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reflect age-related changes in the perception of peripersonal 
space. In contrast to previous studies, accuracy did not dif-
fer between the preferred and non-preferred arms in either 
group. These results extend previous findings demonstrat-
ing age-related impairments in proprioceptively guided arm 
movements when interhemispheric transfer is required.

Keywords Aging · Proprioception · Upper limb · 
Reaching · Multi-joint reaching

Introduction

Proprioception is the ability to perceive the relative posi-
tion of our joints and limbs in space and is mediated by 
neural impulses originating from joint, cutaneous, and 
muscle receptors (for review, see Proske and Gandevia 
2009). These signals are interpreted by the central nerv-
ous system to facilitate the prediction of muscle interaction 
torques (Sainburg et al. 1993), the coordination of multi-
joint movements (Cordo 1990), and maintenance of inter-
nal body representations used in the planning of voluntary 
movements (Haggard et al. 2003; Haggard and Wolpert 
2005).

The ability to utilize proprioceptive information in the 
absence of vision can be affected by various factors. When 
making proprioceptively guided matching movements to 
remembered targets, large movement amplitudes are asso-
ciated with greater endpoint errors (Goble and Brown 
2009). This association may be related to target location 
relative to the body, since position matching errors have 
been found to increase as movement endpoints move fur-
ther from the body midline (Wilson et al. 2010; Fuentes 
and Bastian 2010; Rincon-Gonzalez et al. 2011). Other fac-
tors which may affect proprioceptive performance include 
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motor expertise (Lin et al. 2006) and developmental level 
(Goble et al. 2005), as evidenced by improved position 
sense in adolescents compared with children. Considerable 
data also exist for a left-hand proprioceptive advantage in 
right-handed young adults (Goble and Brown 2007, 2008, 
2009). This is thought to reflect a non-preferred limb/hemi-
sphere specialization in the ability to use proprioceptive 
feedback (Sainburg 2002; Goble et al. 2006) which may be 
reduced in older adults (Przybyla et al. 2011).

It is well established that somatosensory function 
declines with aging. Age-related changes in lower-limb 
proprioceptive function are associated with decreased pos-
tural control (Horak 2006) and increased fall risk (Sorock 
and Labiner 1992). In contrast, the effects of aging on upper 
limb proprioceptive function are less well understood. Kok-
men et al. (1978) found that aging had a negligible effect 
on the ability to detect passive finger joint motion. Simi-
larly, Lovelace and Aikens (1990) found that the accuracy 
of a remembered pointing task was similar between young 
and older adults. However, proprioceptive deficits about the 
elbow (Adamo et al. 2007) and wrist (Adamo et al. 2009; 
Wright et al. 2011) have been reported in elderly individu-
als, especially for tasks requiring interhemispheric trans-
fer of proprioceptive information. More recently, Langan 
(2014) found that upper limb proprioceptive accuracy 
decreased when older adults performed self-guided reach-
ing movements with extrinsic sensory feedback.

Most studies have used single-joint or planar paradigms 
to examine age-related changes in upper limb propriocep-
tive function. It is unclear whether these changes can be 
generalized to more complex, unrestrained multi-joint 
movements, where additional sensory feedback may influ-
ence proprioceptive performance. For example, King et al. 
(2013) found no differences in matching accuracy between 
the preferred and non-preferred arms when young adults 
performed a proprioceptive reaching task in the vertical 
plane, demonstrating the effects of increased sensory feed-
back on motor lateralization. Further, multi-joint move-
ment requires precise control of joint interaction torques 
(Gribble and Ostry 1999), thought to be centrally medi-
ated by proprioceptive feedback (Sainburg et al. 1995, 
Verschueren et al. 1999). Older adults may be unable to 
sufficiently compensate for interaction torques due to age-
related degeneration of the cerebellum (Zhang et al. 2010), 
an important site for proprioceptive information integration 
(Jueptner and Willer 1998). Since age-related declines in 
cognitive function may impair the ability to integrate multi-
ple sources of sensory feedback (Brauer et al. 2001; Goble 
et al. 2009), differences in proprioceptive acuity between 
young and older adults may persist when performing multi-
joint matching movements. These differences may be most 
pronounced when additional sensory feedback is generated 
at larger movement extents, particularly when movement 

endpoints are located further from the body midline. 
Indeed, Ghafouri and Lestienne (2000) demonstrated that 
older adults made marked spatial errors when reproducing 
elliptical hand paths in the horizontal plane, where move-
ments deviated most from the midline. These findings were 
interpreted as possibly reflecting age-related degradation of 
peripersonal space, defined as the neural representation of 
space immediately surrounding the body.

Given the aforementioned factors which have been 
shown to influence proprioceptively guided movements, the 
purpose of this study was to examine the effects of aging, 
hand preference, and target location on reaching to remem-
bered targets in three-dimensional space. We hypothesized 
that, in both young and older adults, matching errors would 
be greater for movements made to targets located further 
away from the midline, with errors greater in the older 
group. We also hypothesized that a non-preferred arm posi-
tion matching advantage would be seen in the young adults 
with reduced asymmetries between the preferred and non-
preferred arms in older adults. Lastly, we hypothesized that 
more complex tasks requiring interhemispheric transfer of 
proprioceptive information would lead to greater errors in 
older compared with young adults.

Methods

Participants

Twelve young (six male; six female, mean age 22 ± 2.3  
years) and twelve older (six male; six female, mean age 
76 ± 5.6 years) individuals participated in the study. All 
participants were right-handed, lived independently in the 
community, and were free of any neuromuscular or neu-
rological conditions that might hinder task performance. 
None had a long-standing history of highly skilled motor 
activity or sports involving precise upper limb control. 
Handedness was assessed using the Edinburgh Handedness 
Inventory (Oldfield 1971). Cognitive function was assessed 
in the older group using the Mini Mental State Examination 
(Folstein et al. 1975), where all participants scored >27. 
Participants were instructed to abstain from any strenuous 
upper limb activity 4 h prior to testing. Informed consent 
was obtained prior to testing according to procedures estab-
lished by the Institutional Review Board of the University 
of Michigan.

Experimental procedure

Participants were comfortably seated on an adjustable 
straight-back chair in front of a table. Initial arm position 
was 90° elbow flexion and 10° shoulder abduction with 
the fingers touching the edge of the table. The index and 
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middle fingers were held in an extended position while all 
other, digits were flexed. Participants were instructed to 
keep their trunk upright and in contact with the chair during 
testing and were blindfolded for all trials.

The task involved reaching to remembered target loca-
tions from a seated position. The target location was 
defined by having participants actively move their arm 
to a self-determined position in three-dimensional space, 
located either directly in front of the participant or approx-
imately 45° to the side. Target locations were at shoul-
der height and were equal to approximately 85 % of the 
participant’s maximum reach distance. The arm, hand, 
and fingers were held in the target location for 3 s. The 
arm was then returned to the edge of the table where the 
experimenter assisted the participant in repositioning his 
or her hand to the designated starting position. The tar-
get location was matched by actively moving the arm to 
the previous target location after a 3-s delay. Participants 
were instructed to move using one continuous motion at 
a preferred movement speed, to keep the head stationary 
and facing forward, and to attend to the spatial position of 
the hand. Prior to testing, each participant was familiarized 
with reaching target locations (i.e., front, side) by perform-
ing visually guided practice trials to a target board. The 
reach distance to the target board was adjusted to reflect 
approximately 85 % of each participant’s maximum reach 
distance.

The target location was matched with either the same 
(i.e., ipsilateral) or opposite (i.e., contralateral) arm. In the 
contralateral condition, the target location was reproduced 
by moving the matching arm in space so that it mirrored 
the memorized position of the reference arm relative to the 
body midline. Matching conditions were conducted with 
either the non-preferred (left) or preferred (right) hand per-
forming the matching movement. Four different matching 
tasks (ipsilateral-left, ipsilateral-right, contralateral-left, 
contralateral-right) were performed in a pseudorandomized 
order to control for order effects. For each matching task, 
four trials were performed to the front target location and 
four trials to the side position. A 2-min rest period was pro-
vided between conditions.

Experimental setup

An electromagnetic tracking system (Ascension Technol-
ogy, Burlington, VT, USA) with Motion Monitor software 
(Innovative Sports Training, Chicago, IL, USA) was used 
to record upper limb kinematics. Three electromagnetic 
sensors were used throughout testing. One sensor was 
taped on the distal dorsal aspect of the middle and index 
fingers of each hand to track the end point position of the 
hand. Both fingers were taped together prior to the place-
ment of the hand sensors. The third sensor was attached to 

the sternum. All sensors and connecting wires were secured 
to the arm with foam wrap to minimize movement artifacts.

Data acquisition and analysis

Position data in the x (anterior/posterior), y (lateral) and z 
(vertical) directions were obtained from the motion capture 
sensors. Signals were digitized at 100 Hz and filtered (But-
terworth filter, cutoff frequency 6 Hz) prior to data analy-
sis. Absolute positional error, a measure of endpoint accu-
racy (Adamovich et al. 1999), was calculated according to 
the following formula:

where dx, dy, and dz are the differences between the target 
and matched endpoint positions in the x direction (ante-
rior/posterior), the y direction (lateral), and the z direction 
(vertical). Both target and matched endpoint positions were 
determined using a threshold detection algorithm of ±2 SD 
from the baseline (zero) velocity signal. Absolute and con-
stant radial, inclination, and azimuth errors were calculated 
in a spherical reference frame with the origin located at the 
position of the sternal sensor (see Fig. 1). Evidence sug-
gests that a spherical coordinate system best approximates 
the internal representation of the position of the hand when 
making reaching movements to targets in space (Soechting 
and Flanders 1989; Vetter et al. 1999). Movement ampli-
tude (i.e., the absolute distance between the initial and end-
point positions of the matching hand) and movement time 
were also compared between age groups.

Statistical analysis

An initial comparison of performance between males and 
females indicated no differences in matching performance. 
We, therefore, pooled data across sexes for all subsequent 
analyses. Main and two-way interaction effects were 
determined for the three within-subject independent fac-
tors (condition, direction, matching hand) using a repeated 
measures mixed model analysis of variance where age was 
chosen as the between-subject factor. Data were analyzed 
using SPSS (version 17.0; SPSS Inc, Chicago, IL, USA). 
Statistical significance was set at p < 0.05.

Results

All participants were able to perform reaching movements 
as instructed. Movement amplitudes associated with tar-
gets located to the side were approximately 7 cm greater 
than those located in the forward direction for both age 
groups. Matching movement time was significantly greater 

Absolute positional error =

(

d2
x + d2

y + d2
z

)1/2
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in older (2.17 ± 0.13 s) compared with young adults 
(1.70 ± 0.09 s) (p < 0.01).

Absolute errors

Absolute positional errors (Fig. 2) were similar between 
young and older participants in the ipsilateral matching 
condition, regardless of target location. By comparison, 
absolute positional errors were greater in the contralat-
eral matching condition for both groups (p < 0.001), 
with errors greater in the older group compared with the 
younger group (p < 0.001) (Fig. 3). Errors in the older 
group were most pronounced in the contralateral match-
ing condition when matching to the side (p < 0.05). No 

significant differences in absolute positional error were 
found between the non-preferred and preferred hands in 
either group.

To understand whether absolute positional errors were 
directionally dependent, we analyzed absolute errors in 
terms of their spherical coordinates (i.e., radial, inclination, 
and azimuth). Absolute radial errors (Fig. 4a) were greater 
when matching with the contralateral hand compared with 
the ipsilateral hand (p < 0.001). A small, but statistically 
significant difference in absolute radial error was found 
between target locations (p < 0.05), where matching was 
less accurate when reaching to targets located to the side. 
No significant differences were found between age groups 
or matching hand. Absolute inclination errors (Fig. 4b) 
were also greater in the contralateral matching condition 
compared with the ipsilateral condition (p < 0.001). In the 
contralateral condition, older adults had greater inclination 
errors compared with younger adults (p < 0.05), especially 
when reaching to the side (p < 0.001). No significant dif-
ferences in absolute inclination error were found between 

Fig. 1  Top–down perspective of the experimental setup. Position of 
the arms initially (a), when reaching forward (b), and when reach-
ing to the side (c). Radial distances (r) were the absolute distance 
between the sternal and finger sensors. Inclination angles (θ) were 

the angular distances between the sagittal plane (z) and line seg-
ment between the positions of the sternal and finger sensors. Azimuth 
angles (ϕ) were the angular distances in the horizontal plane between 
the midline (y) and the position of the finger sensor

Fig. 2  Mean ± 1 SE absolute positions errors when matching 
remembered forward and side arm positions with the ipsilateral and 
contralateral arm. Open bars represent data from young participants; 
filled bars older participants

Fig. 3  Top–down perspective of hand trajectories from a young 
(upper record) and older (lower record) participant for four consecu-
tive trials during the contralateral-side condition. Reference targets 
(circled dots), mirrored from left to right with respect to the midsagit-
tal plane, were indicated by the left hand and matched with the right. 
Arrows indicate the direction of the movement
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matching hands. Absolute azimuth errors (Fig. 4c) were 
greater in the contralateral matching condition compared 
with the ipsilateral condition for both groups. Errors were 
greater in the older group compared with the younger group 
(p < 0.001), which were most pronounced in the contralat-
eral condition (p < 0.001). Absolute positional errors were 
most influenced by errors in the azimuth direction in both 
tasks and target locations (p < 0.001), with no observed dif-
ferences between matching hands.

Constant errors

To determine where matching errors were localized in 
space relative to target positions, we calculated constant 
errors from the spherical error measures. Inspection of 
constant error measures revealed no statistically signifi-
cant differences between older and younger participants. 
Therefore, constant error data were collapsed across 
groups. Significant differences in constant radial error 
(Fig. 5a) were found between matching hands (p < 0.01). 

In the contralateral matching condition, participants over-
estimated target distance when matching with the right 
hand and underestimated distance when matching with 
the left hand when reaching forward, but not to the side 
(p < 0.001). Differences were not significant in the ipsi-
lateral condition, and no differences were found between 
age groups. Constant inclination errors (Fig. 5b) indicated 
that participants overestimated target height when match-
ing with the right hand and underestimated height when 
matching with the left hand during the contralateral match-
ing condition when matching to the side, but not forward 
(p < 0.001). Differences between matching hands were 
not significant in the ipsilateral condition or between age 
groups. Constant azimuth errors (Fig. 5c) indicated that 
participants overestimated target rotational position when 
matching with the right hand and underestimated when 
matching with the left hand in the contralateral matching 
task when reaching forward and to the side (p < 0.001). 
Differences in error between matching hands were not sig-
nificant in the ipsilateral condition or between age groups.

Fig. 4  Mean ± 1 SE absolute radial (a), inclination (b), and azimuth (c) errors when matching remembered forward and side arm positions with 
the ipsilateral and contralateral arm. Open bars represent data from young participants; filled bars older participants

Fig. 5  Mean ± 1 SE constant radial (a), inclination (b), and azimuth 
(c) errors when matching remembered forward and side arm positions 
with the ipsilateral and contralateral arm. Open bars represent data 

when the target position was matched with the right arm; filled bars 
with the left arm
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Discussion

The present study compared proprioceptive acuity between 
young and older adults when matching remembered arm 
positions in three-dimensional space. We found that per-
formance was similar between young and older adults 
when matching movements were performed with the same 
arm. For movements requiring interhemispheric transfer, 
declines in performance were greater in the older com-
pared with young adults, especially for movement end-
points located to the side away from the body midline. In 
contrast to previous work demonstrating a proprioceptive 
specialization in the non-preferred limb (Sainburg 2002; 
Goble et al. 2006), limb asymmetries in proprioceptive acu-
ity were not found in both young and older adults.

Proprioceptive acuity was similar between young and 
older adults during the ipsilateral matching condition, 
regardless of target location from the body midline. These 
findings contrast with those reported by Adamo et al. (2007, 
2009), who found that older adults had significantly greater 
matching errors when replicating joint angles with the 
same and opposite arms. Methodological differences may 
account for conflicting findings, since Adamo et al. (2007, 
2009) conducted single-joint position matching tasks in a 
gravity-eliminated environment. In the present study, we 
used a multi-joint position matching task which allowed 
gravitational forces to influence arm movements. The per-
ception of arm orientation, thought to rely upon a subjec-
tive gravitational reference frame (Darling et al. 2008), 
may have been enhanced by moving in three-dimensional 
space. Indeed, evidence suggests that the central nervous 
system generates an internal representation of interactions 
between gravity and arm movement dynamics, which may 
facilitate sensorimotor control and movement planning 
(Papaxanthis et al. 2005; Gentili et al. 2007). Reaching in 
three-dimensional space, compared with single-joint move-
ments, increases proprioceptive feedback from multiple 
limb segments. It is possible that proprioceptive feedback 
used to establish an internal representation of the desired 
movement may indirectly influence sense of effort, which 
has been implicated as a factor to enhance position match-
ing ability in the presence of the force of gravity (Winter 
et al. 2005; Gandevia et al. 2006). Furthermore, age-related 
changes in proprioceptor function are known to increase the 
amount of spontaneous, unwanted neuronal activity (i.e., 
noise) in sensory feedback (Shaffer and Harrison 2007). 
This has been suggested as a factor that could influence the 
magnitude of errors in single-joint studies of elderly upper 
limb proprioceptive function (Adamo et al. 2007, 2009). 
There is evidence that the central nervous system encodes 
limb endpoint positions by integrating sensory feedback 
from combinations of joint segments (Helms Tillery et al. 
1996, Bosco et al. 2000). The effects of sensory noise on 

limb position estimation may be mitigated when multiple 
sources of proprioceptive information are provided (Kuo 
2005), therefore allowing for a more accurate internal rep-
resentation of limb position.

We demonstrated marked increases in position match-
ing errors for reaching tasks that required interhemispheric 
transfer of memory-based proprioceptive information (i.e., 
contralateral matching condition). In contrast to the ipsilat-
eral matching condition, the magnitudes of matching errors 
were greater in older compared with young adults. Our 
findings are corroborated by other investigations of age-
related differences in proprioceptive ability between young 
and older individuals (Adamo et al. 2007, 2009; Herter 
et al. 2014). These results may be explained by deteriora-
tion of cognitive processes involved in sensorimotor func-
tion (Li and Lindenberger 2002) and reduced hemispheric 
connectivity caused by corpus callosum degeneration (Abe 
et al. 2002). Indeed, declines in working memory and psy-
chomotor speeds have been associated with age-related 
atrophy of the anterior region of the corpus callosum (Fling 
et al. 2011). Sex may also influence corpus callosum mor-
phology (Suganthy et al. 2003) and contribute to differ-
ences in bimanual coordination between men and women 
(Shetty et al. 2014). In the present study, however, sex was 
not associated with differences in proprioceptive acuity due 
to our small sample size.

Interestingly, absolute position matching errors were 
most pronounced when older adults reached to the side 
in the contralateral matching condition. Previous work 
has demonstrated that upper limb proprioceptive acuity 
decreases as target distances are located further from the 
body midline (Wilson et al. 2010; Fuentes and Bastian 
2010; Rincon-Gonzalez et al. 2011). We observed this 
effect only when interhemispheric transfer of proprio-
ceptive information was required, suggesting that known 
age-related degradation of the corpus callosum (Abe et al. 
2002) may have decreased the signal-to-noise ratio of the 
transferred information. Degeneration of other cognitive 
structures involved in the processing of interhemispheri-
cally transferred sensory information may also be involved. 
Decreased matching accuracy for contralateral matching 
movements to the side may reflect degenerative processes 
associated with the perception of hand position in perip-
ersonal space (Ghafouri and Lestienne 2000). Age-related 
impairment of peripersonal space representations of the 
hand alters the allocation of attentional resources dur-
ing the planning and execution of movements, resulting 
in increased arm movement response times (Bloesch et al. 
2013). This has implications for older adults when motor 
behaviors require the arm to be moved away from the body 
midline. For example, reaching to the side can serve a pro-
tective role when maintaining postural control or deflect-
ing impact forces exerted on the body when falling. Young 
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adults initiate protective arm movement 50–100 ms after 
a tripping perturbation (Pijnappels et al. 2010). Based on 
previous work demonstrating greater response time latency 
and variability in older versus young adults during reac-
tion time tasks (Hultsch et al. 2002), it is likely that this 
protective response becomes delayed with age. This may 
be reflected by age-related differences in arm movement 
mechanics and recovery strategies during falls (Roos et al. 
2008). Elevated fall risk (Woollacott et al. 1986; Sorock 
and Labiner 1992) and fall morbidity (Sattin 1992) in older 
adults may therefore be partially due to diminished periper-
sonal space representations of arm position. Future investi-
gations are needed to substantiate this argument.

No differences in absolute positional error were found 
between the preferred and non-preferred limbs for either 
young or older adults. This finding contrasts with previous 
work that demonstrated a non-preferred arm advantage for 
the localization of memorized proprioceptive targets when 
making single-joint movements (Goble et al. 2006; Goble 
and Brown 2007). Our results corroborate other multi-
joint studies where no interlimb differences in propriocep-
tive acuity were found (Carson et al. 1990; Chapman et al. 
2001; King et al. 2013). Increased sensory feedback gen-
erated across multiple limb segments may have attenuated 
differences in endpoint accuracy between the preferred and 
non-preferred arms when performing unrestrained proprio-
ceptively guided movements. Alternatively, when making 
multi-joint movements, the central nervous system may 
use multiple redundant degrees of freedom to reduce differ-
ences in arm positioning errors between the preferred and 
non-preferred limbs (Karduna and Sainburg 2012). While 
our results imply that the central nervous system retains 
this ability through age, a comparison of intra-limb joint 
dynamics between young and older adults is warranted to 
support this postulation.

Our constant error results revealed a rightward horizon-
tal bias in matching errors during the contralateral matching 
condition. With regard to the midsagittal plane, participants 
overestimated the horizontal angular distance of target posi-
tions indicated by the left hand when matching with the right 
hand, where the left hand underestimated the position of 
the right hand. Hand positioning biases have been reported 
previously (Haggard et al. 2000; Helms Tillery et al. 1994), 
although these studies required participants to reach across 
the midline to match target positions indicated by the con-
tralateral arm. The pattern of constant errors revealed by the 
present study, then, may be introduced when spatial coor-
dinates are bilaterally transformed across the midsagittal 
plane, potentially due to the utilization of different refer-
ence frames between the left and right arms (McGuire and 
Sabes 2009). Alternatively, the observed rightward bias may 
reflect a lifetime of dominant arm use. A leftward systemic 
bias in visuospatial processing has been extensively studied 

(for review see Brooks et al. 2014), which may be related to 
proprioceptive biases observed when matching contralater-
ally indicated arm positions.

It has been hypothesized that proprioceptive acuity is 
greater when using a hand positioning protocol compared 
with a joint angle protocol (van Beers et al. 1998). Recent 
reports indicated that differences in hand versus joint angle 
matching were not statistically significant (King and Kar-
duna 2014) or were too small in magnitude to have a mean-
ingful impact on results (Fuentes and Bastian 2010). We 
instructed participants to attend to hand position, rather 
than joint angle, when performing target reference and 
matching movements. Based on these previous investiga-
tions, we do not anticipate that our observed findings would 
be significantly different if participants were instructed to 
attend to joint angle.

Conclusion

Using a multi-joint matching paradigm in three-dimen-
sional space, we found that proprioceptive ability was 
similar between young and older adults when tasks did 
not require interhemispheric transfer of position-related 
sensory feedback. This observation may reflect the ben-
efits of increased feedback as a result of moving with or 
against gravity. The greatest age-related deficits were seen 
when moving to remembered targets located to the side and 
requiring interhemispheric transfer, suggesting workspace-
related impairments during proprioceptively guided move-
ments. Together these findings extend our understanding 
of the factors influencing proprioceptive acuity and are of 
value when considering, for example, movement-based 
exercises to improve sensorimotor coordination in older 
adults. Future work should include a detailed exploration 
of proprioceptive acuity in different parts of the workspace 
as well as understanding how standing posture, associated 
with many activities of daily living involving reaching 
movements, may influence task performance.
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