & R. D. Adams, 1996; Mcnicol, 2005). Thereafter, the mean of the four pair-wise
Area Under the Curve (AUC) scores was calculated with SPSS v.23 to obtain a single ankle
movement discrimination score for each participant. AUC values range from 0.5,
representing chance responding, to 1.0, representing perfect discrimination. ANOVA with
contrasts was used to analyse the data from the five groups. The first contrast compared the
Young Adult group with all the older groups combined, to examine for any age effect on the
test variables. The second contrast tested for linear trend across groups at the three levels of
activity (highly active, moderately active and inactive). The third contrast compared the two
moderately active Tai Chi and Square Dance groups, and the final contrast compared the
Young Adult and Old Highly Active groups.
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Pearson product-moment coefficients were calculated between the AMEDA proprioceptive
acuity scores, and scores obtained from the tests of plantar sole somatic sensibility, and
functional strength. Statistical analysis was performed with IBM SPSS v.23, with p value less
than 0.05 chosen as indicating statistical significance.

Results

Table 6.1 Means (±SDs) of age, height, body weight, Mini-Mental Status Examination
Scores, physical activity scores, ankle proprioception scores, plantar pressure sensation
scores, and functional lower limb strength scores among the five participant groups.
Young
Adults

Older Adults
Highly
Active

(n=17)

67.13
(±1.73)

67.71
(±1.76)

66.84
(±1.54)

67.94
(±1.64)

Height
(cm)

161.27⃰
(±3.62)

158.27
(±5.66)

159.06
(±4.68)

156.53
(±5.13)

159.24
(±3.40)

Weight
(kg)

49.67⃰ ⃰
(±3.35)

50.07
(±3.31)

60.47
(±6.84)

60.63
(±7.39)

66.59
(±6.43)

Mini-Mental
Status
Examination

-----

28.53⃰ ⃰
(±1.73)

27.94
(±2.02)

27.53
(±2.01)

26.4
(±1.97)
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19.20⃰ ⃰
(±0.78)

(n=15)

Tai Chi
Practitioners

Inactive

Square
Dance
Practitioners
(n=19)

(n=15)
Age

Moderately Active

(n=17)
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Physical
Activity
Score
AMEDA
Scores
(Left)

2053.8
(601.48)
0.789⃰ ⃰
(±0.069)

3623.93⃰ ⃰
(±391.00)
0.791⃰ ⃰
(±0.062)
0.785⃰ ⃰

2129.65
(±593.64)

2135.05
(±564.62)

581.06
(±119.30)

0.741
(±0.074)

0.739
(±0.050)

0.671
(±.073)

0.738
(±0.069)

0.737
(±0.064)

0.680
(±0.068)

AMEDA
Scores
(Right)
PPS Test
(Left)

0.790⃰ ⃰
(±0.066)
17.60⃰ ⃰
(±0.74)

16.87⃰ ⃰
(±0.83)

15.59
(±1.28)

15.74
(±1.41)

13.18
(±1.19)

PPS Test
(Right)
Functional
Low Limb
strength

17.40⃰ ⃰
(±0.83)

16.73⃰ ⃰
(±0.96)
19.53⃰ ⃰

15.47
(±1.01)

15.53
(±1.39)

13.41
(±1.46)

16.24
(±2.68)

14.89
(±3.13)

10.35
(±1.90)

17.67⃰ ⃰
(±2.64)

(±0.051)

(±1.99)

Values are mean ± SD; ** denotes significant p <.01; PPS denotes plantar pressure sensation; PA denotes Physical Activity.

Figure 6.1 Ankle AMEDA Test scores and PPS Test Scores across the five groups. A)
Monofilament Test; B) Ankle inversion movement proprioception testing with the
AMEDA ( AMEDA: Active Movement Extent Discrimination Assessment; PPS: Plantar
Pressure Sensation)
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Figure 6.2 Scatter plot for Ankle AMEDA test and PPS Test scores

Table 1 shows the means and SDs for age, height, weight, mini-mental status scores, and
physical activity scores obtained by the five groups – High (Highly Active Old Adults),
Moderate (Young Adults, Old Adults Tai Chi Group and Old Adults Square Dance Group),
and Low (Inactive Old Adults). The general health interview revealed that no participants
were limited in any of their activities.
The young adults were significantly taller than the combined older groups (p = 0.025), who
did not did not differ significantly from each other. Young Adults weighed significantly less
than the older groups (p < 0.001) and there was a significantly rising linear trend in weight
with decreasing activity level (p < 0.001).
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The Mini-Mental test also showed a significant linear decline in scores across decreasing
activity levels (p = 0.003). The Inactive group (M = 26.41) had scores that were significantly
lower than the Highly Active group (M = 28.53) and also significantly lower than the two
Moderately Active groups (p = 0.024). All elderly participants had MMSE scores above 24,
indicating the absence of cognitive impairment.
For functional strength, there was a significant linear decline across activity levels (p < 0.001).
Although Young Adults were significantly stronger than the Older Adults combined (p =
0.001), when Young Adults (M = 17.67) were compared with only Old Highly Active Adults
(M = 19.5kgs) the latter group were significantly stronger.

Because no significant difference was found between the left and right ankle AMEDA scores
across the age groups, a combined AMEDA mean score was calculated. Young Adults had
significantly better mean AMEDA proprioception scores than Older Adults (p < 0.001) and
across the activity levels in the older groups there was a significant linear decline in
proprioceptive acuity (p < 0.001) (Figure 1). However, Old Highly Active Adults (M =
0.788) had scores that did not differ (p = 0.90) from Young Adults (M = 0.790), and the
scores of Tai Chi practitioners (M = 0.739) did not differ (p = 0.95) from those of Square
Dance practitioners (M = 0.738).
Similarly, with no significant side difference, a combined Plantar Skin Sensitivity mean score
was calculated. Young Adults had significantly higher mean Plantar Skin sensitivity scores
than Older Adults (p < 0.001), and there was a significant linear decline in plantar sensitivity
across activity levels in the older groups (p < 0.001) (Figure 1). Scores for Old Highly Active
Adults (M = 16.8) did not differ significantly (p = 0.061) from Young Adults (M = 17.5), and
the scores of Tai Chi (M = 15.53) and Square Dance practitioners (M = 15.63) did not differ
(p = 0.76).
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Next, a stepwise multiple regression was conducted on the AMEDA scores, with input
variables age, height, weight, physical activity level and plantar skin sensitivity. The resulting
significant prediction model accounted for 56% of the variance in AMEDA scores (adjusted
R Square = 0.565) with just one predictor variable, plantar skin sensitivity (Figure 2).
To further examine the relationship between Plantar Skin Sensitivity and AMEDA Ankle
Proprioceptive Acuity, left and right-side scores from both tests were intercorrelated.
Pearson’s r values and 95% Confidence Intervals were 0.711 (0.585 - 0.803) for the two right
side measures, and 0.678 (0.560 - 0.769) for the two left-side measures, whereas the values
were 0.579 (0.415 - 0.706) and 0.529 (0.354 - 0.668) for the mixed-side correlations. Thus,
the correlations between the Plantar Skin sensitivity scores and the AMEDA ankle
proprioception scores were higher ipsilaterally than contralaterally, suggesting that plantar
skin sensitivity maximally affects same-side ankle proprioception scores.

Discussion
The present study investigated acuity of the somatic senses (ankle proprioception and plantar
cutaneous sensation) and functional strength of the lower extremity in highly active,
moderately active, and inactive elderly participants, together with young healthy controls.
The results showed a significant age effect on ankle proprioception, plantar pressure
sensation and functional strength. Higher PA levels were associated with better performances
across the tests of ankle proprioception, plantar pressure sensation and functional strength.
However, Square Dance practitioners were not superior to Tai Chi practitioners on any of the
three tests, suggesting that physical activity plays an important role in maintaining good
function for both the somatic senses and lower-limb functional strength. Further, sensitivity
to haptic pressure sensation of the foot sole and PA volume were correlated.
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The age effects observed here are consistent with previous findings. Age-related decline in
ankle proprioception from younger to older adults has been consistently documented in
studies examining age-related differences in ankle proprioception, even though different
testing protocols were used: active joint position sense (JPS) (You, 2005), passive
JPS(Westlake et al., 2007), threshold for detection of passive movement (TDPM) (Westlake
et al., 2007), threshold for velocity discrimination (Westlake et al., 2007) and active
movement extent discrimination (Yang et al., 2019). Together they pointed to an age-related
decline in ankle proprioception, though the varied methods may reflect different aspects of
proprioception (Han et al., 2016a).
Previous research has also reported that tactile acuity declines sharply with age (Kerr et al.,
2008). Discriminative touch (i.e. 2-point sensation) has been found to be compromised with
aging (Melzer et al., 2004). Similar age-related impairment in ability to detect vibration have
been demonstrated in several studies (Inglis et al., 2002; Perry, 2006; Verrillo et al., 2002;
Wells et al., 2003). Perry (2006) compared the sensitivity to monofilament pressure on the
plantar surface between young adults (age = 23-26 years) and older adults (age = 65-73 years)
at 4 test sites (great toe, first metatarsal head, fifth metatarsal head, and heel) and reported
that older adults had insensitivity to monofilament testing (0.07-300g of force) across all sites
in comparison with the young adults. This finding was consistent with the result in the
present study, where a 10g monofilament was employed. For cutaneous sensation, the agerelated anatomical and physiological changes in cutaneous receptors have been associated
with a decline of cutaneous acuity. The current literature indicates that both Pacinian (PCs)
and Meissner (MCs) receptors are reduced in number with aging. Most of the physiological
research involving MCs and PCs has been conducted on the fingers, and revealed a
progressive age-related decrease in MCs and PCs mean concentration in the fingers (Bolton
et al., 1966; Iwaski et al., 2003), although similar results have been found in the plantar
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aspect of the foot. Bolton et al. (1966) studied punch skin biopsies from the plantar aspect of
the great toe in 91 individuals ranging in age from 11 to 89 years and revealed a progressive
age-related decrease in MCs and PCs mean concentration in plantar aspect of the great toe.
The age associated decline in limb strength shown in the present study is consistent with the
findings reported by Hunter et al. (2000), who noted muscle-specific strength reductions
among independent and urban-dwelling Australian women aged 20 to 89 years. Lower limb
weakness experienced by older adults has been related to a loss of mobility in activities such
as ambulation, rising from a chair, and stair climbing (Buchner et al., 1996; Ferrucci et al.,
1997). The marked decline in strength with the increasing age encourages studies on
preventive interventions to maintain the wellbeing of elderly people. Therefore, physical
activity, a frequently recommended practice, has been a focus in this area.
The present study showed that the highly and moderately active elderly had better
performance than the inactive elderly across the three functional tests. Similarly, a study
investigating the relationship between functional mobility and ankle proprioception showed
that ankle proprioception was significantly and positively correlated to performance in the 6minute walk test (Zhang et al.), and a study investigating ankle proprioception among athletes
in different sport attainment levels found that athletes with higher sport attainment showed
better performances in ankle proprioception tests than those with average attainments (Han,
Waddington, et al., 2015).
Research on the relationship between physical exercise and plantar cutaneous sensitivity is
very limited. In the present study, older adults who had maintained long term PA at a high or
moderate level had superior cutaneous pressure sensitivity of the plantar skin than that of the
inactive older controls. Loss of 2-point sensation in the plantar aspect of the toe has been
reported as significantly greater in “fallers” than in “non-fallers”, who also maintained a
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better record of balance and mobility in daily activities than the “fallers” (Melzer et al., 2004).
Moreover, the elderly participants involved in high-level PA in the present study even
achieved a similar level to that of the young controls, suggestive of a proactive role of
physical activity in maintaining cutaneous sensation among the elderly.
Surprisingly, we found no studies that specifically measured the relationship of functional
strength to PA levels. However, Hunter et al. (2000) , when investigating the issue of musclespecific strength reductions, found that both participation in physical activity and muscle
strength were reduced in older men and women compared with younger individuals and
inferred that if disuse was a major determinant of muscle strength, then strength changes with
increasing chronological age should be associated with physical activity level. This inference
is supported by the fact that a positive effect of physical activity on muscle strength among
the elderly population has been noted in several studies (Eyigor et al., 2007; Kaltsatou et al.,
2011; Mangani et al., 2006). Indeed, Denison et al. (2013) and Mangani et al. (2006) have
suggested that resistance exercise is necessary to improve muscle strength, and consistent
with this, regular older Tai Chi practitioners and joggers have shown better scores than
sedentary controls on muscle strength measures (Xu et al., 2006). One surprising result in the
present study was that the high-PA-level elderly showed greater functional strength than
young controls involved in PA of moderate level, suggesting that community based
interventions designed to increase physical activity with a view to improving muscle strength
should be taken into consideration for the arrangements of daily activities for older people.
Results in the present study showed significant and positive relation between ankle
proprioception, plantar cutaneous sensation, and physical activity level. The strongest
correlation demonstrated across all five groups of participants in the present study was that
between ankle proprioception and plantar cutaneous sensation，a finding which supports the
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“plantar sole as a dynamometric map” theory of Kavounoudias et al. (1998), who propose
that the plantar sole is a critical source of information for making the fine adjustments needed
to maintain balance. Cutaneous mechanoreceptors in skin surrounding joints can respond to
the skin strain generated by movement, and thus provide proprioceptive cues, so it can be
inferred that the quality of input from the plantar sole is critically important for ankle
proprioception. Consistence with this, textured insoles have been used as an immediate
intervention to enhance the stimulation arising from the plantar sole, and have improved both
ankle proprioception and balance performance (Steinberg et al., 2016; Waddington & Adams,
2000). Further,

Steinberg et al. (2016) have shown that textured insoles improved the

discrimination scores of dancers with low proprioceptive ability and suggested that textured
insoles may stimulate the cutaneous receptors in the plantar surface and thus increase
awareness of ankle positioning. Future intervention studies on the improvement of ankle
proprioception and balance control should consider the plantar sole’s contribution to ankle
proprioception in populations with reduced skin sensitivity arising as a result of ageing and
conditions such as Parkinson’s disease and peripheral neuropathy.

Conclusion
Ankle proprioception, plantar sole sensitivity, and lower-limb functional strength were
reduced at lower levels of physical activity in older females, suggesting the importance of
physical activity in maintaining somatosensory function and strength. The ankle
proprioceptive acuity, cutaneous sensation and the lower-limb strength of Tai Chi and Square
Dance practitioners were all better than for inactive controls, but no significant differences
were identified between these two exercising groups, suggesting that it is the physical activity
levels rather than physical activity style that matters in maintaining ankle proprioception,
plantar pressure sensation and functional strength of the lower limb. The positive association
between ankle proprioceptive and the plantar cutaneous sensation ability of the foot identified
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across all the five groups here supports the important role of plantar cutaneous sensation in
ankle proprioceptive performance.
Declarations of interest: none
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CHAPTER SEVEN
SUMMARY AND FUTURE DIRECTIONS

7.1 Summary of thesis
Proprioceptive sense plays an important role in ankle joint movement and balance control in
daily activities, and during physical exercises. Many factors influence the measurement of
proprioceptive sense and the proprioceptive sense itself. However, only a few researchers
have investigated factors that may influence the process of measurement of proprioceptive
acuity. Similarly, developmental trends in proprioception across the life span and the
mechanisms underlying how differences in physical activity impact on ankle proprioception
have received little research attention. After an initial exploration of the effects of laterality
on proprioceptive ability at the ankle joint, the aim of the work presented in this thesis was to
examine the across-the-life-span, age-related changes in proprioceptive ability and the impact
of different types of physical activity on the proprioceptive aging process, using an active
movement extent discrimination task involving movements that are similar to normal joint
function in sports and daily activities. The relationship between different ankle
proprioception measurements was investigated to better understand whether the different
methods of proprioceptive measurement are testing the same aspects of proprioception, and
which methods are the most appropriate for assessing ankle proprioception in different
settings.
A series of five studies was conducted. The initial study, examining the impact of laterality,
was conducted with participants based in China, necessitating the validation of Chinese
language laterality questionnaires. The additional studies comprising the thesis focused on the
impact of lateralization effects on proprioceptive performance on the pretest familiarization
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process; the relationship between different proprioception measurement protocols; agerelated effects on proprioceptive ability; and the effect of different physical activities on
proprioceptive ability. Study 1 involved the development of valid and reliable laterality
questionnaires in the Chinese language, these being the Edinburgh Handedness Inventory
(EHI) and the Waterloo Footedness Questionnaire – Revised (WFQ-R). The validity analysis
indicated that Cronbach’s alpha coefficient of internal consistency was 0.877 for the
translated EHI and 0.855 for the translated WFQ-R. The intra-class correlation coefficients
showed high reliability, 0.898 for the translated EHI and 0.869 for the translated WFQ-R. In
the second study, proprioceptive acuity scores were compared when the familiarization and
test protocol respectively were administered to either ipsilateral or contralateral limbs, and no
significant difference between these sequences was found (p = 0.292). Similarly, whether the
left or the right foot was familiarized, the mean ‘area under the curve’ accuracy score of the
tested left or right foot was similar (p = 0.731). These results suggest that proprioceptive
information from the familiarization session is equally available to the same side or different
side cerebral hemispheres without loss of quality. In Study 3, two proprioception testing
methods – joint position reproduction (JPR) and active movement extent discrimination
assessment (AMEDA) were compared, with the finding that scores from the two
proprioceptive tasks were not significantly correlated. This result supports previous findings
showing that scores from different psychophysical methods of measuring proprioceptive
sensitivity are not correlated and suggests that differing ankle proprioception measurement
systems assess different aspects of proprioception. In the Study 4, ankle proprioception scores
obtained from active ankle inversion movements among six different (increasing) age groups
were examined. An across-lifespan pattern of ankle proprioception for healthy participants
was established: proprioceptive acuity progressed from a comparatively low-level during
childhood, to its highest level in young adulthood, and decreased after middle age, with older
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adults showing proprioceptive acuity corresponding to that of adolescents. The least sensitive
ankle proprioceptive ability was found in people aged over 75 years. In Study 5, ankle
proprioception, plantar sole sensation and functional strength among older persons involved
in different physical activity levels and different physical activities (Tai Chi and Square
Dance) were investigated. The results of this study support the concept that physical activity
is associated with maintenance of the three functions investigated. Further to this, a positive
association was found between ankle proprioceptive scores and plantar sole cutaneous
sensation scores across all the age groups studied, supporting the Kavounoudias
‘dynamometric map’ view of cutaneous sensation informing ankle proprioceptive
performance.
According to all the findings obtained from the five studies, there are several factors that may
affect the proprioceptive test results and thus are worth considering during academic research
and clinic practices. Firstly, Study One shows different cutoff criteria may result in different
category of left-handers and right-handers, so a stricter cutoff criterion may help recruit the
right target participants and minimize the interference of the laterality influence on the
proprioceptive performance during the test. Meanwhile the inconsistency between
handedness and footedness suggests when proprioceptive tests involving upper limbs, a
handedness questionnaire is recommended to determine the participant’s laterality; while
when proprioceptive tests involving lower limbs, an additional footedness questionnaire will
be helpful. Secondly, the findings in Study Two indicate that the cortical control system
seems to be indifferent to the laterality of the access pathway of the joint proprioceptive
information needed for a position discrimination test, and to whether it is ipsilateral or
contralateral to the limb to be tested, so the current ipsilateral practice in proprioceptive tests
can be accepted as an ideal one. On the basis of the finding from the first two studies, we
followed a strict laterality determination protocol and a ipsilateral familiarization-test
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protocol in the following three studies. Thirdly, the universally non-significant correlations
between the three classic proprioceptive testing methods (TTDPM, JPR, and AMEDA)
denote that one result having been proved true by one of the three methods may not
necessarily be valid for the others. For example, Deshpande et al.8 and Westlake et al.9 found
a significant age-related degradation in ankle proprioception when using the TTDPM test, but
they did not find any difference between younger and older adults in the results when using
JPR tests. Therefore, Study 4 was designed to investigate whether the age-associated
differences could be identified by the AMEDA test. Fourthly, the findings from Study Four
verified that the active movement discrimination assessment is sensitive to age differences in
ankle proprioception. And this finding led to the design of Study Five. Since age is one
proved influential factor in the ankle proprioceptive deterioration during the normal ageing
process among healthy population, the next question that needs to be considered is whether
proprioceptive acuity of older people can be improved or the age-related deterioration in
ankle proprioception can be slowed down. Lastly, the findings in Study Five reveals that
older participants highly or moderately active in physical activity possess better ankle
proprioceptive ability as well as better plantar sensation and functional strength in lower
extremity than the older participants who are inactive. This finding points out the future
research direction to identify and clarify the roles different physical activities play in
improving older people’s proprioceptive performance and the mechanisms how they
functions.

7.2 Study limitations
The findings from the studies in this thesis should be considered in the light of a number of
limitations. Firstly, the studies in this thesis using the AMEDA test were in the context of
scientific research and examined healthy participants, thus the findings cannot be simply
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generalized to clinical context and further studies using the AMEDA test in the clinical
context, for example using subjects who are hemisphere deficient individuals, or who are
suffering neuropathic diseases, are needed. Secondly, the understanding of finding of some
studies ( Study 4 and 5) is limited by the cross-sectional design and the sample size.
Longitudinal studies and larger sample sizes would be more definitive for determining the
relationship between the investigated factors, such as relationship between age and ankle
proprioceptive ability, physical activity levels and ankle proprioception, plantar sensation and
ankle proprioception, etc. Finally, the proprioception findings in this study are limited to
active inversion movement at the ankle complex. Proprioceptive performance in the
movements of eversion, plantarflexion, and dorsiflexion is also important, as is
proprioception loss in those movements because it relates to postural balance. Future research
should include other movements in order to provide additional information about ankle
proprioception and its role in balance control.

7.3 Future directions
Based on the findings in this thesis, some recommendations for future research studies can be
made.
The effect of hand/foot preference and hemispheric systems on proprioceptive acuity should
be considered in future research to better understand the relation between hemispheric
specialization and proprioception at different joints in the upper and lower limbs. Meanwhile,
a possible confounder, one that previously has not been well-controlled in proprioceptive
function studies, is the degree of handedness and footedness. The effect of different degrees
of handedness and footedness in proprioceptive performance needs to be explored in future
research.
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In addition, this thesis examined age-related differences in ankle proprioception with a crosssectional design. What are lacking are longitudinal studies conducted to explore in depth
proprioceptive functioning at different ages, and to identify the critical turning points of
proprioceptive development during the human lifespan.
Thirdly, considering that children develop a lower cognitive, neural and physical level than
adults, they might be affected by measurement related factors ( e.g. number of familiarization
trials needed for understanding the task, and effort needed for remembering the positions,
making judgements and responding with their judgements of the positions) in a different way
from adults. Therefore, future studies may compare the proprioceptive performances with
different familiarization time, between-session break, and responding time , etc. to find out
the optimal AMEDA test protocol for children.

Finally, since the last study of this thesis showed a positive relation between physical
activities, ankle proprioceptive sensitivity, and cutaneous sensitivity of the plantar sole, future
research could examine the following questions:


Using well designed activity-intervention studies, in what way and to what extent can
physical activity maintain or improve ankle proprioception?



How can the elderly maintain healthy plantar soles?



How might plantar sole information be enhanced (eg. by using textured insoles)?



How much does the plantar “neuropathy” concept conflict with proprioception which
is largely driven by muscle-body neural apparatus?



How can reduced somatosensory function due to damage to the plantar sole of the
foot, for example with damage from diabetic neuropathy, be rehabilitated？
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Answers to these questions will be of particular importance in providing a scientific basis for
recommendations regarding physical activity and the elderly.
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