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Abstract

Several changes in the human sensory systems, like presbycusis or presbyopia, are well-
known to occur with physiological aging. A similar change is likely to occur in
proprioception too but there are strong and unexplained discrepancies in the literature. It was
proposed that assessment of the attentional cost of proprioceptive control could provide
information able to unify these previous studies. To this aim, fifteen young adults and fifteen
older adults performed a position matching task in single and dual-task paradigms with
different difficulty levels of the secondary task (congruent and incongruent Stroop-type tasks)
to assess presumed age-related deficits in proprioceptive control. Results showed that
proprioceptive control was as accurate and as consistent in older as in young adults for a
single proprioceptive task. However, performing a secondary cognitive task and increasing
the difficulty of this secondary task evidenced both a decreased matching performance and/or
an increased attentional cost of proprioceptive control in older adults as compared to young
ones. These results advocated for an impaired proprioception in physiological aging.
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1.Introduction

To provide information about the body state and features of the environment, sensory systems
produce sensations which are centrally integrated into perceptions (touch, vision, hearing,
taste, smell, vestibular, and proprioception). Several physiological changes occurring within
the older adults’ sensory systems can induce perception impairments. For instance,
presbycusis, the age-related hearing impairment (Gates and Mills 2005) or presbyopia, the
age-related visual impairment (Glasser and Campbell 1998), are already well-known to occur
in physiological aging (Corso 1971).

From Latin proprius (“own”) and recipere (“recept”), the term proprioception encompasses
both the senses of limb movement (kinaesthesia) and limb position (joint position sense or
stataesthesia) as initially proposed by Sherrington (1900). These senses rely on the central
integration of afferent and efferent signals. Among the afferent signals, the muscle spindle
ones have been assigned a prominent role and appear to mediate the conscious perception of
limb position and movement (Gandevia and McCloskey 1976; Goodwin et al. 1972;
Matthews 1982; Proske and Gandevia 2009). Tendon Organ afferents also evoke
proprioceptive sensation especially when the stimulus is a contractile force acting at the
receptor (Houk et al. 1971). Skin stretch receptors have shown to provide information about
both position and movement senses especially when the skin is adjacent to the joints (Collins
et al. 2005; Edin 1992; Lowrey 2010). Joint receptors also contribute to proprioception
(Burke et al. 1988; Ferrell et al. 1987) but this contribution is thought to be minor (Grigg et al.
1973; Suprak 2011). Proprioception has also been evidenced to be centrally generated through
efferent signals. These efferent signals have been reported under different terms [*“corollary
discharge” (Crapse and Sommer 2008; Sperry 1950), “efference copy” (von Holst 1954), or
“sense of effort” (Gandevia et al. 2006; Smith et al. 2009; Walsh et al. 2010)] but the
underlying mechanism remains the same: Information derived from the motor commands of
cortical areas involved in planning (area 6: Supplementary motor cortex and pre-motor
cortex) and executing (area 4: Primary motor cortex) a motor act is transmitted to the somato-
sensory area involved in processing the resulting sensations.

Results of different age groups to threshold of movement detection (e.g. Kokmen et al. 1978;
Pai et al. 1997; Thelen et al. 1998) and position-estimation protocols (e.g. Barrack et al. 1983;
Barret et al. 1991; Gilsing et al. 1995; Jordan 1978; Robbins et al. 1995) which can
respectively be used to measure limb movement and limb position senses have shown to be
correlated (Skinner et al. 1984). In the present study, the performance of the proprioceptive
system was tested in a joint position matching task. This test has widely been used over years
due to its simplicity and accuracy (Goble 2010). In this test, a participant is asked to identify
(i.e., to match) a reference joint angle (i.e., a position) in the absence of vision of the limb.
The results in the matching task are subsequently used to compute different types of errors
reflecting the participant’s proprioceptive performance. Joint position matching tasks can be
conducted in several ways. The three main matching paradigms are presented in this
introduction. First, in ipsilateral and contralateral remembered matching tasks (Goble et al.
2005), a subject’s limb is actively or passively displaced to the reference position and held for
2-3 s (Adamo et al. 2009; Barrack et al. 1983; Bullock-Saxton et al. 2001; Petrella et al. 1997,
Skinner et al. 1984; Tsang and Hui-Chan 2004), 5 s (Deshpande et al. 2003; Goble et al.
2011; Hurley et al. 1998; Marks 1996; Marks et al. 1993; Pickard et al. 2003; Westlake et al.
2007) or 15 s (Kaplan et al. 1985) prior to being returned to its starting angle. Next, the
participant is asked to identify the reference position with the same (ipsilateral) or other
(contralateral) limb during an active or passive movement based on proprioceptive memory.
These two methods use movement reproduction from memory and may therefore confound
age-related changes in memory with possible changes in proprioceptive acuity (Toole et al.
1984). In this line, previous studies showed that recall was associated with greater resource



costs than was recognition and that this effect was amplified by increasing age (Craik and
McDowd 1987). Furthermore, memorising the reference position and returning the stored
position of the limb could be considered as a secondary task that could lead to an additional
demand of attention. The effects of a secondary task on the proprioceptive performance are
discussed in the present study. Therefore, when assessing older adults’ proprioception, the
contralateral concurrent matching (Adamo et al. 2007; Goble and Brown 2007) should be
preferred to remembered conditions in order to get more specific results. In this second type
of matching, a similar procedure is undertaken involving the displacement of a limb to a
reference position. However, the limb is not returned to the starting position but is left at the
reference one while matching is performed with the contralateral limb based on concurrent
proprioceptive information coming from both limbs.

Unfortunately, previous studies on joint position sense comparing young and older adults
mainly chose the remembered paradigms. Some of these studies showed greater errors in
older adults’ joint position matching as compared to young ones (Adamo et al. 2007, 2009;
Barack et al. 1983; Bullock-Saxton et al. 2001; Hurley et al. 1998; Kaplan et al. 1985;
Madhavan and Shields 2005; Marks et al. 1993; Petrella et al. 1997; Tsang and Hui-Chan
2004; Verschueren et al. 2002; You 2005). To explain this result, authors mentioned muscle
spindles (Swash and Fox 1992; Kararizou et al. 2005; Liu et al. 2005; Rosant et al. 2007) and
nervous system (Cruz-Sanchez et al. 1998; Giorgio et al. 2010) degenerations which have
been evidenced to occur in aging. They also evoked the age-related deterioration in cognitive
processing (Grady and Craik 2000) which showed a stronger interdependence with
sensory/sensorimotor processes with advancing age (Li and Dinse 2002; Li and Lindenberger
2002). Other studies using the remembered matching paradigms showed no difference
between young and older adults (Deshpande et al. 2003; Goble et al. 2011; Jordan 1978;
Marks 1996; Pickard et al. 2003; Tsang and Hui-Chan 2004; Westlake et al. 2007) or even
greater proprioceptive performances in older than in young adults (Batavia et al. 1999). To
explain these results, authors suggested that the older adults’ proprioceptive performance was
dependent on their level of physical and functional activities as previously evidenced in the
young adults (Bernauer et al. 1994). They also referred to previous studies suggesting that the
proprioceptive efferent signals involved in active matchings could compensate for diminished
proprioceptive afferences in older adults (Stelmach and Sirica 1986; Dick et al. 1988). Other
studies used the contralateral concurrent matching to assess older adults’ proprioception.
Kaplan et al. (1985) showed that older adults exhibited greater absolute error than the young
adults (4 £ 1 vs. 7 £ 1 deg). However, it was difficult to assign this difference to a
proprioceptive deficit or to the 5 deg standard deviation of measurement error attributable to
the clinical goniometer they used in their study. Stelmach and Sirica (1986) showed no
difference between age groups in passive contralateral concurrent matching for short
movements but greater absolute errors in older adults for long movements. These authors
explained this discrepancy by the increasing matching error that has been evidenced to occur
as a function of movement distance (Pickard et al. 2003; Stelmach et al. 1975). They also
evidenced no difference between young and older adults in active contralateral concurrent
matching. To explain these different results between passive and active matchings, Stelmach
and Sirica (1986) suggested that under active conditions sensory processing centres would be
prepared to receive the expected sensory consequences due to the efferent signal, whereas this
would not be possible in the passive matching. However, other studies showed that the older
adults’ proprioceptive performance could also be affected in active contralateral concurrent
paradigms (Adamo et al. 2007, 2009; Meeuwsen et al. 1993). Adamo et al. (2009) explained
this result by the age-related degeneration of the corpus callosum (Abe et al. 2002; Hopper et
al. 1994) that affects interhemispheric transfer of sensorimotor information (Reuter-Lorenz
and Stanczak 2000). However, by comparing ipsilateral remembered and contralateral



concurrent matching tasks, Adamo et al. (2007) noticed that older adults’ performance tended
to be less affected as compared to young adults when continuous feedback about the reference
position was available (i.e. during the contralateral matching) suggesting that utilization of
on-line proprioceptive feedback was only minimally impaired with aging.

Recent studies (Heuninckx et al. 2005, 2008; Hutchinson et al. 2002; Mattay et al. 2002;
Naccarato et al. 2006) showed that older adults recruited additional neural resources to reach
motor performance levels comparable to those obtained in the young adults. The present study
hypothesized that the same type of mechanism operated for proprioceptive control inducing
an increased attentional cost. The proprioceptive control refers to the spatial and temporal
characteristics of single joint movements based on the proprioceptive perception (Gandevia et
al. 2002). In order to test this hypothesis, this study used a dual-task paradigm implying to
divide attention between the two tasks (Braun 1998). Attention is defined as a cognitive
mechanism dealing with the limited processing capacity of the brain (Pashler 1998). Dividing
attention have shown to lead to a limitation in the recruitment of sensory cortices involved in
the single-tasks (Loose et al. 2003; Rémy et al. 2010) and the best performances were related
to the ability to recruit these sensory cortices (Johnson and Zatorre 2006). If older adults have
to recruit greater neural resources than the young ones to reach the same performance, the
required attentional cost for performing this task should be greater too. With the addition of a
concurrent secondary task, the system should be expected to reach a limit on the available
attentional resources resulting in an alteration of the performance (Reuter-Lorenz and Lustig
2005). In the present study, participants were therefore instructed to perform a dual-task
which required performing a primary task (i.e., an ankle matching task) as well as possible
and at the same level with and without the execution of a secondary task (i.e., a Stroop-type
task). The secondary task also had to be performed as well as possible without affecting the
performance in the primary task. The extent to which performance in the secondary task
declined was used to assess the increasing attentional demand imposed by the primary task.
This study was an attempt to investigate to which extent there was an age-related
proprioceptive deficit. To this aim, participants performed a contralateral concurrent ankle
matching task in single- and dual-task paradigms. It was hypothesized that (1) proprioceptive
performance was not different between young and older adults in a single matching task, but
(2) performing a secondary task and increasing the difficulty of this secondary task resulted in
a degraded proprioceptive performance, and/or an increased attentional cost for processing the
proprioceptive task.

2.Material and Methods

2.1.Participants

15 older adults (age: 77.2 + 7.3 years; weight: 57.0 + 10.5 kg; height: 161.8 £ 10.5 cm; mean
+ SD) and 15 young adults (age: 27.9 + 2.9 years; weight: 68.1 £ 10.6 kg; height: 174.2 +
10.5 cm) without history of neurological disease, diabetes or lower limb injuries, participated
in the study. To ensure that this study assessed physiological aging, participants had to
validate different criteria to be involved in the experiment. They all had a normal pre-testing
examination to exclude peripheral vascular disease and peripheral neuropathy. In both age
groups, participants lived independently in their own accommodation and reported no history
of fall in the past year. A fall was defined as an event resulting in a person inadvertently
coming to rest on the ground or another lower level. Older adults exhibiting a score to the
Mini Mental State Examination (MMSE) inferior to 24 were excluded (Folstein et al. 1975).
The MMSE was used to assess cognitive function because poor cognition might have
influenced their ability to follow instructions (Adamo et al. 2009; Deshpande et al. 2003;
Petrella et al. 1997; Tsang and Hui-Chan 2004). The older adults average MMSE score was
28.4 £ 0.4. Self-reports of activities of daily living indicated that all participants were engaged
in light housekeeping, volunteered, social and recreational activities in addition to most




driving their own motor vehicles (Adamo et al. 2007). Leg dominance was an inclusion
criterion. To identify the dominant leg, participants were asked their preference for kicking a
ball toward a target (Peters 1988). All participants indicated their right leg as their dominant
leg. All participants gave written informed consent and their rights were protected as required
by the Helsinki declaration (1964) and the local Ethics Committee.

2.2.Experimental set-up

Ankle joint position sense was measured with an apparatus and a set-up described previously
(Forestier et al. 2002; Vuillerme et al. 2007) and illustrated in Fig.1. Participants were
comfortably seated barefoot with the feet secured on two rotating footplates with Velcro
straps. To ensure that the feet did not shift on the footplate during the matching, the postero-
inferior aspect of the heel was initially positioned on a 2 mm line relief which was
perpendicular to the longitudinal axis of the footplates. During trials, one experimenter
checked that the heel did not move from this relief. A panel was placed above participants’
legs to ensure the absence of ankle visual feedback. The lower extremities position was
standardized and maintain for all conditions with the thigh horizontal and the knee joints bent
at approximately 70 deg of flexion. Movements were restricted to the ankle in the sagittal
plane. The axis of rotation of the footplates was vertically aligned with the axis of
plantarflexion - dorsiflexion of the ankles. Precision linear potentiometers attached on both
footplates provided analogue voltage signals which were converted to angular displacements
proportional to the angle of the ankles. At the beginning of each experiment, potentiometer
output for both footplates were checked and when calibrated gave an angle resolution of 0.01
deg. Participants held a switch in the dominant hand to record the matching. Signals from the
potentiometers and the switch were sampled at 100 Hz (12 bit A/D conversion), then
processed and stored within the Labview 5.1 data acquisition system. To ensure that
participants remained relaxed during and after positioning of their reference ankle, one
physical therapist experimenter continuously checked visually the absence of muscle
contraction in the reference ankle and provided feedback to the participants when they were
not relaxed. When there was a doubt about a state of muscle contraction the physical therapist
palpated the concerned muscle for confirmation.

Please insert Fig.1 about here

2.3.Task and procedures

2.3.1.Matching task

To perform the contralateral concurrent matching task, participants were asked to relax their
legs. The initial feet position was 40 + 0.1 deg under horizontal. Next, one experimenter
positioned the reference foot on a fixed support at 10 + 0.1 deg above horizontal,
corresponding approximately to a 10 deg plantarflexion target position (Madhavan and
Shields 2005; Verschueren et al. 2002; Westlake et al. 2007). This positioning was made at a
rate of approximately 5 deg/s (Meeuwsen et al. 1993; Pickard et al. 2003; Westlake et al.
2007). Participants were instructed to maintain this foot relaxed throughout the duration of the
ten trials. Immediately following the positioning of the reference limb, a verbal “ready”
command alerted the subject to the start of the trial. Following a 2 s delay and the verbal
command “go”, participants’ task was to actively re-produce this target position with the
matching foot at a self-selected movement speed (Meeuwsen et al. 1993). Participants were
instructed to indicate that they had achieved a subjective satisfactory matching by pressing the
switch that registered the performance. After each trial, the matching foot returned to the
initial position whereas the reference foot remained on the support for the 10 trials of the
considered condition. The target foot and the matching foot were the non-dominant and
dominant foot, respectively. Since we had no specific hypothesis regarding the differential




effects of aging on the dominant and non dominant hemisphere systems, we focused on the
matching task that was presumed to be more difficult i.e. the matching task performed with
the dominant limb. This type of matching has shown to induce the largest matching errors
suggesting that the non dominant hemisphere system is specialized for the processing of
position-related proprioceptive feedback (Adamo et al. 2009; Goble et al. 2009; Leonard and
Milner 1995; Naito et al. 2005).

2.3.2.Cognitive task

The cognitive task was inspired from a computerized version of the verbal Stroop test in
which participants were instructed to name the colour of 7 cm high x 17 cm wide colour
words that appeared on a 46 cm screen as quickly and as accurately as possible. This “Stroop-
type” task was selected because (1) it allowed investigating different levels of cognitive
difficulty and (2) processing of this task was based on automatic reading which does not
interfere with the proprioceptive matching task. Two levels of difficulty of the cognitive task
were investigated. In the easy cognitive task (congruent condition), participants were asked to
name the colour of colour words written in the same (congruent) colour. In the difficult
cognitive task (incongruent condition), participants were asked to name the colour of colour
words written in a different (incongruent) colour. Due to automatic reading and compared to
neutral words, the facilitation provided by the congruent colour word generally leads to faster
responses and fewer errors whereas the distraction provided by the incongruent colour word
generally leads to slower responses and higher errors (Stroop 1935). The presentation of the
Stroop stimuli started on the “go” signal simultaneously with the matching task. The words
were always presented one by one on the screen and the following word was immediately
presented once participants had named the colour of the displayed colour word. Words
running proceeded until the switch that registered the matching task result was pressed. The
displayed words for the Stroop tests were the words “Green”, “Red”, “Blue” and “Yellow”.
To write these words, the corresponding colours were used congruently or incongruently
depending on the cognitive condition (Fig.2a and 2b).

Please insert Fig.2a and 2b about here

2.3.3.Procedures

The matching task was the primary task and was performed in the single- and dual-task
conditions. In the matching single-task condition, participants performed the matching task
while fixating a point located at the centre of a white 46 cm screen that was placed in front of
them. In the dual-task condition, participants performed the matching task concurrently with
the congruent or incongruent Stroop tasks which were used to determine the attentional
demand related to the proprioceptive control. The order of presentation of the three conditions
was randomized across participants and there was a short rest interval (3 min) between each
condition (Stelmach and Sirica 1986). The participants were instructed to perform the
matching task in the best possible manner and at the same level with and without the Stroop
task. The Stroop task had to be performed as well as possible. The congruent and incongruent
Stroop tasks were also performed alone to get the baseline in the cognitive performance.
Since the number of named colour words in the dual-task condition was dependent on the
time needed to perform the matching task, the cognitive single-tasks were performed in a
second step. To allow comparison between the cognitive single- and dual-task conditions, for
each trial of the cognitive single-tasks, participants had to name as many colours of colour
words as in the corresponding trial of the dual-task condition. To make sure that participants
named the colours and did not read the words in the congruent condition they were instructed
that there may have incongruent colour words in the “congruent” lists.




Before each condition, participants received specific instructions on how to perform the
experimental tasks and then performed three trials of familiarization. For each condition, 10
trials were performed for a total of 50 trials (10 matching single-task trials; 10 congruent and
10 incongruent dual-task trials both with the matching task; 10 cognitive congruent and 10
cognitive incongruent single-task trials). No performance feedback was provided to
participants.

2.4.Dependent variables

2.4.1.Behavioural performance

Four dependent variables were used to assess the matching performance: (1) The total
variability also called total error, (2) the variable error, (3) the constant error and (4) the
matching time (Schmidt and Lee 2005). In the literature, the absolute error (AE) and the toral
error (TE) are two statistically closed dependant variables which are used to measure the
overall performance combining accuracy and variability. However, the mathematical
properties of AE have been shown to be a complex combination of accuracy and variability
that makes it difficult to determine the relative contribution of each component (Schutz and
Roy 1973). Since E is always an exact combination of the variability and accuracy (namely,
TE? = variable error? + constant error?), TE was preferred to AE in the present study (Henry

1975). Its formula is \/_ (Z(Xi—T)z/Il) where x; is the score on trial i, T is the target (10 = 0.1

deg above horizontal) and n is the number of trials the participant performed (n=10). In
psychophysics experiments, different parameters are used to summarize a behaviour. The
difference threshold is defined as the magnitude of stimulus difference needed to make two
stimuli just discriminable (Gescheider 1997, Kingdom and Prins 2010). This difference
threshold delineate an uncertainty zone wherein the subject cannot discriminate between
positions beyond chance and is computed as a measure of variability of adjustment, also
referred to as variable error (VE) (Kingdom and Prins 2010; Luce 1959). VE is a measure of

the spread about participant’s own average and its formula is \/_ (2(x{-M)*/n), where M is the

participant’s average score. In psychophysical testing, this variable reflects the ability to
discriminate two stimuli which define the sensory acuity. The point of subjective equality is
the point where the subject can no longer discriminate the matched position as being different
from the reference position. Therefore, it represents the position that has become the subject’s
own reference. The difference between the point of subjective equality and the real reference
is called constant error (CE) or bias. CE is a measure of accuracy and its formula is Z(xi-T)/n.
This variable represents the amount and direction of deviation relative to the target and
reflects systematic effects of factors, unrelated to the difference threshold (Gescheider 1997).
Negative CE indicated that the matching position was short of the reference position, whereas
positive CE indicated that the matching foot went beyond the reference position. The
matching time was defined as the mean time elapsed between the instruction “go” and the
moment the participant pressed the switch to record the match.

2.4.2.Cognitive performance

For the two cognitive tasks, (1) the colour naming latency (cognitive index of speed), i.e. the
time needed to perform the matching divided by the number of named colour words, and (2)
the percentage of errors in colour naming (cognitive index of accuracy), i.e. the number of
errors divided by the total number of named colour words, were calculated.

3.Results

Data obtained were averaged across the ten trials. All data were summarized by mean + SEM
unless otherwise specified. A Kolmogorov-Smirnov test of equality of variances first showed
that the distributions used for the analysis did not depart from normality (P>.05).
3.1.Matching performance




For the analysis of the matching performance, 2 age groups (young adults vs. older adults) x 3
tasks (matching single-task vs. congruent dual-task vs. incongruent dual-task) analyses of
variance (ANOV As) with repeated measures on the last factor were applied to the three types
of matching errors (TE, VE and CE) and the matching time. For all ANOVAs, post-hoc
pairwise testing (Tukey Honestly Significant Difference) was used whenever necessary and
the level of significance was set at P<.05. The purpose of these ANOV As was to determine to
which extent the proprioceptive performance in a matching task was influenced by an added
concurrent cognitive task.

As illustrated in Fig.3a, analysis of TE showed significant main effects of age group
(F1.14=8.92, P=.009) and task (F,25=19.56, P<.001). The interaction of group x task was also
significant (F,28=4.45, P=.021). The decomposition of the interaction into its simple main
effects showed that the older adults exhibited a greater TE than the young adults in the
congruent (3.6 £ 0.5 vs. 7.9 £ 1.1 deg; P<.001) and incongruent (4.9 £+ 0.6 vs. 8.2 + 1.0 deg;
P=.010) dual-tasks. No difference was evidenced for the matching single-task between the
two age groups (3.0 £ 0.2 vs. 3.8 £ 0.5 deg; P=.954).

As illustrated in Fig.3b, analysis of VE showed no significant main effect of age group
(F1,14=2.28, P=.153) but a significant main effect of task (F,,3=6.65, P=.004). The interaction
of group x task was not significant (F;3=0.07, P=.933).

As illustrated in Fig.3c, analysis of CE showed no significant main effect of age group
(F1.14=4.15, P=.061) but a significant main effect of task (F,,3=4.54, P=.020). The interaction
of group x task was also significant (F;23=3.62, P=.040). The decomposition of the interaction
into its simple main effects showed that the older adults exhibited an increased CE as
compared to the young adults in the congruent (0.5 £ 0.9 vs. 4.9 £ 1.9 deg; P=.011) and
incongruent (1.1 £ 1.2 vs. 5.4 £ 1.8 deg; P=.016) dual-tasks. No difference was evidenced for
the matching single-task between the two age groups (0.2 £ 0.7 vs. 0.4 £ 1.0 deg; P>.999).

Please insert Fig.3 about here

As illustrated in Fig.4, analysis of matching time showed significant main effects of age group
(F1.14=9.02, P=.009) and task (F,25=16.29, P<.001). The interaction of group x task was also
significant (F,23=3.84, P=.034). The decomposition of the interaction into its simple main
effects showed that the older adults needed more time to match than the young adults in the
congruent (2.54 £ 0.31 vs. 4.49 £ 0.75 s; P=.022) and incongruent (3.51 £ 0.53 vs. 6.37 = 1.01
s; P<.001) dual-tasks. No difference was evidenced for the matching single-task between the
two age groups (2.03 £ 0.22 vs. 2.67 £0.22 s; P=.870).

Please insert Fig.4 about here

3.2.Cognitive performance

For analysis of the cognitive performance, a 2 age groups (young adults vs. older adults) x 2
tasks (cognitive single-task vs. dual-task) x 2 conditions (congruent vs. incongruent) ANOVA
with repeated measures on the two last factors was applied to the cognitive index of speed.
Since there were no errors in colour naming for the congruent conditions (single- and dual-
tasks), a 2 groups (young adults vs. older adults) x 2 tasks (incongruent single-task vs.
incongruent dual-task) ANOVA with repeated measures on the last factor was applied to the
cognitive index of accuracy in the incongruent conditions.

As illustrated in Fig.5, analysis of the cognitive index of speed revealed main effects of age
group (F;14=73.78, P<.001), task (F; 14=53.06, P<.001), and condition (F; 14.=108.54, P<.001).
Crucially, there was also a three-way interaction of group x task x condition (F; 4=4.85,
P=.045). The decomposition of the interaction into its simple main effects showed that the




colour naming latency was similar between the two age groups in the congruent single-task
(735 + 23 vs. 709 = 12 ms; P>.999) whereas it was significantly greater for older than for
young adults in the incongruent single-task (921 + 28 vs. 1282 + 73 ms; P=.011), and in the
congruent (842 + 34 vs. 1367 + 101 ms; P<.001) and incongruent (1190 + 46 vs. 1739 £ 82
ms; P<.001) dual-tasks.

Please insert Fig.5 about here

As illustrated in Fig.6, analysis of the cognitive index of accuracy showed main effects of age
group (F;14=8.52, p=.011), task (F;;4=19.40, p<.001), and an interaction of group x task
(F1,14=8.58, p=.011). The decomposition of the interaction into its simple main effects showed
no differences in the incongruent single-task (1.8 + 0.7 vs. 5.1 + 2.1 %; P=.269) but a greater
percentage of colour naming errors for the older than for the young adults in the incongruent
dual-task (3.4 £ 1.1 vs. 13.8 £ 2.9 %; P<.001).

Please insert Fig.6 about here

4.Discussion

In this study, 15 young adults and 15 older adults performed an ankle joint position matching
task in single- and dual-task paradigms to assess age-related presumed deficits in
proprioceptive control.

4.1.Effects of age on proprioception in a matching single-task

In the matching single-task, no differences for the four matching dependent variables (TE,
VE, CE and matching time) were observed between age groups (hypothesis 1).

The absence of significant age-related difference for TE supported the study of Stelmach and
Sirica (1986) which used the AE dependent variable to assess overall proprioceptive
performance. These authors showed no age-related deficit in a contralateral concurrent
matching task when both the reference and the matching limbs were active. To explain this
result, they suggested that the proprioceptive efferent signal available in active movements
could offset any drop in proprioceptive function by heightening the encoding of that
information with expected sensory consequences. The present results suggested that
availability of the proprioceptive efferent signal from the matching limb only would be
sufficient to compensate for the presumed proprioceptive afferent deficit. However, other
studies using the same matching paradigm as the present one evidenced that older adults
exhibited greater AE than young ones (Adamo et al. 2007, 2009; Meeuwsen et al. 1993). The
discrepancy observed with the present results could be explained by the difference in time
spent in the reference position. In the present study, the reference foot was maintained in the
target position for ten trials whereas it was maintained for one trial in the above mentioned
studies (Adamo et al. 2007, 2009; Meeuwsen et al. 1993). Previous investigations have
demonstrated that proprioception was quite stable in the absence of vision (Brown et al.
2003a, b; Desmurget et al. 2000) and could even be enhanced by holding the limb in a static
position for an extended period of time without visual calibration (Goble et al. 2010). The
present results suggested that when the reference limb was presented during a sufficient
period of time, older adults’ overall proprioceptive performance was not different from the
young adults’ one, in an active contralateral concurrent single-task, at least. As outlined by
Goble et al. (2010), a longer time of reference limb presentation affords individuals an
increased opportunity to develop neural representations of the reference limb position to be
matched. This added processing time is likely of critical importance when compensating for
inherent noise within peripheral proprioceptive signals in young adults (van Beers et al.
2002a) as well as muscle spindles and nervous system degenerations in older adults.




The breakdown of the overall performance variable (TE) into VE and CE provided additional
information related to the proprioceptive acuity and factors’ effects. The VE refers to the
difference threshold which measures the participant’s ability to discriminate two stimuli and
reflects the proprioceptive acuity (Gescheider 1997). In the present study, the results in VE
showed that older adults were as consistent as young adults in a single-task context which
suggested that proprioceptive acuity was not altered with aging. These results in VE
corroborate the study of Stelmach and Sirica (1986) but not the one of Meeuwsen et al.’s
(1993) which evidenced for the first trials a greater variability in older adults than in young
ones when performing a contralateral concurrent matching. However, this latter study
evidenced an interaction of age by trial blocks showing that there was no more difference of
variability between young and older adults after the second block of three trials. Goble et al.
(2010) showed that when the reference was provided for a longer period of time, VE
significantly decreased in young adults. In the present study, the long target presentation time
(i.e., constantly maintaining the reference position) could have optimized the variability of the
proprioceptive performance in older adults.

The CE or bias is the difference between the point of subjective equality and the real
reference and reflects systematic effects of experimental factors and is unrelated to a different
proprioceptive threshold (Gescheider 1997). In the present study, the results in CE showed
that older adults were as accurate as the young adults. These results corroborated the study of
Meeuwsen et al. (1993) and suggested that matching accuracy was not different between
young and older populations, at least in a single matching task.

The matching time was measured to control that older adults did not increase the limb
presentation period of time to compensate for a possible decrease of proprioceptive
performance. Results showed that older adults did not take longer time to match and therefore
did not increase the time of presentation of the reference limb.

However, the absence of difference for the four matching dependent variables (TE, VE, CE
and matching time) between young and older adults was not sufficient to conclude whether
the proprioceptive control was altered in the older population as compared to the young one
or not. Indeed, this absence of difference in an easy proprioceptive task did not exclude
changes in the attentional cost of the proprioceptive control. As evidenced for motor
performance, older adults may recruit additional neural resources to reach proprioceptive
performance levels comparable to those obtained in the young adults (Heuninckx et al. 2005,
2008; Hutchinson et al. 2002; Mattay et al. 2002; Naccarato et al. 2006). To unmask a
presumed proprioceptive deficit the difficulty of the task had to be increased.

4.2 Effects of a dual-task paradigm on proprioception

Interestingly, in the dual-task paradigm, older adults decreased their overall proprioceptive
performance as compared to young ones as evidenced by TE. This result suggested that
despite the experimenter instructions, participants were not able to perform the matching task
at the same level with and without the Stroop task. The breakdown of TE into VE and CE
showed that this decreased in the overall proprioceptive performance was not related to VE
but to CE. The absence of difference in VE between the single- and dual-task paradigms
suggested that proprioceptive acuity remained the same among conditions. This result was
expected because the matching task was the primary task and participants were therefore
instructed to perform this task at the same level with and without the secondary task.
However, older adults tend to produce responses that went beyond the reference position as
evidenced by the positive values of CE. This decreased performance in CE between the
single- and the dual-task paradigms evidenced in older adults suggested that they were not
able to fully compensate for the increased attentional demand imposed by the dual-task
paradigms. The increased matching time observed in older adults for dual-tasks suggested that
the strategy they used to try to compensate for the increased attentional demand was to
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increase the time of presentation of the reference limb. As mentioned above, a longer time of
reference limb presentation affords individuals an increased opportunity to develop neural
representations of the reference limb position to be matched.

Simultaneously with TE, the cognitive performance decreased in older adults but not in young
ones with a longer colour naming latency in the congruent dual-task than in the congruent
cognitive single-task condition (hypothesis 2). In other words, dividing attention between the
two tasks had a more deleterious effect for older than young adults. This result could be
related to a necessity for older adults to recruit greater cortical resources to reach performance
levels comparable to those obtained by young adults. When the amount of attention required
to perform the cognitive task increased in the dual-task condition (congruent vs. incongruent),
older and young adults managed to maintain their matching performance but both groups
increased their colour naming latency. In addition, older adults increased their percentage of
errors for the colour naming (hypothesis 2). Taken together, these results advocated for an
impaired proprioception in physiological aging. As the prefix presby comes from Greek
presbus (“old”) and as proprioception appeared to be physiologically different between young
and older adults, the word “presbypropria” could be appropriate to name the alterations of
older adults’ proprioception.

Studies examining the relationship between attention and the control of posture or/and gait is
a rapidly expanding area but is relatively new (see Woollacott and Shumway-Cook 2002 for a
review). These studies demonstrated that postural control appeared to be more attentionally
demanding in older than in young adults and performance of a secondary task that was
attentionally demanding appeared to have a more deleterious effect on postural control in
older adults than in young ones. However, when assessing the effect of aging on the
attentional cost of proprioception in a posture or gait task, the attentional cost for processing
vestibular information cannot be ruled out from the reflexion. Vestibular sense has shown to
be altered with aging (Rosenhall 1973). Therefore, when the vestibular sense and
proprioception are assessed simultaneously, the results may confound age-related changes due
to the vestibular sense with those due to proprioception itself. To our knowledge, no previous
study singled the limb proprioception out from the vestibular sense and examined the age-
related changes in the attentional requirements of limb proprioception in a dual-task
paradigm. Two complementary hypotheses (peripheral and central) can explain the impaired
proprioception observed in older adults.

From a peripheral point of view, age-related changes in muscle (Kararizou et al. 2005; Liu et
al. 2005; Rosant et al. 2007; Swash and Fox 1972), joint (Aydog et al. 2006; Morisawa 1998;
Salo and Tatton 1993) and skin (Bolton et al. 1966; Cauna and Mannan 1958) receptors are
well documented. These changes lead to a decreased quality and intensity of the sensory
inputs coming from these proprioceptive receptors (Levin and Benton 1973; Miwa et al.
1995). Such an alteration of the proprioceptive inputs at the peripheral level would result in an
increase of the attentional cost required to process these inputs at the central level.
Furthermore, this alteration of proprioceptive inputs could affect older adults’ body schema.
Indeed, body schema, the internal representation of the body’s current position (Berlucchi et
al. 2010; Head and Holmes 1911), is built on the basis of multisensory inputs including
proprioceptive receptors (Maravita et al. 2003). Alteration of the information provided by the
proprioceptive receptors to the somato-sensory cortical area could alter in turn the older
adults' body schema. To develop adapted muscular responses for performing the matching
task, the internal model for action must be based on an appropriate body schema (Morasso et
al. 1999). Therefore, alteration of the body schema would affect the efficiency of the internal
model which is discussed in the central hypothesis.

From a central point of view, age-related changes in the cerebral cortex with cell loss (Giorgio
et al. 2010) and damage to the myelin and nerve fibers (Peters 2002) may result in a decrease
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of the central processing capacity (Teasdale et al. 1991). This decrease could alter integration
of sensory inputs (muscles, joints, skin) which has been shown to require a given amount of
attention (Redfern et al. 2001) that could be increased with aging. The fact that information
from the proprioceptive system arises from multiple sensory organs has also to be highlighted.
Indeed, proprioception relies on information from receptors including muscle length
transducers (muscle spindles) (Goodwin et al. 1972), muscle tension receptors (Golgi tendon
organs) (Houk et al. 1971), cutaneous (Edin 1992) and joint receptors (Ferrell et al. 1987). In
the present approach to proprioceptive control, we could not identify the specific contribution
of each sensory receptor encoding proprioceptive information. Thus, we only considered the
final outcome of the individual sensors which is used to provide estimates of ankle
positioning. However, inputs from the different proprioceptive receptors are differently
weighted in order to compute this estimate. Central weighting of sensory inputs has been used
to explain how the integration of multiple sensory cues is performed to face the
unpredictability of the environment and the measurement error associated with sensory
encoding (Knill and Pouget 2004). This model has been validated in a number of different
psychophysical paradigms, across sensory modalities (e.g. van Beers et al. 2002b) but also
within the same sensory system (e.g. Hillis et al. 2004) as for instance across the different
types of receptors of the proprioceptive system (Mugge et al. 2009). Since sensory weighting
has shown to be less efficient in older adults as compared to young ones (Speers et al. 2002;
Stephen et al. 2010), additional attentional resources may be required when the performance
in a proprioceptive task has to be maintained in older adults. Finally, neurophysiological
studies evidenced neurons which have the characteristic of discharging both during the
perception of an action and the production of the same action (Umilta et al. 2001). The
coexistence of motor and sensory properties in the same neuron suggests that the motor cortex
not only executes actions but also participates to the internal construction of their
representation by matching perception and execution of motor actions (Gallese et al. 1996).
Recent findings suggested a specific decline of action representation in the aging brain with
internal models of action that become imprecise with advance in age (Personnier et al. 2008).
Due to this decline, the internal model of action updating in older adults probably required
additional central resources. In other words, it can be reasonably assumed that a combination
of both peripheral and central factors leaded to the impairment of proprioceptive control
observed in older adults.

It is well known that the CNS has a limited capacity and limited attentional resources. The
present study supported previous results suggesting that older adults did not reach these limits
in a single proprioceptive task paradigm since these studies showed no proprioceptive deficit
in older adults with respect to younger ones (Batavia et al. 1999; Deshpande et al. 2003;
Goble et al. 2011; Jordan 1978; Marks 1996; Pickard et al. 2003; Stelmach and Sirica 1986;
Tsang and Hui-Chan 2004; Westlake et al. 2007). Conversely, other studies showed a
proprioceptive deficit in older adults, in a single task (Adamo et al. 2007, 2009; Barack et al.
1983; Bullock-Saxton et al. 2001; Hurley et al. 1998; Kaplan et al. 1985; Madhavan and
Shields 2005; Marks et al. 1993; Meeuwsen et al. 1993; Petrella et al. 1997; Stelmach and
Sirica 1986; Tsang and Hui-Chan 2004; Verschueren et al. 2002; You 2005). Put together,
these results suggested that older adults are generally closer than the young adults to the
cognitive limits of the CNS when performing a single matching task. In addition, it can be
reasonably assumed that the proprioceptive signal is also altered with age. When the
proprioceptive task is not too complex and/or when the cognitive capacities are sufficient, the
performance of older adults can be unaffected, as for example in the single proprioceptive
matching task of the present study. However, when the task becomes too complex and/or
when the olders’ cognitive system is overloaded, the proprioceptive performance can be
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degraded, and/or the attentional cost for processing the task can increase, as for example in
the dual-task of the present study.

In summary, the present study demonstrated that proprioception was as accurate and as
consistent in older and young adults for a single proprioceptive task, only. However,
performing a secondary cognitive task and increasing the difficulty of this secondary task
evidenced both a decrease of the matching performance and an increased attentional cost of
proprioceptive control in older adults as compared to young ones. These results advocated for
an impaired proprioception in physiological aging (i.e., presbypropria). However, it remains
unclear whether the increased attentional demand in older adults is (1) strictly related to
degraded proprioceptive signals; (2) strictly related to an alteration of the central mechanisms
processing the proprioceptive signals; or (3) a combination of these factors.
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Figures caption

Fig.1 Set-up for the contralateral concurrent matching task. Black arrows indicate the possible
motion of the matching foot

Fig.2 Instances of word-lists for the congruent (a) and incongruent (b) Stroop-type tests

Fig.3 Total error (a), variable error (b), and constant error (c) for the matching task in degrees
(mean + SEM) as a function of age group (young adults; older adults) and task (matching
single-task; congruent dual-task; incongruent dual-task). *P<.05; **P<.01; ***P<.001

Fig.4 Matching time in seconds (mean + SEM) as a function of age group (young adults;
older adults) and task (matching single-task; congruent dual-task; incongruent dual-task).
*P<.05; ***P<.001

Fig.5 Colour naming latency in milliseconds (mean + SEM) as a function of age group
(young adults; older adults), task (cognitive single-task; dual-task), and condition (congruent;
incongruent). ¥*P<.05; ***P<.001

Fig.6 Percentage of errors for the colour naming (mean + SEM) as a function of age group
(young adults; older adults), task (cognitive single-task; dual-task), and condition (congruent;
incongruent). ***P<.001
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Fig.3
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Fig.4
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Fig.5
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Fig.6
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