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Abstract The present study examines whether non-
active older adults are more dependent on visual infor-
mation when executing aiming movements and whether
age-related declines in proprioception play a mediating
role herein. Young (N = 40) and older adults (N = 38)
were divided into physically active and non-active sub-
groups based on self-reported sports participation levels.
In experiment 1, participants executed wrist-aiming
movements with and without visual feedback. In exper-
iment 2, passive proprioceptive acuity was assessed
using wrist motion detection and position matching
tests. Results showed similar aiming accuracy across
age groups both with and without visual feedback, but
older adults exhibited longer movement times,
prolonged homing-in phase, and made more corrective

submovements. Passive proprioceptive acuity was sig-
nificantly affected by physical activity level and age,
with participants in the active group scoring better than
their non-active peers. However, these declines did not
predict performance changes on the aiming task. Taken
together, our observations suggest that decline in pro-
prioceptive acuity did not predict performance changes
on the aiming task and older adults were able to com-
pensate for their decreased motion and position sense
when allowed sufficient time. In line with these obser-
vations, we proposed that older adults are able to com-
pensate for their decline in proprioception by increasing
their reliance on predictive models.
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Introduction

According to the multiple-process model of limb control
(Elliott et al. 2010), manual aiming movements gener-
ally consist of two consecutive phases: a primary move-
ment and a homing-in phase. The primary movement
corresponds to the initial pulse toward the vicinity of
target. Although this preprogrammed movement phase
is traditionally associated with open-loop control
(Woodworth 1899), recent work has shown that vision
is being used more continuously for the planning and
control of limb movements (i.e., impulse control; see
also Heath 2005; Khan et al. 2002, 2006; Saunders and
Knill 2003). While corrections may occur very early in
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the movement, the main body of closed-loop control
takes place during the homing-in phase. Herein, visual
and proprioceptive feedback is used in the final move-
ment phase to correct for any spatial discrepancy be-
tween hand and target positions (i.e., limb-target control;
see Elliott et al. 2010). This final movement phase
(homing-in) is characterized by one or more corrective
submovements that guide the hand to the target’s
position.

With respect to aging, both the duration and relative
distance covered by the primary movement and the
corrective (secondary) submovements appear to be af-
fected. Older adults adapt their manual aiming behavior
by making shorter amplitude primary movements
(Lyons et al. 1996). This outcome is considered to
reflect an increased dependence on limb-target control
(Lyons et al. 1996; Seidler-Dobrin and Stelmach 1998)
which possibly allows older adults to achieve the same
level of endpoint accuracy as young adults (Boisseau et
al. 2002; Ketcham et al. 2002; Lyons et al. 1996; Welsh
et al. 2007). The increased dependence on limb-target
control in older adults may perhaps be explained by a
decline in proprioceptive acuity (Adamo et al. 2007;
Adamo et al. 2009; Herter et al. 2014; Kokmen et al.
1978; Wright et al. 2011; see Goble et al. 2009, for a
review), impaired efficiency of feedback processing
(Rand and Stelmach 2011; Stelmach et al. 1988;
Temprado et al. 2013; Van Halewyck et al. 2015b), or
both. Indeed, well-documented evidence show that age-
related declines in proprioceptive acuity has led many to
suggest that visual feedback becomes increasingly im-
portant during accurate aiming in older age (e.g., Coats
and Wann 2011; Rand and Stelmach 2011; Terrier et al.
2011). This view has been challenged, nonetheless, by
evidence showing that older adults are not disadvan-
taged to a greater extent when online visual feedback is
withdrawn (e.g., Chaput and Proteau 1996; Lyons et al.
1996; Seidler-Dobrin and Stelmach 1998). To explain
this unexpected finding, Lyons et al. (1996) argued that
older adults make better use of kinesthetic feedback for
the control of goal-directed movement. They also sug-
gested that a physically active lifestyle may be important
in maintaining the performance of older adults.

The effects of age and physical activity level on
manual aiming behavior and eye-hand coordination
have been examined recently (Van Halewyck et al.
2014, 2015a). In these studies, both hand and eye move-
ments were analyzed during performance of manual
aiming in physically active and non-active older adults.

Observations from these studies clearly showed that,
compared to their younger peers, older adults produced
slower and less forceful primary movements that under-
shot the target. They also made a higher number of hand
trajectory corrections and corrective saccades in the
homing-in phase. These observations were in line with
findings from previous studies (Boisseau et al. 2002;
Ketcham et al. 2002; Lyons et al. 1996; Pratt et al. 1994;
Welsh et al. 2007) where similar adaptations of aiming
behavior by older adults have been reported. The effects
of physical activity level on aiming behavior appeared,
nonetheless, to be inconsistent. On one hand, evidence
from the study of Van Halewyck et al. (2015a) and
others (Berchicci et al. 2014; Capranica et al. 2004;
Cortis et al. 2009) indicated that, compared to active
older adults, non-active older individuals tended to be
slower and, generally, adapt their motor behavior during
performance of the manual aiming task. On the other
hand, findings from a second study by Van Halewyck et
al. (2014) showed no obvious group differences in
movement characteristics between active and non-
active older adults, suggesting that the impact of phys-
ical activity level on aiming behavior was less distinct
than the impact of age. However, an alternative expla-
nation could be that older adults (in particular older
adults with impaired proprioceptive acuity) adapt their
control strategy to maintain endpoint accuracy in the
absence of visual feedback. The question remains
whether changes in manual aiming behavior and eye-
hand coordination as a function physical activity level
and age could be explained by differences in proprio-
ceptive acuity between active and non-active older
individuals.

To date, the impact of age and physical activity level
on proprioception and manual aiming has been explored
in relative isolation. To bridge this gap, two experiments
have been conducted. In experiment 1, active and non-
active young and older adults performed aiming move-
ments with their preferred wrist, with and without visual
feedback. In a second experiment (experiment 2), pro-
prioceptive acuity was assessed in a position and motion
sense task. To the best of our knowledge, this is the first
time that the effects of both age and physical activity
level on both aiming behavior and proprioceptive acuity
have been explored in a single study. As previous stud-
ies have revealed an impact of physical activity on
proprioceptive acuity (Adamo et al. 2009; Wright et al.
2011), we expected to observe an age-related decline in
all proprioceptive acuity measures, particularly among
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the non-active older adults. In line with the prediction
that an increased reliance on vision serves as a compen-
satory strategy for declines in proprioception (e.g., Ghez
et al. 1995), the withdrawal of visual feedback was
expected to increase aiming error. Accordingly, visual
feedback may be particularly important for non-active
older adults, as their proprioception may be reduced to
an even greater extent compared to their physically
active peers. Healthy active older adults were expected
to preserve their proprioceptive acuity, suggesting that
they may be less dependent on availability of visual
feedback than non-active or sedentary older adults and
thus will show fewer aiming errors in the absence of
visual feedback (i.e., when visual information of the
ongoing aiming movement and knowledge of results
are removed). If the elimination of visual feedback
results in older adults aiming with lower endpoint accu-
racy than young controls (hypothesis 1), our findings
would be consistent with the theory of an increased
dependence on vision in older age. Based on our previ-
ous research (Van Halewyck et al. 2014), we neverthe-
less expected all groups to achieve similar levels of
endpoint accuracy with and without visual feedback (hy-
pothesis 2). These competing hypotheses were addressed
in experiment 1. As proprioception traditionally consists
of motion (i.e., the ability to perceive limb movements)
and position sense (i.e., the ability to identify a static limb
position) (Herter et al. 2014; Proske and Gandevia 2012;
Sherrington 1907), we anticipated that participants with
poorer proprioceptive acuity (experiment 2) would also
demonstrate poorer endpoint accuracy in the absence of
visual feedback (experiment 1). Given the beneficial ef-
fect of physical activity on brain functions such as sensory
processing, motor planning, and sensorimotor integration
(Jacobs et al. 2011; Nagamatsu et al. 2012; Smith et al.
2011; Voelcker-Rehage et al. 2011; for a review, see
Voelcker-Rehage and Niemann 2013), the association
between declines in proprioceptive acuity and lower end-
point accuracy was expected to be more pronounced in
non-active than active older adults (hypothesis 3).

Methods

Participants

Forty young adults (age range 20.0–26.7 years) and 40
older adults (60.0–72.3 years) were recruited for the
study. Participants in both age groups were subdivided

based on self-reported sports participation levels, using
the Modified Baecke Questionnaire (Baecke et al. 1982;
Voorrips et al. 1991). The active young group consisted
of 20 young adults who reported at least 5 h per week of
sports specifically training the upper limb during the
past year (badminton, tennis, or squash) and at least
3 h of weekly upper limb training for the active older
group. Participants in the non-active groups were 40
age- and gender-equated young (n = 20) and older
(n = 20) volunteers who self-reported not to be involved
in any sports over the past year. One active older adult
was excluded from the study because she did not score
27 out of 30 on a mini-mental state examination
(Folstein et al. 1975). Also, one non-active older adult
was excluded because she did not achieve the maximum
score on a 5.07/10-g Semmes-Weinstein monofilament
test, indicating the start of peripheral neuropathy
(Weinstein 1993). All remaining 78 participants includ-
ed in the study reported to have normal or corrected-to-
normal vision and were right-handed as they scored 50
or more on the Edinburgh Handedness Questionnaire
(Oldfield 1971). They reported to be of average or better
health on a 5-point scale. Working memory and fine
motor skills were considered intact, as all participants
scored within the expected boundaries on a digit symbol
substitution test, a subtest from the Wechsler Adult
Intelligence Scale (Wechsler 1997), and met the age- and
gender-dependent criteria for the Nine-Hole Pegboard Test
(Mathiowetz et al. 1985; Oxford Grice et al. 2003). Details
of the participant’s demographic characteristics and scores
of the aforementioned tests are provided in Supplementary
Materials (Table S1). The study was approved by the
Medical Ethics Committee of the KU Leuven and was
conducted in accordance with the 1964 Declaration of
Helsinki. Written informed consent was obtained from
all participants prior to the experiment.

Apparatus

Manual aiming task

The apparatus used for the assessment of manual aiming
(Fig. 1a) was identical to the one used in previous
studies (Van Halewyck et al. 2014, 2015a, 2015b).
Participants sat in a comfortable chair and wore a wrist
hand orthosis on the preferred right forearm. The axis of
the orthosis was aligned with the anatomical axis of the
wrist joint and positioned in a way that the hand could
only move in the horizontal plane. A high-precision
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shaft encoder (accuracy 0.006°) with sampling frequen-
cy of 250 Hz was attached onto the orthosis. Wrist
angular position was presented as a 1.5-cm diameter
circular cursor on a 60-cm computer monitor, which
was located at a standardized distance of 125 cm in front
of the participant at eye level. Two fixed square targets
(width 1 cm, positioned 18 cm apart) appeared on the
monitor in all blocks. The task consisted of moving the
cursor from the right target to the left target. The aiming
movement had an index of difficulty (ID) of 6.2 bits
(ID = log2[2 × 18 / (1.5 − 1)]; Fitts 1954) in line with
previous work from our group (Van Halewyck et al.
2014, 2015b).

Proprioceptive acuity task

The apparatus used for the assessment of motion and
posi t ion sense consis ted of a motor-dr iven
manipulandum (handpiece) and a forearm rest at the
right-hand side and a press button at the left-hand side
(Fig. 1b). Passive movements of the right wrist were
induced bymeans of an AC servo motor (AMKDV764,

Goedhard PMC, Helmond, NL) that was coupled to the
rotating shaft of the manipulandum via a 1:10 redactor
(Alpha Gearbox, Type LP120). The motor generated a
continuous motion with programmable amplitude and
duration to allow wrist rotation from −30° (flexion) to
+30° (extension) relative to a 0° neutral position with
the forearm and palmar hand surface aligned. A shaft
encoder (accuracy 0.088°) was mounted underneath the
manipulandum and was used to record the angular dis-
placement of the wrist. The press button was held in the
participant’s left hand. By pressing the button, partici-
pants could signal perceiving a wrist flexion movement
(cfr. motion sense) or reaching a specific position (cfr.
position sense). Both manipulandum and press button
data were sampled at 1000 Hz (Signal software 4.0,
Cambridge Electronic Design, Cambridge, UK) and
stored for offline analysis.

Procedure

The aiming movement task (experiment 1) and the
proprioceptive tasks (experiment 2) were performed on

Fig. 1 a Test setup and schematic overview of the dependent
variables in experiment 1, showing hand movement characteris-
tics. b Test setup and schematic overview of the dependent

variables in experiment 2, showing movement detection time
(DT) and position sense error (PSE)
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the same day. The order of the experiments was
counterbalanced within groups: Half of the participants
in each group performed the manual aiming task first
(experiment 1), and the other half performed the propri-
oceptive acuity task first (experiment 2). Within sub-
groups of ten young participants (or nine older partici-
pants) in experiment 2, five started the motion detection
task test whereas the remaining participants started with
the position sense task. The participant’s maximum grip
strength was assessed using a digital hand-grip dyna-
mometer (Takei A5401, Tokyo, Japan) prior to the be-
ginning of experiment 1 (or experiment 2 if conducted
first). Grip strength was assessed while participants
stood in an upright position with the right arm stretched
downwards. They were instructed to make the strongest
grip possible during three contractions, each separated
by a 1-min break. The largest maximal voluntary con-
traction of each individual was used for further analysis
(for group means, see Table S1 in Supplementary
Materials).

Manual aiming task

All participants (40 young adults and 38 older adults)
performed two familiarization blocks in which the
aiming movement was practiced under two feedback
conditions (VISION and NO VISION). In the VISION
familiarization blocks, participants were instructed to
position the cursor around the right (black) target at
the start of each movement trial. They were instructed
to move the cursor to the left by making a wrist flexion
movement and surround the left target as fast and accu-
rately as possible as soon as the target turned from black
to red (GO stimulus). Participants were asked to return
to the right target upon movement completion and pre-
pare for the next GO stimulus. This sequence was re-
peated eight times (trials) per block. The interval be-
tween two consecutive GO stimuli varied randomly
between 7000, 7500, 8000, and 8500ms to avoid move-
ment anticipation. The same procedure was repeated
during the familiarization block of the NO VISION
condition. In this case, the first two movement trials
were conducted with the motion of cursor visible on
the screen. For the remaining six trials, the cursor dis-
appeared at the onset of the movement (i.e., cursor
moved away from the right target edges) and reappeared
when the cursor was returned to its original position
(i.e., surrounding the right target) prior to the onset of
the next trial. The participants were allowed to see the

two target squares at all times and were instructed to
start each aiming movement from the same home
position.

Participants practiced the VISION familiarization
block before practicing the NO VISION familiarization
block. Thereafter, eight VISION and eight NO VISION
experimental blocks were performed in a randomized
and counterbalanced order. Participants were asked to
complete eight test blocks with eight aiming movement
trials per block. The first two aiming movement trials in
each test block were not included in the analysis. To
prevent participants from memorizing the final end po-
sition over blocks, the required amplitude of the wrist
movement was alternated between blocks. Specifically,
wrist movements were 17° flexion for Buneven^ blocks
and a 24° flexion for Beven^ blocks. We chose to test
large amplitudes because they are more sensitive to age-
related effects (Boisgontier and Swinnen 2015). As
displacement of the curser was proportionally adjusted
to cover the same distance between targets on the screen,
the ID of each aiming movement remained identical
throughout the experiment. In total, participants execut-
ed 64 aiming movements in each visual condition of
which 48 were consistently used for data analysis.

Proprioceptive acuity task

Participants were the same as for experiment 1. Motion
detection and the position sense task were presented in
two separate blocks. For both motion detection and
position sense trials, the manipulandum was positioned
parallel to the sagittal axis at the start of each trial with
the right wrist inserted in a neutral position (i.e., the
forearm and the palmar surface of the hand were
aligned). This position was defined as 0°.

In the motion detection task, the wrist was passively
moved toward wrist flexion after receiving a verbal
BGET READY^ warning command. Movements were
conducted at two different speeds that were repeated six
times each: a 0.50°/s flexion movement and a 0.25°/s
flexion movement, resulting in 12 test trials. Participants
were instructed to press the button as soon as they
perceived the wrist flexion. To prevent participants from
pressing the button before perceiving the flexion move-
ment, six extension and six sham trials were added.
Here, the wrist made a 0.25°/s movement toward wrist
extension or stayed in the neutral position respectively.
Participants were instructed not to press the button
should they not perceive wrist flexion. The order of
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the 24 trials was randomized. The motion detection task
always ended with six trials of a simple reaction time
task in which the motor induced an obvious right wrist
flexion movement (20°/s). For the simple reaction time
task, participants were informed beforehand that no
extension or sham trials could occur and were instructed
to press the button as soon as they felt the flexion
movement.

In the position matching task, participants received
verbal GET READY warning command after which the
right wrist was passively moved toward a position of
10°, 17°, or 24° wrist flexion within 1 s (i.e., at speeds of
10°/s, 17°/s, or 24°/s, respectively). Participants were
instructed to memorize this position. After standing still
for 3 s, the manipulandum returned to the neutral posi-
tion within 1 s and consequently started moving toward
30° wrist flexion at a speed of 6°/s. Participants were
instructed to press the button when they reached the
memorized position. The three different positions to be
memorized (10°, 17°, and 24°) were provided six times
in a randomized order to prevent participants from
memorizing end positions over trials.

Dependent variables

Manual aiming task

In line with previous work (Van Halewyck et al. 2014,
2015a, 2015b), a first-order, low-pass Butterworth filter
with a cutoff frequency of 20 Hz was applied on the
hand position data prior to the calculation of the depen-
dent variables (Lavrysen et al. 2007, 2008, 2012; Van
Halewyck et al. 2015a). Filtered data were differentiated
twice to obtain instantaneous velocity and acceleration
profiles. Dependent variables of hand trajectory were
hand reaction time (RT), hand movement time (MT),
peak velocity (PV), relative distance of the primary
movement end (PE), relative duration of homing-in
(DHI), number of trajectory corrective submovements
(nCS), and aiming error (AE). Schematic overview of
the dependent variables is provided in Fig. 1a (right-
hand panel). Reaction time was defined as the time
interval between the onset of the GO stimulus and the
movement initiation (first sample after the onset of the
GO stimulus when the standard deviation of the velocity
profile was superior to 0.75 mm/s for 80 ms (Van
Halewyck et al. 2014, 2015a, 2015b). Movement time
was defined as the time interval between movement
initiation and termination (first sample after the

movement initiation when the standard deviation of
the velocity profile was inferior to 0.75 mm/s for
80 ms). The exact duration to reach peak velocity and
the end of the primary movement were identified, and
the magnitude of peak velocity and the end of the
primary were calculated. The end of the primary move-
ment was determined as the first zero-crossing after
peak acceleration, based on the criterion of Khan et al.
(1998). Next, we calculated the distance covered by the
primary movement relative to the overall distance be-
tween both targets (relative distance primary movement)
as well as the duration of the primary movement relative
to the entire movement time (relative duration primary
movement). The number of movement trajectory cor-
rections was defined as the number of acceleration and
deceleration pairs (two zero-line crossings) in the fil-
tered acceleration profile in the homing-in phase of the
movement (Ketcham et al. 2002). Finally, aiming error
was defined as the exact unsigned distance between the
middle of the left target and the middle of the cursor
position at movement termination and was expressed as
the percentage of the total distance between the two
targets.

Proprioceptive acuity task

In line with previous work from our group (Alaerts et al.
2007; Boisgontier et al. 2014), the angular displacement
signals of the right (passive moved) wrist were low-pass
filtered (second-order Butterworth with a cutoff fre-
quency of 8 Hz). Schematic overview of the dependent
variables is provided in Fig. 1b (right-hand panel). For
the motion sense task, the percentage of correct re-
sponses and the time needed to perceive wrist flexion
movements (detection time) were calculated for each
passive movement speed. To correct for the well-
documented increases in older adults’ reaction times,
the participant’s average reaction time (i.e., detection
time obtained in the 20°/s flexion condition) was
subtracted from the detection time in the 0.25°/s flexion
and 0.50°/s flexion conditions. For the position sense
task, position sense error was defined as the absolute
difference between target wrist position at the end of the
passive movement trial (i.e., 10°, 17°, or 24° wrist
flexion) and the wrist position at the onset of button
press. Individual differences in reaction time were
corrected using the same method as described above
for motion sense. The abovementioned dependent vari-
ables were then computed for each participant.
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Individual estimates of detection time from all corrected
responses were aggregated across trials with the same
movement speed. Individual estimates of position sense
errors were obtained by averaging the absolute differ-
ences between the actual and target wrist position at end
of the passive movement trial for all target positions.

Data analyses

A custom-written MATLAB script (MathWorks,
Natick, MA) was used to compute the means and stan-
dard deviations of all dependent variables. Thirteen of
78 participants that initially participated in experiment 1
and experiment 2 were excluded from statistical analy-
ses due to missing data in one or more sets of task
conditions and/or dependent variables. Data for final
analyses were obtained from 17 active young adults,
16 non-active young adults, 17 active older adults, and
15 non-active older adults. All statistical analyses were
performed with STATISTICA (version 8.0, StatSoft
Inc., Tulsa, OK).

Manual aiming task

Three-way 2 × 2 × 2 [AGE × PHYSICAL
ACTIVITY LEVEL (PAL) × FEEDBACK] analy-
ses of variance (ANOVA) were performed on man-
ual aiming data from experiment 1. The results of
the ANOVAs are summarized in Table 1. When
ANOVAs revealed significant effects (i.e., main

effect/interaction p < 0.05), false discovery rate
(FDR) analysis was applied to test comparisons
of interest (e.g., Boisgontier et al. 2014). In line
with our research questions in experiment 1, we
compared (1) performance differences as function
of age and physical activity level between the four
groups (i.e., young active, young non-active, older
active, and older non-active) and (2) differences
between VISION and NO VISION feedback con-
ditions within each groups. The resulting p values
were interpreted at the FDR-corrected threshold of
significance. In contrast to the Bonferroni correc-
tion which controls the rate of false positives
among all tests whether or not the null hypothesis
is actually rejected, FDR controls for the propor-
tion of incorrect rejections of the null hypothesis
among those tests for which the null hypothesis is
rejected (Benjamini and Hochberg 1995; Curran-
Everett 2000). Moreover, FDR offers an objective
way to select thresholds that is automatically adap-
tive across large data sets (e.g., Genovese et al.
2002). Results are displayed as group mean
score ± standard error of the mean (SEM).

Proprioceptive acuity task

To compare the proportion of correct responses
between age and physical activity level groups,
chi-squared analyses were performed for each
movement condition (i.e., 0.50°/s flexion, 0.25°/s

Table 1 Results of the 2 × 2 × 2 ANOVAs showing F values for aiming errors (AEs) and hand movement characteristics in experiment 1

Dependent variables RT MT PV PE DHI nCS AE

AGE 7.98** 6.69* <1 1.81 22.4*** 11.8*** <1

PAL 5.11* <1 2.12 <1 <1 <1 <1

FB 83.4*** 81.4*** 199*** 112*** 7.80** 56.5*** 280***

AGE × PAL <1 <1 <1 <1 <1 <1 <1

AGE × FB 1.02 <1 <1 <1 2.72 <1 <1

PAL × FB 3.69 1.07 <1 <1 <1 <1 <1

AGE × PAL × FB <1 <1 1.22 1.30 <1 <1 <1

Level of significance was set at p < 0.05. Significant main effects and interactions are indicated in a bolded font. For all significant main
effects and interactions: ηp2 (partial eta-squared) ≥ 0.08

AGE age group, PAL physical activity level, FB feedback conditions, RT hand reaction time,MT handmovement time, PV peak velocity, PE
relative distance of primary movement end, DHI relative duration of homing-in, nCS number of corrective submovements

*p < 0.05

**p < 0.01

***p < 0.001
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flexion, 0.25°/s extension, and sham) separately.
Next, group differences in detection times (0.25°/
s flexion and 0.50°/s flexion conditions) and posi-
tion sense errors were analyzed with a 2 × 2
ANOVA [AGE × PAL]. The results of the 2 × 2
ANOVA are summarized in Table 2. Resulting
p values for multiple comparisons were interpreted
at the FDR-corrected threshold of significance.
R e s u l t s a r e d i s p l a y e d a s g r o u p m e a n
score ± standard error of the mean (SEM).

Correlations among dependent variables across groups
and feedback conditions (regression analyses)

The relationships between aiming strategy, aiming
errors, and proprioception as function of AGE and
PAL and FEEDBACK conditions were studied,
regarding (1) reciprocal interactions among hand
movement characteristics, (2) interactions between
hand movement characteristics and aiming errors,
(3) relationships between motion/position sense
and aiming errors, and (4) relationships between
motion/position sense and hand movement charac-
teristics. Correlation coefficients (Pearson’s R) for
(1) and (2) were obtained by regressing manual
aiming data (experiment 1) on each other.
Correlation coefficients (Pearson’s R) for (3) and
(4) were calculated by regressing manual aiming
data (experiment 1) on movement detection and
position sense data (i.e., detection time at the
0.25°/s flexion and 0.50°/s flexion conditions (ex-
periment 2)). Regression analyses were performed
on data from each AGE/PAL group and each of
the feedback conditions, separately. For all

regression analyses, level of significant was set at
p < 0.01 (uncorrected p values).

Results

Effects of age and physical activity level on manual
aiming

Aiming errors

All groups reached similar levels of endpoint accuracy
in the VISION andNOVISION condition (Fig. 2). Only
the main effect for FEEDBACK was significant
[F(1,61) = 280.00, p < 0.001], suggesting that aiming
errors were significantly higher in the absence of visual
feedback in all four groups [t tests, within group com-
parisons: all, p ≤ 0.001]. FDR threshold for significance:
p = 0.013.

Reaction time

For all four groups, reaction times were significantly
shorter in the VISION than in the NO VISION condi-
tions [main effect for FEEDBACK: F(1,64) = 83.40,
p < 0.001] irrespective of AGE and PAL [t tests, within
group comparisons: all, p ≤ 0.001; false discovery rate
threshold at p = 0.031]. The main effects of AGE
[F(1,61) = 7.98, p < 0.01] and PAL [F(1,61) = 5.11,
p < 0.05] were significant, but the AGE × PAL interac-
tion was not [F(1,61) < 1]. The PAL × FEEDBACK
interaction approached conventional levels of signifi-
cance [F(1,61) = 3.69, p = 0.06]. For both feedback
conditions, movement initiation was significantly fastest

Table 2 Results of the 2 × 2 ANOVAs for proprioceptive acuity (experiment 2)

Dependent variable Detection time at 0.25°/s flexion Detection time at 0.50°/s flexion Motion sense error

AGE 10.1** 14.6*** 6.99*

PAL 7.59** 6.53* 8.69**

AGE × PAL <1 3.20 2.01

F values are presented for detection times at 0.25°/s and 0.50°/s flexion conditions and motion sense errors. Level of significance was set at
p < 0.05. Significant main effects and interactions are indicated in a bolded font. For all significant main effects and interactions: ηp2 (partial
eta-squared) ≥ 0.10

AGE age group, PAL physical activity level

*p < 0.05

**p < 0.01

***p < 0.001
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in young active and slowest in older non-active with
participants in the young non-active and old active
groups positioned in between (Fig. 3a). Hand reaction
times in the VISION condition were 379 ± 12 ms
(young active) vs. 423 ± 15 ms (young non-active),

444 ± 15 ms (older active), and 467 ± 26 ms (older
non-active) [t tests, comparisons between young active
group and the three remaining groups: all p ≤ 0.027].
Hand reaction times in the NO VISION condition were
432 ± 18ms (young active) vs. 517 ± 27ms (young non-

Fig. 2 Overview of group scores
(mean ± SEM) for aiming errors
in the VISION and NO VISION
conditions

Fig. 3 Overview of group scores
(mean ± SEM) for hand
movement characteristics in the
VISION and NO VISION
conditions. Significant main
effects of age, physical activity
level, and feedback conditions
were observed only for reaction
time (a). For the remaining hand
movement characteristics,
significant main effect for age
were observed formovement time
(b), relative duration of homing-
in (e), and number of corrective
submovements (f); see Table 1 for
details. Significant differences are
highlighted by an asterisk (if
p < 0.05) or double asterisk (if
p < 0.01). Corrections for multiple
comparisons were made by using
the false discovery rate procedure
(Curran-Everett 2000). Marginal
differences and/or trends (i.e.,
critical di ≤ p < 0.05) are
highlighted by a dagger (see text
for explanation)
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active), 521 ± 27 ms (older active), and 572 ± 44 ms
(older non-active) [t tests, comparisons between young
active group and the three remaining groups: all
p ≤ 0.013]. No significant differences were observed
among RTs of the young non-active, older active, and
older non-active: neither in the VISION nor in the NO
VISION conditions [t test, between group comparisons:
all, p > 0.1]. FDR threshold for significance: p = 0.031.

Movement time

The main effect of AGEwas significant [F(1,61) = 6.69,
p < 0.05], indicating that older adults needed more time
to perform the aiming movements than younger adults
(Fig. 3b). Participants needed more time to perform the
aiming movements in the NO VISION than in the
VISION condition as indicated by the significant main
effect of FEEDBACK [F(1,61) = 81.40, p < 0.001].
Significant differences between the two feedback con-
ditions were observed for all four groups [t tests, within
group comparisons: all, p ≤ 0.001], but no group differ-
ences were observed within each feedback condition [t
tests, between group comparisons for VISION and NO
VISION: all p ≥ 0.031]. FDR threshold for significance:
p = 0.016.

Peak velocity and relative distance of primary
movements

Only the main effect for FEEDBACK was significant
[both, F(1,61) ≥ 112.00, p < 0.001]. Peak velocity was
significantly higher in the VISION than in the NO
VISION conditions in all four groups (Fig. 3c), and
participants in all groups made shorter primary move-
ments in the NO VISION as compared to the VISION
conditions (Fig. 3d) [t tests, within group comparisons:
all, p ≤ 0.001]. FDR threshold for significance: both,
p = 0.013.

Relative duration of homing-in

The main effec t s o f AGE was s ign i f i can t
[F(1,61) = 22.50, p < 0.001], suggesting that older
adults showed longer homing-in durations (i.e., spent
more time homing-in) than young adults (Fig. 4e). The
main effect for FEEDBACK was significant
[F(1,61) = 7.60, p < 0.01], showing longer homing-in
durations in the NO VISION as compared to the
VISION conditions. However, significant differences

in homing-in durations between the two feedback con-
ditions were found only for the active older adults [t
tests, within group comparisons: p = 0.013; for the
remaining groups: all, p ≥ 0.044]. For the VISION
condition, significant differences as function of age
were found between non-active young (54.3 ± 1.8 %
of total movement time) and active (63.4 ± 1.3 %) and
non-active (62.9 ± 1.8 %) older adults [t tests, between
group comparisons: both p ≤ 0.002]. For the NO
VISION condition, significant differences as function
of age were found between active young (58.6 ± 2.3 %)
and active older adults (66.9 ± 1.8 %) and between non-
active young (55.8 ± 2.1 %) and the active and non-
active (67.1 ± 2.7 %) older adults [t tests, between group
comparisons: all, p ≤ 0.008]. Interestingly, differences in
homing-in duration between active young and active/
non-active older adults (for VISION) or between active
young and non-active older adults (for NO-VISION) did
not reach the level of significance [t tests, between group
comparisons: all, p ≥ 0.022]. FDR threshold for signif-
icance: p = 0.019.

Number of corrective submovements

Older adults made more corrective submovements
than young adults [main effects of AGE:
F(1,61) = 11.80, p < 0.001], and the number of
trajectory corrections in the VISION condition was
significantly lower than those observed in the NO
VISION condition [main effect of FEEDBACK:
F(1,61) = 56.50, p < 0.001] (Fig. 3f). Significant
differences in the number of trajectory corrections
as function of feedback condition were found for
young non-active [2.21 ± 0.16 (VISION) vs.
2.96 ± 0.23 (NO VISION)] , older act ive
[3.01 ± 0.19 (VISION) vs. 3.85 ± 0.34 (NO-
VISION)], and older non-active [2.78 ± 0.18
(VISION) vs. 3.92 ± 0.34 (NO VISION); t tests,
within group comparisons: all p ≤ 0.002] but not
for young active [2.46 ± 0.15 (VISION) vs.
2.96 ± 0.27 (NO VISION): t tests, within group
comparisons: p = 0.019]. Significant differences in
the number of trajectory corrections as function of
age were observed only between young non-active
(2.21 ± 0.16) and older active (3.01 ± 0.19) in the
VISION condition [t tests, between group compar-
isons: p = 0.003 (otherwise, all p ≥ 0.025)]. FDR
threshold for significance: p = 0.013.
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Effects of age and physical activity level
on proprioceptive acuity

Percentage of correct responses

Results are illustrated in Fig. 4a. In all test conditions
where passive movement was applied (i.e., 0.25°/s flex-
ion, 0.50°/s flexion, and 0.25°/s extension), participants
of active young group demonstrated significantly higher
proportions of correct responses than participants of the
remaining three groups [chi-squared: all p ≤ 0.011].
Differences among the three remaining groups did not
reach significance [chi-squared: all p ≥ 0.039]. In the
sham condition, significant differences were observed
only between active and non-active groups with the
former demonstrating higher proportions of correct re-
sponses than the latter [chi-squared: young active vs.
non-active (p = 0.020), older active vs. non-active
(p = 0.003)]. FDR threshold for significance: p = 0.025.

Detection time

Young adults needed less time to detect wrist flexion
movements as compared to older adults whereas active
participants showed shorter detection time than non-
active participants (Fig. 4b). Significant main effect of
AGE [F(1,61) ≥ 6.03] and PAL [F(1,61) ≥ 7.59] were
found for both the 0.25°/s flexion condition and the
0.50°/s flexion condition (all p ≤ 0.016), but the AGE
× PAL interaction was not significant [both 0.25°/s and
0.50°/s conditions: F(1,61) < 0.3, p > 0.6]. For the 0.50°/
s condition, non-active older showed significantly lon-
ger detection time (3036 ± 380 ms) than active young
(1334 ± 215 ms), non-active young (1538 ± 253 ms),
and active older (1881 ± 207 ms). For the 0.25°/s
condition, significant differences in detection times
were found between the active young (2138 ± 297 ms)
and the two older groups: active (3251 ± 297) and non-
active (4598 ± 549 ms) [t tests, between group

Fig. 4 Proportions of correct responses (a) and overview of group
scores (mean ± SEM) for motion sense characteristics (b) and
position errors (c) in experiment 2. Significant main effects of age
and/or physical activity level were observed for all dependent pa-
rameters; see Table 2 for details. Significant differences are highlight-
ed by an asterisk (if p < 0.05) or double asterisk (if p < 0.01), triple

asterisk (for p < 0.001). Corrections for multiple comparisons were
made by using the false discovery rate procedure (Curran-Everett
2000). Marginal differences and/or trends (i.e., critical di ≤ p < 0.05)
are highlighted by a dagger (see text for explanation)

AGE (2016) 38: 45 Page 11 of 19 45



comparisons for 0.50°/s and 0.25°/s conditions: all
p ≤ 0.012 (otherwise, all p ≥ 0.033)]. FDR threshold
for significance: p = 0.025.

Position sense

The main effects of AGE [F(1,61) = 6.99] and PAL
[F(1,61) = 8.69] were significant (both p ≤ 0.01), indi-
cating that young and active adults made smaller
matching errors than older and non-active adults, re-
spectively (Fig. 4c). No significant AGE × PAL inter-
action was observed [F(1,61) = 2.01, p > 0.1].
Significant differences in position sense errors were
found between non-active older (3.54 ± 0.34°) and the
two active groups: young (2.22 ± 0.15°) and older
(2.51 ± 0.18°) [t tests, between group comparisons: both
p ≤ 0.009 (otherwise, all p ≥ 0.032)]. FDR threshold for
significance: p = 0.017.

Correlations among dependent variables across groups
and feedback conditions

Reciprocal interactions among hand movement
characteristics resulted in multiple significant cor-
relations between the variables examined (Table 3).
Otherwise, significant correlations among the re-
maining dependent var iables were scarce.
Therefore, results of the remaining regression anal-
yses are presented in Supplementary Materials:
Table S2 (correlations between hand movement
characteristics and aiming errors), Table S3 (corre-
lations between motion/position sense and aiming
errors), and Table S4 (correlations between motion/
position sense and hand movement characteristics).

Reciprocal relationships among hand movement
characteristics

Correlation coefficients (Pearson’s R values) are
summarized in Table 3. In general, participants in
the young active, young non-active, and older
active groups showed similar patterns of reciprocal
relationships between hand movement characteris-
tics of the primary submovement during VISION
and NO VISION conditions: (1) significant nega-
tive correlations between MT and PV and MT and
relative distance of PE [R ≤ −0.65; all, p ≤ 0.007
(uncorrected)] and (2) significant positive correla-
tions between PV and PE [R ≥ 0.68; all p ≤ 0.006

(uncorrected)] were observed in all three groups.
This was not the case for the older non-active
group. Specifically, significant negative correlation
was found only between MT and PE in the NO
VISION condition [R = −0.76, p < 0.001 (uncor-
rected)]. Otherwise, correlations between PV and
PE (as well as PV and MT) were not significant
[both VISION and NO VISION: all |R| ≤ 0.57,
p ≥ 0.027 (uncorrected)], suggesting suboptimal
ability to control peak velocity in older non-active.

With respect to limb-target regulation (i.e., dur-
ing homing-in), significant positive correlations
were found between DHI and nCS in the
VISION as well as in the NO VISION conditions
for all four groups [all R ≥ 0.68, p ≤ 0.003 (un-
corrected)], suggesting that the duration of the
homing-in phase was proportional to the number
of trajectory corrections. Significant positive corre-
lations were found between MT and nCS for both
older active and non-active subgroups in the
VISION condition [both R ≥ 0.73, p ≤ 0.002 (un-
corrected)] and for all four groups in the NO
VISION condition [all ≥0.78, p < 0.001 (uncor-
rected)]. Interestingly, significant positive correla-
tions between MT and DHI were observed only
for the two older subgroups (i.e., active and non-
active) in the NO VISION condition [both
R ≥ 0.66, p ≤ 0.008 (uncorrected)]; otherwise, all
four groups in VISION and both young active and
non-act ive subgroups in NO-VISION [al l
|R| ≤ 0.54, p ≥ 0.032 (uncorrected)]. Interestingly,
positive associations between RT and MT dura-
tions were observed in older active adults during
both VISION and NO VISION [R ≥ 0.61,
p ≤ 0.01 (uncorrected)], suggesting that partici-
pants in this subgroup tended to delay movement
initiation and increase movement time. Taken to-
gether, the aforementioned observations suggest
that all participants increased movement time to
allow more corrective submovements in the ab-
sence of visual feedback, and this expression of
limb-target regulation was also evident in older
adults at the presence of visual feedback.

Finally, active older adults appeared to apply a Bplay-
it-safe^ strategy in the VISION condition by making
shorter primary movements and increasing the number
of corrective submovements as indicated by a signifi-
cant negative correlation between PE and nCS
[R = −0.62, p = 0.008 (uncorrected)]. In the NO
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VISION condition, significant negative correlation be-
tween PE and DHI were observed for the non-active
young adults and the two older adult groups [all,
R ≤ −0.66, p ≤ 0.004 (uncorrected)]. These observations
suggest that participants adapted a play-it-safe strategy
in the NOVISION condition by making shorter primary
movements to allow more time for homing-in. The
aforementioned relationships were not observed for the
young active group [R = −0.52, p = 0.034 (uncorrected)]

nor during VISION for all groups [|R| ≤ 0.52, p ≥ 0.034
(uncorrected)].

Relationships between hand movement characteristics
and aiming errors

Significant correlations between aiming errors and hand
movement characteristics were found only in the
VISION condition (see Table S2 in Supplementary

Table 3 Results of regression analyses for reciprocal correlations between hand movement characteristics in VISION (L-side) and NO
VISION (R-side)

VISION NO VISION

RT MT PV PE DHI RT MT PV PE DHI

Young active (n = 17)

RT

MT 0.32 0.30

PV −0.56* −0.75 −0.52 −0.77
PE −0.30 −0.85 0.83 −0.27 −0.88 0.80

DHI −0.49 0.21 0.33 −0.23 −0.26 0.46 0.04 −0.52
nCS −0.27 0.48 0.10 −0.37 0.91 0.10 0.87 −0.37 −0.72 0.79

Young non-active (n = 16)

RT

MT 0.06 0.47

PV −0.34 −0.65 −0.54 −0.85
PE 0.01 −0.78 0.68 −0.38 −0.83 0.74

DHI −0.33 0.30 0.41 −0.32 0.10 0.54* −0.32 −0.78
nCS −0.13 0.54* 0.14 −0.49 0.90 0.30 0.79 −0.54* −0.85 0.78

Older active (n = 17)

RT

MT 0.61 0.65

PV −030 −0.78 −0.58 −0.83
PE −0.36 −0.80 0.90 −0.50 −0.89 0.83

DHI 0.46 0.50 −0.02 −0.35 0.43 0.69 −0.35 −0.66
nCS 0.50 0.87 −0.50 −0.62 0.72 0.54 0.88 −0.60* −0.83 0.68

Older non-active (n = 15)

RT

MT −0.09 0.24

PV −0.27 −0.57 −0.63* −0.50
PE −0.05 −0.19 0.49 0.07 −0.76 0.40

DHI −0.36 0.41 0.11 −0.52 −0.29 0.66 0.00 −0.88
nCS −0.36 0.73 −0.17 −0.44 0.87 −0.06 0.84 −0.18 −0.90 0.91

Correlation coefficients (Pearson’s R) at p ≤ 0.01 are indicated in a bolded font and underlined

RT hand reaction time,MT handmovement time, PV peak velocity, PE relative distance of primary submovement end,DHI relative duration
of homing-in, nCS number of corrective submovements, n group size

*p > 0.01
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Materials). For non-active older adults, longer homing-
in durations predicted lower aiming errors [R = −0.69,
p = 0.005 (uncorrected)], suggesting that playing-it-safe
in the VISION condition help participants in this sub-
group to reduce aiming errors. For active young adults,
(1) longer movement times were associated with greater
aiming errors in [R = 0.64, p = 0.006 (uncorrected)] and
(2) a trend toward negative correlations between aiming
errors and peak velocity [R = −0.56, p = 0.018 (uncor-
rected)]. While the two latter observations may look
peculiar at first sight, it suggests that poor performers
in the young active group were slower to complete the
aiming movement. Correlations between aiming errors
and the remaining hand movement characteristics did
not reach the critical p value for significance [all
|R| ≤ 0.52, p ≥ 0.038 (uncorrected); both VISION and
NO VISION].

Relationships between motion/position sense
and aiming errors

No significant correlations between aiming errors (ex-
periment 1) on one hand and motion sense (i.e., 0.25°/s
and 0.50°/s flexion detection times) or position sense
(experiment 2) on the other hand were observed [all
|R| ≤ 0.47, p ≥ 0.070 (uncorrected)] (see Table S3 in
Supplementary Materials). Therefore, decline in propri-
oceptive acuity was not associated with larger aiming
errors.

Relationships between motion/position sense and hand
movement characteristics

For the active young and the two older adult subgroups,
correlations between motion/position sense characteris-
tics and aiming movement characteristics did not reach
the critical p value for significance [all p ≥ 0.017 (un-
corrected)]; see Table S4 in Supplementary Materials.
For non-active young adults, significant positive corre-
lations were found: (1) in the VISION condition be-
tween detection time at 0.25°/s flexion and PE and (2)
in the NO VISION condition between position sense
error and RT [both R = 0.66, p = 0.006 (uncorrected)].
No other significant correlations between motion or
position sense and aiming movement characteristics
were found for this group [all p ≥ 0.031 (uncorrected)].
These observations suggest that age-related decline in
proprioceptive acuity did not predict increased

movement times, prolonged homing-in phase, and/or
increased corrective submovements in older adults.

Discussion

A first major finding of experiment 1 was that non-
active older individuals were not affected by the remov-
al of visual feedback to a greater extent than their active
peers or younger adults (largely negating hypotheses 1
and 2). A secondmajor finding of experiment 1 was that
young and older adults used different aiming strategies
to accomplish their aiming goals. Here, age-related
movement adaptations were clearly observed as func-
tion of feedback conditions and physical activity level.
For the most part, differences in aiming strategy across
groups were observed during homing-in (i.e., in the
limb-target regulation), and differences became more
pronounced when visual feedback was not provided.
Finally, a third major finding (of experiment 2) was that
individuals with higher levels of physical activity
showed superior motion sense and position sense on
the proprioceptive tasks. This means that better propri-
oceptive acuity is to be expected in physically active
young and older adults than in their non-active peers.
Physically active young showed the best proprioceptive
ability, and non-active older adults showed the worst
proprioceptive ability with the two remaining groups
positioned in between. However, all age groups
achieved similar levels of aiming accuracy irrespective
of their age and physical activity level. The collective
evidence from experiment 1 and experiment 2 demon-
strates that changes in proprioceptive ability as function
of age and physical activity level do not predict changes
in aiming behavior. Specifically, there was no evidence
to show that the withdrawal of visual feedback increased
aiming errors in the non-active older adults more than in
the other three groups, even though the proprioceptive
ability of this group was, generally, inferior (negating
hypothesis 3). Those seemingly contradicting outcomes
require further attention because main body of findings
from both experiments are consisted with a vast body of
literature on effects of physical activity and aging on
manual aiming (e.g., Chaput and Proteau 1996; Lyons et
al. 1996; Seidler-Dobrin and Stelmach 1998; Van
Halewyck et al. 2014) and proprioception (e.g.,
Adamo et al. 2007; Adamo et al. 2009; Herter et al.
2014;Wright et al. 2011). The specific effects of age and
physical activity level on manual aiming and
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proprioception as emerged in findings of experiment 1
and experiment 2 are discussed in more details next.

The effects of age and physical activity level on aiming
behavior

All in all, our findings from experiment 1 are consistent
with the large body of research on manual aiming and
aging, showing that older adults can achieve similar
levels of endpoint accuracy as their younger peers
(e.g., Lyons et al. 1996; Van Halewyck et al. 2014).
For the most part, older adults exhibited longer
homing-in durations, increased number of corrective
submovements, and, generally, longer movement times
(e.g., Boisseau et al. 2002; Ketcham et al. 2002; Lyons
et al. 1996). Although these movement adaptations are
usually interpreted as an increased reliance on visual
feedback in older age (Coats and Wann 2011; Rand
and Stelmach 2011; Terrier et al. 2011), our data are
inconsistent with this hypothesis again (see also Van
Halewyck et al. 2014). The finding that older adults
were not affected to a greater extent by the removal of
online as well as offline visual feedback suggests that
they were not more dependent on vision during the goal-
directed aiming task as compared to their younger peers.
Moreover, the results of the correlation analyses be-
tween hand movement characteristics indicated that par-
ticipants in all four groups adapted their movement
strategy to cope with the removal of visual feedback
by adapting the play-it-safe strategy. All participants
increased movement time and decreased the distance
covered by the primary movement to allow longer
homing-in duration and larger number of corrective
submovements irrespective of their age and physical
activity levels. Interestingly, non-active older adults
showing longer homing-in duration showed lower
aiming errors when online feedback was available but
not when online feedback was removed. As movement
trajectory corrections during homing-in phase in the
absence of online visual feedback could solely be based
on proprioceptive feedback, it has been assumed that
proprioception acuity (and particularly position sense)
was preserved in those older adults who showed lower
aiming errors. However, no significant correlations be-
tween proprioception acuity and aiming errors were
observed. The absence of significant correlations be-
tween proprioceptive acuity and aiming movement
characteristics (in general) and aiming errors (in partic-
ular) suggests that poor proprioceptive acuity should not

be considered as a limiting factor in the context of
manual aiming.

Older adults exhibited longer movement times, sug-
gesting that they spent a larger relative (and absolute)
amount of time homing-in on the target (e.g., Boisseau
et al. 2002; Ketcham et al. 2002; Lyons et al. 1996).
These age-related movement adaptations have been ar-
gued to reflect an increased reliance of older adults on
visual input for feedback control of movement (Coats
and Wann 2011; Rand and Stelmach 2011; Terrier et al.
2011). Indeed, longer homing-in durations were found
in non-active older adults who showed lower aiming
errors during performance of the aiming task with visual
feedback, whereas longer homing-in durations had no
effect on the performance of this group during with-
drawal of visual feedback. However, careful inspection
of our data seems to negate this argument. First, when
visual feedback was withdrawn, young and older adults
achieved similar levels of endpoint accuracy (see also
Van Halewyck et al. 2014). Moreover, aiming strategy
adapted upon the removal of online visual feedback did
not change dramatically across the four groups, suggest-
ing that the same strategy was applied irrespective of
their age and physical activity level. Instead, the move-
ment adaptations traditionally observed in older adults’
aiming behavior (e.g., increasing movement time to
allow larger number of corrective submovements) was
also adopted by younger adults. In older adults, these
alterations are considered to reflect decreased efficiency
in the processing of visual feedback or adoption of a
play-it-safe strategy. Evidence for these two changes in
behavior has been found in other work from our lab
(Van Halewyck et al. 2015b) and elsewhere (Welsh et al.
2007).

Referring to the multiple processes model (Elliott et
al. 2010), the play-it-safe strategy could be implemented
by formation of internal representations of longer move-
ment time, shorter movement displacements, and lower
movement speed during both movement initiation and
homing-in phase. The fact that increased movement
time and homing-in durations were accompanied by
increased number of corrective submovements in all
four groups suggests that the play-it-safe strategy was
adopted as a default strategy when visual feedback was
withdrawn. Specifically, significant positive correlations
were found between (i) movement time, (ii) homing-in
duration, and (ii i) the number of corrective
submovements, whereas significant negative correla-
tions were found between the distance covered by the
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primary movement and (ii) and (iii). Taken together,
these observations indicate that movement characteris-
tics of both the primary movement and homing-in du-
ration were adjusted simultaneously, presumably
through generation of predictivemodels. In other words,
we propose that predictive models were used to provide
afferent information throughout the aiming movement
when visual feedback was not available. This may have
allowed both active and non-active older adults to suc-
cessfully compensate for age-related deficiencies in de-
tection and correction of movement errors through on-
line sensory feedback in the homing-in phase. The fact
that the active older adults showed the same correlation
patterns during aiming with and without visual feedback
suggests that they may have relied on use of predictive
models to conduct the aiming movements more than
their younger peers. Thus, it was concluded that the
generation of predictions of the expected sensory con-
sequences in the younger adults group was used only in
the execution of the primary movement.

Besides the impact of age, we also investigated
the potentially mediating role of physical activity
level on aiming performance. In line with our previ-
ous work, though, the effect of physical activity
levels on aiming behavior appeared rather limited
(Van Halewyck et al. 2014). Only reaction times
were shown to be generally longer in non-active
adults, an outcome which is commonly interpreted
as more elaborate planning processes (e.g., Khan et
al. 2006). However, slightly prolonging reaction time
was not considered meaningful, especially since none
of the other variables of interest differed significantly
between active and non-active adults. In line with
this limited effect of physical activity level, no sig-
nificant interactions emerged in either feedback con-
dition. The lack of main and interaction effects in-
volving PA when investigating endpoint accuracy
suggests that position sense at wrist level may be
preserved in non-active older adults. However, this
interpretation clearly contradicts the findings of
Adamo et al. (2009) and Wright et al. (2011) as
well as the findings of experiment 2. Alternatively,
the fact that both active and on-active older adults
showed similar aiming strategies in the homing-in
phase suggests that older individuals may partly
compensate for impaired sensory acuity simply by
increasing movement time and homing-in duration to
allow sufficient time for sensory processing. We
specifically address this issue in the next section.

The effects of age and physical activity level
on proprioceptive acuity

In line with our expectations, clear age effects were
observed when comparing the proprioceptive features
between young and older adults in experiment 2. The
latter group generally needed more time to evaluate
passive wrist movements correctly and made greater
matching errors. Overall, these results are strongly in
line with the current field of knowledge on propriocep-
tive acuity in older age. Specifically, several other in-
vestigators have reported an age-related decline in mo-
tion (Kokmen et al. 1978; Wright et al. 2011) and
position sense of the upper limbs (Adamo et al. 2007;
Adamo et al. 2009; Herter et al. 2014). These deteriora-
tions may partially be caused by physiological changes
in the structure and function of muscle spindles through-
out late adulthood (Herter et al. 2014; Kalisch et al.
2012; Proske and Gandevia 2012). Besides their gradual
decline in number, aged muscle spindles generally show
an increased capsular thickness, decreased diameter
size, and lower sensitivity. Moreover, the aging process
is associated with an overall denervation of muscle
spindles, further impeding their functioning and signal-
ing capacity. Clearly, physical activity levels played a
considerable role in participants’ proprioceptive acuity.
Here, young active adults generally demonstrated en-
hanced motion and position senses compared to their
non-active and older counterparts (Fig. 4). Physical
activity has been suggested to partially compensate for
the abovementioned age-related declines in muscle
functioning by entailing muscle fiber hypertrophy in
older adults (Proske and Gandevia 2012). Thus, active
older adults may delay their natural decline in proprio-
ception by enhancing the signaling capacity of muscle
spindles and joint movement receptors. Likewise, mus-
cle hypertrophy may optimize the signaling capacity of
active young adults.

The positive effect of physical activity on proprio-
ceptive acuity may be explained by preserved sensory
processing capacity in active as compared to non-active
older individuals. Specifically, findings from experi-
ment 2 showed that active older adults performed the
motion sense and position sense tests better than their
non-active peers, supporting the view that active life-
style has a positive effect on information processing and
processing speed (e.g., Muions and Ballesteros 2014;
Muions et al. 2015; Voelcker-Rehage et al. 2011).
Noteworthy, significant differences in performance of
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the sensory tests between active and non-active older
adults were observed under situations where those indi-
viduals had to evaluate motion/position in shorter time
windows (i.e., for the 0.5°/s speed condition in the
motion sense task and the 6°/s speed condition in the
position sense task) or had to distinguish between false
and true wrist movements during the motion sense task
(i.e., in the sham condition). Taken together, observa-
tions from experiment 2 suggest that active older adults
may delay their natural decline in proprioception by
more effective activation of brain networks associated
with sensory processing and cognitive control
(Nagamatsu et al. 2012; Smith et al. 2011; Voelcker-
Rehage et al. 2011; see review Voelcker-Rehage and
Niemann 2013). This hypothesis is consistent with ob-
servations from recent studies showing that age-related
declines in proprioception of the lower limb may partic-
ularly be visible in challenging conditions that demand
more attention (Boisgontier et al. 2012; Boisgontier and
Nougier 2013; see review Boisgontier et al. 2013).
Future research may investigate the hypothesis by
adding conditions without visual feedback in which
aiming movements with high accuracy and/or attention-
al demands are executed under a strict time constraint. If
these conditions result in non-active older adults making
greater aiming errors than their active peers, it would
provide additional evidence for the hypothesis that
physically active older adults have a greater ability to
recruit brain resources as a means to compensate for
central and peripheral neurodegenerative processes that
occur in older age.

Classification of physical activity level as a study
limitation

It should be recognized that classification of active
and non-active participants in this study was based
on the results of questionnaires, which are in general
subjective. The Modified Baecke Questionnaire has
been reported to provide fair-to-moderate assessment
of physical activity level in older adults when com-
pared with assessments obtained from direct physical
measures such as energy expenditure (Hertogh et al.
2008) or cardiorespiratory fitness (Mustelin et al.
2011). However, both Baecke Questionnaire
(Baecke et al. 1982) and the Modified Baecke
Questionnaire (Voorrips et al. 1991) focus on phys-
ical activity levels over the past year and does not
take into account the participant’s earlier history of

sport participation that could impact the aiming per-
formance, for example, participation in competitive
sports such as basketball or tennis. This shortcoming
may provide an alternative explanation as to why
differences between active and non-active older
adults did not emerge consistently throughout the
two experiments. The limitation was not addressed
as it is extremely difficult to accurately quantify
one’s lifelong history of physical activity. As a re-
sult, dividing participants based on the results of a
physical activity questionnaire remains a common
practice in motor control research (e.g., Adamo et
al. 2007; Adamo et al. 2009; McGregor et al. 2011;
Petrella et al. 1997; Pickard et al. 2003; Wright et al.
2011).

Conclusions

It appears that the impact of aging on the performance of
goal-directed movements is not necessarily associated
with an increased reliance on visual feedback that would
compensate for the observed declines in proprioceptive
acuity. Indeed, our results suggest that even when
aiming without visual feedback, older adults are able
to compensate for their decline in proprioception pre-
sumably by increasing their reliance on predictive
models in both primary (open-loop) and secondary
(closed-loop) phases of the movement. We propose that
an ongoing reliance on predictive model improves pro-
prioception through an integration of the copy of the
motor commands (i.e., efference copy) that is sent di-
rectly to the cerebellum for feedback processing of the
expected hand position (Boisgontier and Swinnen
2014), thus compensating for a lack of actual sensory
input. The ongoing use of predictive models was ac-
companied by shorter primary movements and an in-
creased number of corrective submovements, which are
typical features of the play-it-safe strategy. These move-
ment adaptations were also observed in young adults
when visual feedback was not available. Taken together,
our observations suggest that (1) when there was an
increase in task demands, participants of all groups
increased their reliance on predictive models and (2)
used the play-it-safe strategy irrespective of age and
physical condition. Lastly, a physically active lifestyle
was clearly associated with an enhanced preservation of
motion and position sense. This outcome seems to sug-
gest that remaining physically active in older age may
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mitigate the age-related decline in feedback processing
and sensorimotor integration.
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