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Aging related responses to conflicting proprioceptive and visual 
information about initial position during reaching

Leia Bernardi Bagesteiro*

Abstract Introduction: The purpose of the current study was to examine whether age-related differences are exhibited 
in the relative contributions of vision and proprioception with initial hand position to the control of movement 
distance of single-joint reaching movements. Methods: We use a virtual reality display to systematically 
change the relationship between the actual hand position and the displayed hand position (virtual position) 
as subjects’ positioned a cursor within a start circle. Visual feedback of the reaching hand was only available 
before movement onset. Two groups of subjects (older and young) reached to two different visual targets (115° 
and 125° elbow angle) from four possible starting locations (90°, 95°, 100°, 105° elbow angle) under four 
virtual/actual dissociation conditions (0°, 5°, 10°, 15°). Results: For the mismatched conditions movement 
distance was generally longer for the older adults as compared to the younger. Also, the younger group better 
scaled their movement extent with cursor initial location, whereas, the older group showed scaling with hand 
location. Our results indicate age-related differences in the effects of initial position information when vision 
and proprioception initial information were dissociated. Conclusion: The young were able to completely 
rely on visual information through feedforward mechanism applying acceleration amplitude manipulation 
for controlling movement distance. In contrast, older subjects relied on proprioceptive information for the 
scaling of peak velocity with movement distance, suggesting more reliance on feedback-mediated error-
correction mechanisms during the course of movement.
Keywords Aging, Reaching, Distance control, Role of proprioception, Role of vision.
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Introduction
Aging has been shown to produce deficiencies in both 
musculoskeletal and neurophysiological functions 
associated with movement control and coordination. 
For example, age related reductions in muscle mass 
(Larsson et al., 1979; Schultz et al., 1992), force 
production (Cole, 1991; Lanza et al., 2003), and nerve 
conduction velocity (Rivner et al., 2001; Verdu et al., 
2000) have been well documented. However, the 
degree to which these peripheral changes can account 
for age-related declines in movement coordination 
(Falconer et al., 1991), and increases in movement 
variability (Cooke et al., 1989; Ketcham et al., 2004; 
Pohl et al., 1996) remain controversial. Previous studies 
have indicated that the controlling of arm movements 
in the elderly relies more on online visual feedback 
of hand position compared to young adults, allowing 
older adults to compensate for planning deficiencies 
(Goggin and Meeuwsen, 1992; Haaland et al., 1993; 
Lyons et al., 1996; Seidler et al., 2002). Conversely, 
some studies have indicated that the corrective 
mechanisms related to visual feedback of hand position 
might become less efficient with age (Chaput and 
Proteau, 1996b; Serrien et al., 1996). Also, the effects 
of adult aging on visually mediated feedback and 
online processes have been well established as well 
as their increase with task complexity (Ketcham et al., 
2002; Light and Spirduso 1990; Salthouse 2000; 
Sarlegna 2006; Yan et al., 2000). Previous work has 
documented that cognitive (Raz et al., 2007; Raz and 
Rodrigue, 2006) and sensorimotor (Verhaeghen et al., 
2006) functions gradually decline with advancing age, 
which has been attributed to a selective shrinkage of 
the prefrontal cortex (Raz et al., 2005), suggesting 
age-related deficits on strategy control.

An effective method of distinguishing the role of 
central processing in motor control is to examine the 
contributions of sensory information to movement 
coordination. For example, with regard to aging, studies 
of upper limb tapping and reaching movements have 
suggested that deficits in feedforward use of sensory 
information plays a major role in the slowing of age-
related movement (Cooke et al., 1989; Pohl et al., 
1996) and consistent with studies indicating that 
the elderly rely more on slower feedback processes 
(Goggin and Meeuwsen, 1992; Haaland et al., 1993; 
Skinner et al., 1984). Additionally, elderly subjects rely 
more on visual control when acquiring and performing 
a precision locomotor task (van Hedel and Dietz, 2004), 
also showing an increased dependency on vision, 
when experiencing reduced or conflicting sensory 
inputs (Teasdale et al., 1991; Woollacott et al., 1986). 
These results are suggested to be due to an impaired 
function of proprioceptive feedback mechanisms at 

higher ages, which can replace visual information in 
younger subjects (Dietz and Colombo, 1998). However, 
such abnormalities have not yet been specified, in 
the centrally generated motor program or as a result 
of peripheral updating via proprioceptive and visual 
feedback mechanisms. These studies suggest that 
while young adults rely on feedforward processes to 
achieve the goal of speed and accuracy in movement, 
the elderly tend to rely more on feedback mediated 
corrective processes.

Serrien et al. (1996) examined the reliance on 
vision by using visual and proprioceptive sensory 
conditions during the performance of a bimanual 
coordination task. Their results demonstrated that 
the manipulation of proprioceptive input and the 
absence or presence of visual feedback affected more 
the young subjects as compared to the elderly group, 
suggesting that this is related to a reduced sensory 
sensitivity as a function of aging. The execution of 
skilled movement relies on vision as the leading 
sensory modality, although it is assumed that vision 
and proprioception are strongly linked in the control of 
movement. Their mutual integration occurs naturally, 
and the relative contribution of both sources, it is 
argued, changes throughout development and learning, 
which could be modified as a function of aging 
(Allison et al., 2006; Dijkerman and de Haan 2007; 
Sober and Sabes 2003; Speers et al., 2002). Postural 
and gait studies support these findings suggesting 
that aging appears to affect the ability to adjust to 
alterations in sensory information contributing to 
impaired postural stability and lateral balance, which 
results in compensations and sensory reintegration 
in older adults (Dean et al., 2007; Westlake and 
Culham, 2007). Postural stability and control of body 
sway are achieved, in part, through input from the 
proprioceptive, visual, and vestibular systems. Previous 
research has shown adapted postural control strategy 
and postural instability (i.e. increased body sway) to 
be associated with altered proprioceptive sensitivity 
and diminished dynamic regulation of sensorimotor 
integration in older individuals (Brumagne et al., 
2004; Peterka and Loughlin 2004).

Some of the literature previously mentioned 
suggested that aging affects proprioceptive function. 
As a result, older adults tend to rely more on visual 
feedback to plan and control movements. Moreover, 
this decline in motor coordination has been shown 
in adults as young as 60-65 age range, a range not 
previously thought of as affected by motor changes. 
Here we directly tested this hypothesis to verify 
whether the distortion of sensory information showed 
different effects in older subjects as compared to 
the young, suggesting that aging changes the ability 
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to use different types of sensory feedback used to 
control the arm during targeted movements. Based 
on earlier research in younger adults demonstrating 
substantial differences in the contributions of visual 
and proprioceptive information to specification and 
control of reaching movements (Bagesteiro and 
Sainburg 2005; Bagesteiro et al., 2006; Sainburg et al., 
2003; Sober and Sabes, 2005, 2003). These studies 
have established that vision and proprioception play 
differently but complimentary roles in specifying and 
executing movements; suggesting that the dynamic 
transformation occurs downstream to kinematic 
planning in the movement preparation process. Thus, 
we hypothesized that aging will differentially diminish 
the role of vision in feedfoward control, as reflected 
by characteristic features of hand movement. In this 
study, we used a virtual reality display to dissociate 
visual and proprioceptive information of limb position 
prior to targeted single-joint movements. Motions were 
made at 2 different visual targets, from 4 different 
start locations, and under 4 virtual/actual dissociation 
conditions. We were, thus, able to directly assess 
how subjects from different age groups adjust their 
movement characteristics, given a discrepancy between 
visual (cursor) and proprioceptive (hand) information 
on start location. By analyzing the differences between 
the cursor/hand alignment information on specific 
features of the movements (movement distance, 
acceleration duration, peak tangential hand velocity 
and peak tangential hand acceleration) we were able 
to understand the extent to which adjustments in these 
parameters occur with aging.

Methods

Participants
Two groups of unpaid individuals participated in the 
experiment. The first group included eight young 
healthy aged 20-33 year olds (four females, four males). 
The second group consisted of ten older adults with 
65-77 years (five females, five males). All participants 
were right-handed, as indicated by laterality scores 
(younger group = 91%, older group = 93%) on a 
34-item modified version of the Edinburgh Inventory 
(Oldfield, 1971), and were naïve to the purpose of the 
experiment. Young participants were recruited from 
the university community. Older participants were 
recruited from the general community nearby the 
laboratory; they traveled independently to and from 
the laboratory for the testing session. All subjects 
had normal visual acuity (uncorrected or corrected 
with lenses). Table 1 summarizes the characteristics 
of each subject group. A brief explanation of the 
experiment was given to all volunteers and a signed 

consent form was acquired in accordance with human 
subject policies.

Experimental procedure
The experimental procedure of the current study was 
identical to that of our previous study (Bagesteiro et al., 
2006). The experiment consisted of two sessions: 
practice (30 trials under veridical conditions) to 
familiarize with the requirements of the task, and 
320 repetitive elbow joint extension movements 
toward one of two targets positioned 25° and 35° 
from the start location. Prior to movement, a start 
circle and one of two target circles were displayed 
(approximately distance: Target 0 = 14 cm; Target 
1 = 20 cm). A cursor, providing veridical feedback 
about the hand point, was to be positioned in the start 
circle (1cm diameter) for 300ms. At the presentation 
of an audiovisual “go” signal, the cursor was blanked. 
Subjects were instructed to move the hand to the 
target using a “single, uncorrected, rapid motion”. 
Between trials, cursor feedback was only provided 
when the hand was within a 3 cm radius of the 
center of the start circle. This was done to prevent 
adaptation to altered visual feedback. Within the 
320 trials, 32 different conditions (i.e. (2 targets) x 
(4 hand locations) x (4 cursor locations) - as shown 
in Figure 1A) were interspersed in a pseudorandomly 
manner. The design of this study produced 10 trials 
for each of the conditions tested. Subjects had no 
prior information about the mismatched positions. 
Figure 1B illustrates the relationship of the subjects’ 
hand to the cursor during the 3 conditions tested: 
(1) veridical; (2) vision displaced; (3) hand displaced.

Figure 1C illustrates the experimental setup. 
Subjects sat facing a projection screen with either the 
right or left arm supported over a horizontal table top, 
positioned just below shoulder height (adjusted 
to subjects’ comfort), by an air-jet system, which 
reduces the effects of gravity and friction. A cursor 
representing finger position, a start circle, and a target 
were projected on a horizontal back-projection screen 

Table 1. Summary of participants’ information.

Variable 
(mean ± SD) Young Elder

N 8 10
Age (years) 24.6 ± 5.3 69.6 ± 5.2
Weight (kg) 63.8 ± 7.7 69.8 ± 13.2
Height (m) 1.73 ± 0.08 1.59 ± 0.08
MMSE score 29.3 ± 0.6 28.8 ± 0.6
Education (years) 15.4 ± 2.1 14.8 ± 3.5
Left hand grip (N) 323 ± 21 297 ± 11
Right hand grip (N) 378 ± 18 336 ± 15
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Figure 1. (A) Possible hand start locations (90, 95, 100, and 105° elbow angle) and visual cursor start location conditions (difference between 
virtual and actual elbow angle: 0, 5, 10, and 15º). (B) Experimental design: position of hand and cursor for the conditions tested: (1) veridical, 
(2) vision displaced, (3) hand displaced. (C) Experimental setup.

positioned above the arm. A mirror, positioned parallel 
and below this screen, reflected the visual display, 
so as to give the illusion that the display was in the 
same horizontal plane as the fingertip (virtual image). 
Calibration of the display assured that this projection 
was veridical. All joints distal to the elbow were 

immobilized using an adjustable brace. This virtual 
reality environment assured that subjects had no visual 
feedback of their arm during an experimental session. 
Movements of the trunk and scapula were restricted 
using a butterfly-shaped chest restraint. Position and 
orientation of the segments, proximal and distal, of 
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the elbow joint were sampled using a Flock of birds 
(FoB) (Ascension-Technology) magnetic six-degree-
of-freedom (6-DOF) movement recording system. A 
single sensor was attached to the upper arm segment 
via an adjustable plastic cuff, while another sensor 
was fixed to the air sled where the forearm was fitted. 
The sensors were positioned approximately at the 
center of each arm segment.

Data analysis

The 3-D position of the hand point, and elbow were 
calculated from sensor position and orientation data. 
Then joint angle was calculated from these data. All 
kinematic data were low pass filtered at 12 Hz (3rd 
order, no-lag, dual pass Butterworth), and differentiated 
to yield velocity and acceleration values. Visual 
inspection was performed on every single trial to 
ensure that movement onset, peak acceleration, peak 
velocity, and movement termination were correctly 
determined.

We analyzed hand trajectories of the movements 
calculating the following measures of task performance: 
peak tangential velocity and acceleration, acceleration 
duration (defined as the elapsed time from movement 
start to time of peak velocity), movement duration 
(defined as the elapsed time from movement start to 
movement end), total distance traveled (calculated 
as the 2D distance between the start and the final 
location of the hand), and final position error 
(calculated as the distance between the hand point 
location at movement end and the center of the 
target). In order to assess the effect of changes of 
initial visual/proprioceptive information across the 
range of experimental manipulations on movement 
kinematics, we calculated the difference between the 
mean measures observed when the cursor or hand 
were in start position 90º and 105º (P90 – P105) for 
movement distance, peak velocity and acceleration, 
and acceleration duration.

Means of the individual dependent measures 
of task performance were analyzed using repeated-
measures 2 (Age) × 2 (Target) × 4 (Cursor position) 
× 4 (Hand position) analyses of variance with one 
between-subject factor (Age: Younger and Older) and 
three within-subject factors (Target distance: Short 
and Long; Initial Cursor position: 90°, 95°, 100°, 
and 105°; and Initial Hand position: 90°, 95°, 100°, 
and 105°). For all analyses, statistical significance 
was tested using an alpha value of 0.05 and Tukey’s 
HSD method was used for post-hoc analysis. We 
also conducted simple linear regression analysis for 
select sets of data using JMP statistical software 
(SAS). Comparison of correlation coefficients was 

done by converting individual r values to Z scores 
(Normalized r) using Fisher transformation.

Results
In this experiment, subjects performed targeted 
single-joint movements under sensory dissociation 
conditions imposed by a virtual reality environment, 
in which visual and proprioceptive information of 
initial limb position was dissociated prior to movement 
initiation. The conditions tested can be described as 
follows: “cursor displaced”, indicated that the hand 
was in alignment with the start circle location but the 
visual display (cursor) indicated a false misalignment; 
whereas the “hand displaced”, indicated that the hand 
was not aligned with the start circle location but the 
cursor indicated false alignment.

This study was designed to assess potential 
age-related differences in responding to sensory 
discrepancies about initial position to the control of 
movement distance. We analyzed these differences 
with repeated measures 2 × 2 × 4 × 4 analyses of 
variance with Age (young and older), Target distance 
(short and long), Cursor start location (90°, 95°, 100°, 
and 105°), and Hand start location (90°, 95°, 100°, 
and 105°) with Age as a between-subject factor and 
Target, Cursor and Hand as within subject factors.

Our ANOVA showed a main effect of age 
(F(1,16) = 16.03; P = 0.0010), target distance 
(F(1,16) = 105.28; P < 0.0001), cursor start location 
(F(3,16) = 21.70; P < 0.0001), and hand start location 
(F(3,16) = 13.42; P < 0.0001) on movement duration. 
Older participants took significant longer times to reach 
to the further target (0.79 ± 0.18s) than to the closer 
target (0.77 ± 0.18s), whereas the young participants 
produced had shorter times (T0: 0.47 ± 0.09s, T1: 
0.52 ± 0.10s) as compared to the older group. Similar 
effects were shown for acceleration duration, a main 
effect of age (F(1,16) = 13.67; P = 0.0020), target 
distance (F(1,16) = 70.32; P < 0.0001), cursor start 
location (F(3,16) = 12.89; P < 0.0001), and hand 
start location (F(3,16) = 10.51; P < 0.0001). As 
expected, older subjects (0.30 ± 0.08s) showed longer 
acceleration duration as compared to the younger 
(0.17 ± 0.07s).

Movement distance, final position error, peak 
velocity and peak acceleration showed main effects 
for target distance and cursor start location. The 
distance travelled toward T0 was significantly smaller 
(0.17 ± 0.07m) than the one toward T1 (0.20 ± 0.06 m) 
(F(1,16) = 755.56; P < 0.0001). The changes in cursor 
start location had similar effect decreasing movement 
distance (C90: 0.20 ± 0.06 m; C95: 0.19 ± 0.06 m; 
C100: 0.18 ± 0.07 m; C105: 0.17 ± 0.07 m) 
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(F(3,16) = 89.86; P < 0.0001). Consequently 
final position errors increased with target distance 
(T0: 0.05 ± 0.06 m; T1: 0.06 ± 0.05 m) (F(1,16) = 4.40; 
P = 0.0364) and cursor start location (F(3,16) = 24.02; 
P < 0.0001). Movements performed toward the further 
target reached a higher peak velocity (0.71 ± 0.31m/s) 
than those toward the closer target (0.63 ± 0.26 m/s) 
(F(1,16) = 339.18; P < 0.0001). Peak velocity also 
decreased as the cursor start location moved closer to 
the target (C90: 0.72 ± 0.31 m/s; C95: 0.69 ± 0.29 m/s; 
C100: 0.65 ± 0.27 m/s; C105: 0.62 ± 0.25 m/s) 
(F(3,16) = 89.86; P < 0.0001). Moreover, peak 
acceleration (F(1,16) = 64.43; P < 0.0001) was 
influenced by target distance and cursor start location 
(F(3,16) = 18.88; P < 0.0001). Movements to the 
long target produced significantly higher peak 
acceleration (7.61 ± 5.23m/s2) than those to the 

short target (7.15 ± 4.53m/s2). Similarly, cursor start 
location produced greater peak acceleration for the 
further position as compared to those closer to the 
target (C90: 7.69 ± 5.27m/s2; C95: 7.44 ± 5.06m/s2; 
C100: 7.30 ± 4.81m/s2; C105: 7.10 ± 4.41m/s2).

In order to enhance the distinctive effect of cursor 
(C) or hand (H) displacements on each group, we 
calculated the difference between the first initial 
position (i.e. 90°) and the forth initial position 
(i.e. 105°) in our dependent measures (movement 
distance, peak acceleration, acceleration duration 
and peak velocity) across the two targets, which 
are shown in the comparative plots of Figure 2 
(this figure also depicts the quality of the ANOVA 
interactions mentioned above). Movement distance 
differences (Figure 2A) showed reverse effects on 
the two groups. Elderly subjects presented greater 

Figure 2. Displaced conditions. (A): Mean Delta Movement distance for each target is displayed for vision (Cursor) and proprioception 
(Hand) conditions of elderly and young subjects. (B): Mean Delta Acceleration duration. (C): Mean Delta Peak acceleration. (D): Mean 
Delta Peak velocity. Bars indicate SE. (C) = cursor (vision). (H) = hand (proprioception). Delta = (Position 1 - Position 4) (position was 
cursor or hand on 1 of the 4 start locations).
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hand (H - proprioception) reliance as compared to the 
younger subjects, which showed better reliance on 
cursor (C - vision). This difference was maximized 
on the elderly group when moving to the long target, 
whereas on the younger group this effect was minimized 
when performing longer movements. Similar effects 
were shown on the acceleration duration measurement 
(Figure 2B) and peak velocity (Figure 2C), with a 
slight variation on the peak acceleration measurement, 
where all subjects showed a decreased effect when 
moving toward the long target (Figure 2D).

Distance and velocity analyses
Movement distance was generally longer for the 
older participants as compared to the younger. This 
was confirmed by a 2-way interaction between age 
and target (F(1,16) = 438.96; P < 0.0001), such that 
the older participants travelled longer towards both 
targets (T0: 21 ± 7cm; T1: 22 ± 7 cm) as compared 
to the young group (T0: 14 ± 4cm; T1: 19 ± 4 cm). 
Consequently, we had the same 2-way interaction 
for movement error (F(1,16) = 19.67; P < 0.0001). 
Young individuals showed similar errors for both 
targets (5 ± 3 cm) in contrast with the older group who 
showed larger and significantly different errors for the 
two targets (T0: 6 ± 5 cm; T1: 8 ± 6 cm). Furthermore, 
final position movement errors substantially varied 
with cursor start location for the younger participants 

(F(1,16) = 10.02; P < 0.0001) but not for the elderly; 
however no significant differences with changes in 
hand initial location was found for both groups. An 
interaction between “Age and Cursor” (F(3,16) = 79.49; 
P < 0.0001) presented interestingly effects; the young 
group better scaled their movement extent with cursor 
initial location, distinctively varied their movement 
extent for each cursor location, with no particular 
changes when the hand was moving. Conversely the 
older group showed no significant changes when hand 
or cursor location was displaced; i.e. movement extent 
was not scaled with the initial position manipulations. 
Table 2 summarizes the results for the total distance 
traveled across subjects group’s, targets and the 4 
initial positions for displaced conditions.

Older participants moved slower than the young. 
A two-way interaction between Age and Target 
(F(1,16) = 231.80; P < 0.0001) revealed that the young 
(T0: 0.68 ± 0.26 m/s; T1: 0.84 ± 0.32 m/s) but not 
the older (0.60 ± 0.25 m/s) group significantly scaled 
their peak velocities according to the two targets. 
Additionally, this scaling of peak velocity significantly 
varied with cursor start locations (two-way interaction 
Age and Cursor: F(3,16) = 42.26; P < 0.0001) for the 
young but not for the older, although no significant 
differences in either age groups were shown when 
initial hand position changed. Table 3 summarizes 
the results for peak tangential velocity across the 

Table 2. Total distance traveled (Mean ± SE) across subjects’ group (E = elder, Y = young), targets (T0 = short, T1 = long) and the 4 initial 
positions for displaced conditions (Cursor (C90, C95, C100, C105) and Hand (F90, F95, F100, F105)).

Cursor C90 C95 C100 C105

T0
E 0.212 ± 0.011

0.170 ± 0.007
0.218 ± 0.011
0.213 ± 0.008

0.210 ± 0.011
0.149 ± 0.006
0.215 ± 0.011
0.198 ± 0.007

0.205 ± 0.011
0.124 ± 0.005
0.214 ± 0.011
0.184 ± 0.007

0.199 ± 0.011
0.099 ± 0.005
0.209 ± 0.011
0.166 ± 0.007

Y

T1
E
Y

Hand F90 F95 F100 F105

T0
E 0.215 ± 0.012

0.143 ± 0.007
0.225 ± 0.012
0.210 ± 0.008

0.209 ± 0.011
0.139 ± 0.008
0.217 ± 0.011
0.196 ± 0.007

0.204 ± 0.011
0.131 ± 0.007
0.210 ± 0.011
0.184 ± 0.007

0.198 ± 0.010
0.129 ± 0.007
0.203 ± 0.010
0.173 ± 0.008

Y

T1
E
Y

Table 3. Peak tangential velocity (Mean ± SE) across subjects’ group (E = elder, Y = young), targets (T0 = short, T1 = long) and the 4 initial 
positions for displaced conditions (Cursor (C90, C95, C100, C105) and Hand (F90, F95, F100, F105)).

Cursor C90 C95 C100 C105

T0
E 0.251 ± 0.040

0.299 ± 0.053
0.276 ± 0.044
0.339 ± 0.060

0.250 ± 0.040
0.285 ± 0.050
0.255 ± 0.040
0.316 ± 0.056

0.239 ± 0.038
0.237 ± 0.042
0.246 ± 0.039
0.316 ± 0.056

0.237 ± 0.038
0.179 ± 0.032
0.243 ± 0.039
0.302 ± 0.053

Y

T1
E
Y

Hand F90 F95 F100 F105

T0
E 0.611 ± 0.040

0.702 ± 0.046
0.628 ± 0.043
0.899 ± 0.055

0.602 ± 0.041
0.690 ± 0.047
0.618 ± 0.042
0.845 ± 0.056

0.578 ± 0.037
0.665 ± 0.045
0.594 ± 0.039
0.826 ± 0.058

0.573 ± 0.037
0.669 ± 0.050
0.584 ± 0.038
0.791 ± 0.058

Y

T1
E
Y
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subjects group’s targets and the 4 initial positions 
for displaced conditions.

Figure 3A shows movement distance plotted as a 
function of peak tangential velocity for both groups 
of representative subjects (older: left; young: right). 
As indicated by the figure, peak tangential velocity 
is a relatively strong predictor of distance for the 
younger adult (r2 = 0.55 (T0), r2 = 0.62 (T1)) but not 
for the older adult (r2 = 0.12 (T0), r2 = 0.19 (T1)). 
This finding was significant across all participants 
as indicated by Figure 3B showing a comparison 

of correlation coefficients across subjects. These 
values were normalized for statistical comparison, 
which indicated significant differences between the 
groups (P < 0.05).

Acceleration analysis

Acceleration amplitude and acceleration duration are 
two measures by which peak velocity can be scaled. 
In order to further explore the control mechanisms 
that might underlie the differences in visual and 
proprioceptive contributions to distance control in 

Figure 3. Displaced conditions. (A): Movement distance as predicted by peak tangential hand velocity of both groups for representative 
subjects of each group (short target (T0) and long target (T1)). (B): Normalized mean r values for young (dark gray) and elderly (light gray) 
across subjects. * P < 0.05
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old and young adults, we further analyzed these 
two features of the acceleration profile. The results 
reveal an interaction between age and target for both 
measures, with the direction of interaction being 
different for each measure. Acceleration duration 
varied over groups and experimental conditions. 
Our ANOVA revealed an interaction between Age 
and Target (F(1,16) = 30.41; P < 0.0001) such that 
young adults significantly increased their acceleration 
duration for the long target as compared to the 
short target (T0: 0.16 ± 0.07s, T1: 0.19 ± 0.06s), 
whereas the elderly group presented no significant 
changes between targets (0.30 ± 0.08s). Remarkably, 
this difference varied according to the cursor start 
location for the young adults (two-way interaction 
Age and Cursor: F(3,16) = 5.96; P = 0.0005) but 
not for the older group. Target distance differently 
influenced peak acceleration for the two groups 
as movements performed by the young reached 
higher peaks than those performed by the old. Young 
subjects directly and substantially scaled their peaks 
for short and long targets (T0: 9.78 ± 5.21m/s2, 
T1: 10.83 ± 5.98m/s2), whereas the older subjects did 
not (5.05 ± 2.35m/s2) (two-way interaction Group and 
Target: F(1,16) = 71.59; P < 0.0001). Also, the effect 
of cursor location was significant for the young as their 
acceleration amplitude decreased as the initial cursor 
position became closer to the target. A similar effect 

was not seen with older adults (two-way interaction 
Age and Cursor: F(3,16) = 18.18; P < 0.0001). The 
results for acceleration peak and duration across 
subjects group’s targets and the 4 initial positions for 
displaced conditions are summarized on Tables 4 and 5.

As shown in Figure 4A, the amplitude of 
acceleration increased substantially for movements 
in which the cursor start position varied for a young 
adult whereas not for the older adult. Instead, the old 
participant increased the duration of acceleration with 
changes in cursor start location. This finding was 
significant across all young participants as indicated 
by Figure 4C, showing significant (P < 0.01) scaling 
of peak acceleration with cursor (vision) condition. In 
contrast, the older adult showed extensive change in 
acceleration duration for movements in which the hand 
start position varied (Figure 4B), whereas the young 
subject showed minimal adjustment of acceleration 
amplitude. In fact, as shown by Figure 4C, this scaling 
was presented across the older group (P < 0.05).

Discussion
The purpose of the study was to evaluate distinctive 
effects on reach kinematics for the two age groups 
(young and older adults) in responding to sensory 
discrepancies about initial hand position. We were 
thus mainly interested in assessing the response of 

Table 5. Acceleration duration (Mean  ±  SE) across subjects’ group (E = elder, Y = young), targets (T0 = short, T1 = long) and the 4 initial 
positions for displaced conditions (Cursor (C90, C95, C100, C105) and Hand (F90, F95, F100, F105)).

Cursor C90 C95 C100 C105

T0
E 0.301 ± 0.012

0.179 ± 0.012
0.301 ± 0.011
0.199 ± 0.011

0.303 ± 0.011
0.165 ± 0.011
0.303 ± 0.011
0.192 ± 0.011

0.297 ± 0.013
0.154 ± 0.012
0.309 ± 0.014
0.187 ± 0.011

0.289 ± 0.013
0.139 ± 0.012
0.301 ± 0.013
0.179 ± 0.012

Y

T1
E
Y

Hand F90 F95 F100 F105

T0
E 0.302 ± 0.011

0.168 ± 0.011
0.320 ± 0.013
0.197 ± 0.011

0.301 ± 0.013
0.162 ± 0.011
0.298 ± 0.011
0.194 ± 0.012

0.297 ± 0.013
0.155 ± 0.012
0.297 ± 0.012
0.184 ± 0.011

0.290 ± 0.013
0.153 ± 0.012
0.299 ± 0.014
0.182 ± 0.012

Y

T1
E
Y

Table 4. Peak tangential acceleration (Mean ± SE) across subjects’ group (E = elder, Y = young), targets (T0 = short, T1 = long) and the 4 
initial positions for displaced conditions (Cursor (C90, C95, C100, C105) and Hand (F90, F95, F100, F105)).

Cursor C90 C95 C100 C105

T0
E 5.111 ± 0.384

10.599 ± 1.048
5.137 ± 0.395

11.196 ± 1.106

4.920 ± 0.345
10.082 ± 1.003
4.976 ± 0.355

11.015 ± 1.080

5.089 ± 0.364
9.552 ± 0.898
4.964 ± 0.376

10.748 ± 1.068

5.105 ± 0.376
8.884 ± 0.720
5.037 ± 0.391

10.373 ± 1.020

Y

T1
E
Y

Hand F90 F95 F100 F105

T0
E 5.023 ± 0.327

9.785 ± 0.883
4.890 ± 0.348

11.006 ± 1.022

5.073 ± 0.375
9.768 ± 0.923
5.080 ± 0.400

10.814 ± 1.072

4.980 ± 0.355
9.763 ± 0.917
5.053 ± 0.380

10.901 ± 1.082

5.149 ± 0.409
9.800 ± 1.004
5.092 ± 0.388

10.610 ± 1.103

Y

T1
E
Y
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Figure 4. Displaced conditions. (A): Acceleration profiles for movements from the 4 cursor (vision) start locations towards the short target 
for representative subjects. (B): Acceleration profiles for movements from the 4 hand (proprioception) start locations towards the short target 
for representative subjects. (C) Average peak acceleration and acceleration duration as a function of cursor (C) and hand (H) initial position 
(P90 = 90° and P105 = 105°) for the short (T0) and long (T1) targets. Error bars represent between subjects standard errors.
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each group when false alignment between visual 
information about hand start location and actual hand 
position were presented.

The effects of initial position information on 
the two experimental groups were very distinctive; 
suggesting mechanistic differences in how each group 
effectively scaled acceleration features with initial 
vision and proprioception information dissociation. 
The young group movements were well characterized 
by movement distance and peak tangential acceleration 
mainly defined by visually derived cursor information; 
whereas for the older group the manipulation of initial 
position information produced greater responses on 
the time course (acceleration duration) variables by 
proprioceptive information about actual hand location. 
These two features of the acceleration profile have been 
well studied and are thought to reflect independent 
control mechanisms (Brown and Cooke, 1981, 1984, 
1990; Cooke and Brown, 1990; Ghez, 1979; Mutha 
and Sainburg, 2007; Schaefer and Sainburg, 2008). 
Acceleration amplitude occurs early in movement and 
reflects largely pre-planned mechanisms, whereas, 
acceleration duration is substantially affected by 
sensory feedback; reflecting corrective mechanisms 
associated with distance control adjustments. Our 
analysis of acceleration amplitude and duration 
suggests that the two groups differently planned 
movement distance: older adults utilized sensory 
feedback mechanisms to adjust the duration of the 
initial acceleration impulse so as to specify movement 
speed in accord with changes in alteration of hand 
initial position (proprioception information). In 
contrast, the young adults specified distance primarily 
by adjusting the amplitude of the initial acceleration 
phase in agreement with the alterations presented in 
initial cursor locations (visual information).

The idea that older adults’ utilization of feedback-
mediated error-correction mechanisms to a greater 
degree has previously been proposed, although the 
possible explanations of age-related differences in 
control mechanisms have yielded different results. 
Elderly subjects showed higher levels of EMG activity 
and coactivation as well as decreases in performance, 
in terms of velocity and error rate (Darling et al., 
1989; Seidler and Stelmach, 1996). Potential reasons 
of age-related differences in performance and muscle 
activity may be suggestive, e.g. differences in muscle 
strength, muscle fiber composition, motor skill, 
sensory feedback, and increased reaction time 
(Warabi et al., 1986; Seidler and Stelmach, 1996). 
The requirement for precision are largest during the 
deceleration phase when approaching the target; this 
phase is prolonged while maximum speed remains 
unchanged during voluntary movements in the older 

adult resulting generally in longer movement time, as 
well as submovements, which are frequent in the older 
participants (Cooke et al., 1989; Darling et al., 1989; 
Pohl et al., 1996; Pratt et al., 1994). These changes 
may be due to deteriorated motor control, but may 
also indicate a strategic difference between the two 
groups, whereby the elderly use “safer” strategies to 
avoid errors that result in slower speeds compared 
to the young. In addition, aging is associated with 
significant changes in the neuromuscular reflex system 
properties and perceptual processing deficits, which 
are mainly associated with weaker and slower muscle 
force generation and with a certain level of difficulty, 
but not with significant decrease in motoneuronal 
excitability (Chung et al., 2005; Head et al., 2008).

For the young subjects, peak acceleration 
decreased with start location and was accompanied 
by a significant decrease in acceleration duration, 
further supporting the notion that the young rely on 
feedforward mechanism and preprogram a greater 
portion of the movement. The older participants, in 
contrast, substantially decreased their acceleration 
duration but not their peak acceleration, suggesting 
effective reliance on feedback mechanism. Thus for 
a given aiming task, the young required only a small 
correction, while the elderly had to make a large 
corrective set of commands in order to achieve the 
target; performing a greater portion of the movement 
under feedback control as opposed pre-planned 
programming control.

According to previous studies, older individuals 
were not disrupted to a greater extent than the young 
when visual feedback was removed prior to movement 
start (Seidler-Dobrin and Stelmach, 1998). It was 
suggested that in the absence of vision the subjects used 
proprioceptive information to guide their movements, 
however as proprioceptive information was not as 
accurate as visual feedback, this would explain the 
increase in amplitude and duration of the movements. 
Serrien et al. (1996) found that the absence or presence 
of visual feedback influenced the performance of 
the young subjects more than that of the elderly, the 
young subjects performed more stable movements 
under normal circumstances but were more strongly 
affected by vibratory stimuli during the performance 
of movements. They suggested that this manipulation 
could be related to a reduced sensory sensitivity as a 
function of aging, and hypothesize that the continuous 
updating between the proprioceptive and visual maps 
introduces an imprecision in the calibration process, 
eliciting additional variability into the system. In the 
present study participants had no visual feedback 
during movements, and when conflicting information 
about the initial location was presented older adults 
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better adapted their movements in accordance with 
proprioceptive information, suggesting that aging 
deficits are relate to visual information.

The effects of the false alignment between visual 
information and actual hand position were different 
for the two age groups. Previous studies have shown 
conflicting findings when visual distortion was 
presented. Some showed comparable performance 
in young and old subjects (Bock and Schneider 
2002; Buch et al., 2003; Etnier and Landers, 1998; 
Roller et al., 2002), but other showed distinct 
degradation in the elderly (Buch et al., 2003; Bock, 
2005; Fernandez-Ruiz et al., 2000; McNay and 
Willingham, 1998). This discrepancy has been related 
to deficits of strategic control in elderly and has been 
interpreted as evidence that recalibration is age-
resistant whereas strategic control might deteriorate 
in old age (Fernandez-Ruiz et al., 2000; McNay and 
Willingham, 1998). In another set of studies, Chaput 
and Proteau (1996a, 1996b) suggested that older 
individuals appeared to process independently from 
each other depending on the different sources of sensory 
information available (vision and/or proprioception). 
Moreover, when the temporal constraints of the task 
were stringent, older adults seemed to rely more on 
modes of control in which sensory information plays 
a minimal role when compared to younger subjects. 
Also, when multiple targets were used, older adults 
appeared to program a response which was optimally 
suited for a “central” target. Our findings are in 
accordance with the view that age-related changes 
are most likely because of impaired strategic control.

The young and older participants in this study 
presented different strategies according to the sensory 
information accessible to perform the movements. 
The young were able to completely rely on visual 
information through feedforward mechanism, implying 
that peak acceleration served as a reasonable predictor 
of movement distance. On the other hand, older adults 
showed a greater reliance on feedback mechanisms, 
with acceleration duration being a good predictor of 
distance and causing them to be slower with increased 
movement duration.

The effects of sensory discrepancies were clearly 
different for our two age groups, with elderly subjects 
relying on proprioceptive information, and younger 
subjects relying more on visual information. However, 
it should be stressed that our current findings do not 
indicate whether proprioception is more accurately 
used in either group. Rather, that the elderly tend to rely 
more on proprioception than on vision for controlling 
reaching movements. Our current findings appear to 
both support and extend previous work by Seidler et al. 
(2002), which showed that the movements of elderly 

subjects were less accurate than younger subjects, 
when movements were made with visual feedback. 
However, when performed without visual feedback, 
both groups showed similar accuracies, emphasizing 
the tendency for younger, but not older subjects, to 
employ visual feedback to increase the accuracy of 
their movements. The current results indicate a strong 
tendency for older subjects to rely more extensively 
than younger subjects on proprioception in controlling 
movement distance.
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