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Theories of embodied perception hold that the visual system is calibrated by both the body schema and
the action system, allowing for adaptive action–perception responses. One example of embodied
perception involves the effects of tool use on distance perception, in which wielding a tool with the
intention to act upon a target appears to bring that object closer. This tool-based spatial compression (i.e.,
tool-use effect) has been studied exclusively with younger adults, but it is unknown whether the
phenomenon exists with older adults. In this study, we examined the effects of tool use on distance
perception in younger and older adults in 2 experiments. In Experiment 1, younger and older adults
estimated the distances of targets just beyond peripersonal space while either wielding a tool or pointing
with the hand. Younger adults, but not older adults, estimated targets to be closer after reaching with a
tool. In Experiment 2, younger and older adults estimated the distance to remote targets while using either
a baton or a laser pointer. Younger adults displayed spatial compression with the laser pointer compared
to the baton, although older adults did not. Taken together, these findings indicate a generalized absence
of the tool-use effect in older adults during distance estimation, suggesting that the visuomotor system
of older adults does not remap from peripersonal to extrapersonal spatial representations during tool use.
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Although the visual appraisal of the environment is often con-
sidered a merely perceptual judgment, it has been shown to be
surprisingly influenced by bodily and action-based factors. For
instance, broad-shouldered participants report doorway widths to
be narrower than do narrow-shouldered participants (Stefanucci &
Geuss, 2009), weight encumbrance can increase slope estimates
(Proffitt, 2006), and size and distance estimates can vary based on
sports experience (Witt & Dorsch, 2009; Witt, Linkenauger, Bak-
dash, & Proffitt, 2008; Witt & Proffitt, 2005). These results sug-

gest that bodily parameters and action experience can serve to
calibrate perceptual judgments, a central tenet of both embodied
cognition (Barsalou, 2008) and Gibsonian ecological theory (Gib-
son, 1979). Such theories have argued that sensorimotor function
is central to cognitive function insofar as bodily action intrinsically
regulates cognitive skills (Brockmole, Davoli, Abrams, & Witt,
2013).

Embodied effects in distance perception reflect the fact that
spatial representations of distant targets appear to be calibrated
differently based upon their proximity to the body. Studies with
patients suffering from unilateral visuospatial neglect, in which
brain lesions to the parietal cortex result in inattention toward the
contralateral visual field (Heilman, Watson, & Valenstein, 2003;
Vallar, 1998), have found that space is coded at either near
distance (within arm’s reach) or far distance (Halligan, Fink,
Marshall, & Vallar, 2003; Weiss, Marshall, Zilles, & Fink, 2003).
This peripersonal and extrapersonal coding distinction may be
flexible, however (Berti & Rizzolatti, 2002; Ladavas & Serino,
2008). For instance, when perceivers interact with a distant object
through tool use, the spatial representations of the distant object
can be remapped according to peripersonal body space (Berti &
Frassinetti, 2000; Longo & Lourenco, 2006).

Tool use has been shown to remap spatial representations in
both patient populations (Berti & Frassinetti, 2000) and in healthy
young adults. For instance, Witt, Proffitt, and Epstein (2005) found
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that distance estimates of targets located just beyond peripersonal
space were reduced when healthy young adult participants used a
reach-extending tool to touch targets that would otherwise be out
of reach. This suggests a compression of spatial dimensions that is
based upon bodily action and mediated through the tool (although
cf. de Grave, Brenner, & Smeets, 2011). Throughout this paper,
this tool-based spatial compression will be referred to as the
tool-use effect. More recently, Davoli, Brockmole, and Witt (2012)
found that distance estimates were reduced when participants
pointed at targets with a laser pointer. In this case, the spatial
compression occurred without an actual physical connection be-
tween the perceiver and the perceived target and operated over
distances of up to at least 30 m. This remote tool-use effect
suggests that the intention to act upon the object may be more
important than physical touch itself.

Taken together, these results indicate that tool use, physical
abilities, and intentional action can influence perceptual judg-
ments. These phenomena can be explained through at least two
theoretical positions. First, the action-specific account of percep-
tion (Witt, 2011) argues that intentional action upon an object
changes one’s perception of it, a position that is broadly compat-
ible with grounded cognition (Barsalou, 2008) and enactivist the-
ories (Noë, 2009). Second, the extended mind position argues that
the mind is not limited to the head–brain but is extended when
actively engaged with tools or artifacts (Wilson, 2010), words
(Borghi & Cimatti, 2010; Borghi, Scorolli, Caligiore, Baldassarre,
& Tummolini, 2013), and through bodily activity itself (Clark &
Chalmers, 1998). Given that both describe the mind–brain as
flexibly adaptive through actions and tool use, the action-specific
and extended mind approaches have been considered compatible
theories (Rowlands, 2009) that are broadly consistent with embod-
ied cognition theory (Thompson & Stapleton, 2009).

Effects of Aging on Embodied Perception

Because embodied perception research has generally relied on
young adult samples, relatively little is known about its develop-
mental trajectory. In particular, there have been few studies exam-
ining whether or how embodied effects appear in older adults. This
question is important for at least two reasons. First, older adults in
particular exhibit a range of physical declines, including vision
limitations (Owsley, McGwin, Sloane, Stalvey, & Wells, 2001;
Weale, 1986); increased likelihood for chronic illnesses (Krama-
row, Lubitz, Lentzner, & Gorina, 2007); mobility problems (Lin-
denberger, Marsiske, & Baltes, 2000); and deficits in working
memory, divided attention, and processing speed (Craik & Bia-
lystok, 2006; Salthouse, 2012; Verhaeghen, 2011). Age-related
differences in embodied perception tasks might indicate specific
changes in how the body influences perceptual representations.
Second, embodied perception theory is well suited to address the
growing awareness within the gerontological literature that cogni-
tive changes during aging can be linked to physical changes. For
instance, older adult grip strength and gait speed are significant
predictors of mental state and fluid cognition, respectively (Clous-
ton et al., 2013), and age-related cognitive declines can be offset
through aerobic exercise (Colcombe & Kramer, 2003; Voss, Na-
gamatsu, Liu-Ambrose, & Kramer, 2011). However, such studies
have been pragmatically directed toward applied outcomes rather
than toward the theoretical investigation of embodied perception.

Given the range of cognitive, perceptual, and physical changes
associated with aging, it is reasonable to expect age-related per-
formance differences in perceptual tasks that explicitly incorporate
bodily factors, and there is evidence to this effect. For instance,
older adults judge hill slopes to be steeper than younger adults,
with estimates similar to those of younger adults who are either
encumbered, fatigued, or out of shape (Bhalla & Proffitt, 1999).
Similarly, Sugovic and Witt (2013) found that older adults esti-
mated distances to be farther than younger adults and that older
adult distance perception was heavily influenced by floor texture.
Specifically, floors that were covered in plastic tarp (and therefore
difficult to walk upon) elicited farther distance estimates compared
to floors covered in carpet (and therefore easier to walk upon).
Hackney and Cinelli (2013) also found age-related embodied
effects when older and younger participants walked through door-
ways of varying aperture widths, with older adults producing
larger and more variable shoulder rotations compared to younger
adults, but age group equivalence in nonwalking aperture judg-
ment conditions. Collectively, these studies have argued that age-
related physical changes can affect the perceptual judgments of
older adults. In particular, older adults may be compensating for
balance declines by adaptively adjusting their spatial judgments
(Hackney & Cinelli, 2013; Sugovic & Witt, 2013), especially
when action responses are required.

Age-related differences in the action–perception relationship are
also evident in attentional tasks directed toward bodily action.
Bloesch, Davoli, and Abrams (2013) examined the attentional
reference frames that young and older adults used when perform-
ing goal-directed hand actions (i.e., reach-and-point movements).
Consistent with prior research (e.g., Tipper, Lortie, & Baylis,
1992), Bloesch et al. (2013) found that young adults adopted an
attentional reference frame that was action centered, such that the
space along the hand’s action path received prioritized visual
attentional processing. In contrast to this, older adults exhibited an
attentional reference frame that was consistently body centered,
even in instances in which they reached away from their bodies.

Effects of Aging on Tool Use

To date, no study has examined whether adult age differences
exist in the spatial compression characteristic of tool use (i.e., the
tool-use effect). This question may offer theoretical insight into the
interplay between aging and the recoding of action-specific spatial
representations. The tool-use effect depends upon the flexibility of
the action–perception system to adjust extrapersonal spatial repre-
sentations in relation to peripersonal space (Berti & Frassinetti,
2000; Longo & Lourenco, 2006). Age group differences in this
capacity may indicate that the effect of aging on the action–
perception system runs deeper than mere fatigue and/or imbalance
problems (cf. Hackney & Cinelli, 2013; Sugovic & Witt, 2013),
pointing rather to aging altering the coding of peripersonal to
extrapersonal spatial representations.

Research on age-related changes in pantomiming (i.e., imitated
action) indicates that older adults may have specific deficits for
tool use. Older adults struggle when performing pantomimed ac-
tions (Cavalcante & Caramelli, 2009) and, importantly, such def-
icits are especially evident when the pantomimed actions involve
tools (Mozaz, Rothi, Anderson, Crucian, & Heilman, 2002). In
such cases, older adult performance is affected by a characteristic

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

657AGING AND TOOL USE



body part as object (BPO) error, in which the subject’s own body
part is used to represent the intended tool (Peigneux & van der
Linden, 1999; Ska & Nespoulous, 1987). For instance, when asked
to pantomime the brushing of teeth, subjects committing a BPO
error might shape their hand as the toothbrush rather than around
an imaginary toothbrush. Age-related deficits in pantomiming
appear even when merely recognizing tool-based gestures (Ska &
Croisile, 1998). For instance, Mozaz, Crucian, and Heilman (2009)
examined two cohorts of older adults (younger–old [66–77 years]
vs. older–old [78–88 years]) in gesture recognition. The oldest–
old group displayed increased errors for both tool-based and non-
tool-based gestures when compared to the younger–old group, but
both older adult groups demonstrated significantly greater prob-
lems in recognizing tool-based actions. Such errors in recognizing
and performing actions with tools is characteristic of ideomotor
apraxia (Wheaton & Hallett, 2007), a neurological condition in
which patients make spatial and temporal errors to pantomimed
actions involving tools (Goldenberg, 2013). While normal healthy
aging does not produce apraxia, the evidence suggests that older
adults struggle in identifying and executing the more complex
movement requirements necessary for tool-based actions. In short,
the normal aging process may yield apraxia-like deficits specific
for tool use (Mizelle & Wheaton, 2010). Recent work measuring
hand movements during tool use supports this possibility, with
older adults demonstrating altered grip preparations when reaching
for tools (Cacola, Martinez, & Ray, 2012; Rand & Heuer, 2013;
Sutter, Ladwig, Oehl, & Musseler, 2012).

Age-related deficits in tool use may reflect changes in brain
regions involved in tool-based distance perception. In particular,
brain regions that are responsible for coding peripersonal space,
such as the premotor cortex, the intraparietal sulcus, and the
precuneous (e.g., Cavanna & Trimble, 2006; Makin, Holmes, &
Zohary, 2007) are also thought to be integral in constructing and
maintaining representations of action space when one wields a
tool. The effect of aging on these key brain regions is profound,
with volumetric declines in the parietal lobe (Kochunov et al.,
2005; Lehmbeck, Brassen, Weber-Fahr, & Braus, 2006) and de-
creased functional connectivity along a frontoparietal pathway
essential for visual attention (Bennett, Madden, Vaidya, Howard,
& Howard, 2010). Tool-use activity itself has been localized along
a dorsoventral processing stream (cf. Binkofski & Buxbaum, 2013;
Gallivan, McLean, Valyear, & Culham, 2013) that includes the
superior temporal and inferior parietal regions (Buxbaum & Kale-
nine, 2010), the anterior supramarginal gyrus (Orban & Caruana,
2014), and the ventral premotor cortex (Fridman et al., 2006), a
broad network with regions vulnerable to age-related changes
(Davis et al., 2009; Pardo et al., 2007).

In summary, the effect of aging on the action–perception system
is complex and poses a potential paradox. On the one hand, older
adults exhibit increased embodied perception effects when making
spatial judgments under conditions of physiological strain (Bhalla
& Proffitt, 1999), when actively walking on difficult floor textures
(Sugovic & Witt, 2013), and when determining widths of door
apertures (Hackney & Cinelli, 2013). These age-related increases
of embodied effects may serve as a compensatory mechanism for
physiological or sensory-level deficits. On the other hand, there is
evidence indicating that older adults may have specific deficits for
tool use (Mozaz et al., 2009) and exhibit body-centered (and not
action-centered) attentional reference frames (Bloesch et al.,

2013), suggesting an age-related decline in extending spatial rep-
resentations when using tools. Older adults, therefore, may repre-
sent an important test case for two theoretical positions that are
frequently viewed as complementary: the embodied (Barsalou,
2008) and action-specific positions (Witt, 2011), which argue that
bodily action can alter perceptual judgments, and the extended
mind position, which argues that mental agency can be extended
through the body, tools, and other instruments (Borghi & Cimatti,
2010; Borghi et al., 2013; Wilson, 2010). These positions are often
conjoined (Thompson & Stapleton, 2009), given their overlapping
appreciation of bodily action on perception. However, this re-
search is typically directed to younger adult samples, and older
adults may represent a dissociation of the two positions, given their
increased embodied effects (Bhalla & Proffitt, 1999; Hackney &
Cinelli, 2013; Sugovic & Witt, 2013) yet diminished sensitivity
during tool use (Cavalcante & Caramelli, 2009; Mozaz, Crucian, &
Heilman, 2009; Ska & Croisile, 1998).

The Current Study

In the current study, we consider the specific hypothesis that the
tool-use effect in distance perception may be diminished in older
adults given the aforementioned behavioral and neuroimaging
evidence suggesting age-related changes in the representation of
tool-based action. We examined this hypothesis in the context of
both direct and remote tool use in distance estimation. Specifically,
in Experiment 1, we tested age-related differences in the percep-
tion of targets that could be reached with the aid of a reach-
extending tool. In Experiment 2, we examined whether such age-
related differences would also be observed when interaction was
mediated through remote tool use, without any direct physical
contact with the target.

Experiment 1

There is ample evidence showing that reach-extending tools can
be incorporated into representations of peripersonal space. For
instance, patients who neglect peripersonal, but not extrapersonal,
visual space confer this neglect to extrapersonal space during tool
use (Berti & Frassinetti, 2000). In healthy humans, tool use can
also change perception. When a person is given a tool to extend
reachable space, the objects are perceived to be closer than without
the tool (Witt & Proffitt, 2005; Witt & Proffitt, 2008). This finding
is thought to reflect an action-specific bias in perception, such that
the environment is represented in terms of feasible interactions
(e.g., Witt, 2011).

Although little work has been done to examine the effects of
tool use on perception in older adult samples, there is reason to
suspect that older adults may not show the pattern of tool-induced
spatial compression (i.e., tool-use effect) that has been repeatedly
observed in young adults. Given the aforementioned behavioral
evidence of older adult changes in visuomotor attentional refer-
ence frames (Bloesch et al., 2013), decreased sensitivity for tool-
based pantomimes (Mozaz et al., 2002; Mozaz et al., 2009; Pei-
gneux & van der Linden, 1999; Ska & Nespoulous, 1987), and
age-related changes to brain regions critical for action–perception
capacity (Davis et al., 2009; Pardo et al., 2007), it is expected that
the tool-use effect will be reduced in older adult participants. We
directly tested this notion here by comparing young and older
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adults on the extent to which tool use affected their subsequent
judgments of distance.

Method

Participants. Forty-five older adults (mean age: 70.88 years;
range � 65–85 years) and 32 young adults (mean age: 19.18 years;
range � 18–21 years) participated in the study. Older adults were
recruited from the Washington University in St. Louis Psychology
Department’s older adult volunteer pool, and younger adults were
recruited from Washington University’s undergraduate population.
Participant details are summarized in Table 1. All research proce-
dures were approved by Washington University’s Institutional
Review Board. Participants were screened for handedness, physi-
cal ability, and health. Participants were excluded if they had any
self-reported neurological disorders; were left-handed; did not
have full use of their right hand, arm, and shoulder; had a diag-
nosed movement disorder; or had a diagnosed eye disease. From
the original recruitment of 48 older adults and 33 younger adults,
three older adults and one young adult were excluded for failing to
follow instructions. Older adults completed this experiment as part
of a larger protocol, which lasted approximately 2.5 hr. In the
session, older adults completed a nonstrenuous perceptual task
(viz., the rubber hand illusion) prior to testing in the current
distance estimation task. Young adult participants completed the
experiment in a single session, and both age groups completed the
distance estimation task within 30 min. Older adults were com-
pensated $10 per hour of participation, and young adults received
course credit.

Stimuli, apparatus, and procedure. Participants provided
distance estimates to a target circle presented at varying locations
on a table by adjusting the distance between two reference circles
until both distances perceptually matched. The experimental setup
is shown in Figure 1. Participants sat at a 152.4 � 152.4 cm table
that was covered with white fabric. A yellow circle (2.54 � 2.54
cm) was affixed to the table centered at the midline of the partic-
ipant’s body, 20 cm from the edge of the table. A projector that
was mounted from the ceiling projected the yellow target and
white reference circles, all 2.54 cm in diameter. The yellow target
circle could appear at one of 10 different locations 44, 49, 54, 59,
64, 69, 74, 79, 84, or 89 cm away from the fixed yellow circle. The
two reference circles had an initial separation of 6.35 cm and were
always 35.88 cm away in the participant’s proximodistal axis.

Participants were told that at the beginning of each trial they
would see a yellow circle projected onto the table that would be a
variable distance away but always centered at their midline. When

they saw this circle, they were to reach out and point to its location
on the table, maintaining the gesture until the white reference
circles appeared on the table 5 s later. When the reference circles
appeared, participants brought their hands back to their bodies and
then adjusted the distance between the reference circles until it
matched the distance between the yellow circles. The reference
circles could be moved by pressing one of two large buttons that
were fixed to a board that was held on the participants’ laps. The
left button increased the distance between the reference circles,
and the right button decreased the distance. Participants were
instructed to be as accurate as possible and were given an unlim-
ited amount of time to make each estimate. After the estimate was
made, any key on the computer keyboard was pressed, which
recorded the response and began the next trial.

There were two conditions, hand pointing and tool touching,
which were manipulated within subjects. In the hand-pointing
condition, participants reached out with their right hands and
pointed to the location of the projected yellow circle. In the
tool-touching condition, participants reached out with a 64.77-cm-
long rod-like tool held in their right hands and touched the location
of the projected yellow circle. The distances of the projected
yellow circles were such that the circles were beyond reach of the
hand but within reach of the tool for all participants. Each distance
was presented once per block. Participants completed eight blocks
of 10 trials, with the order of distances independently randomized
within each block. Participants used one condition for the first four
blocks and the other condition for the final four blocks, with
condition order counterbalanced across participants. Participants
received four practice trials at the beginning of each half of the
experiment. Distances of the projected yellow circle were ran-
domly chosen for these trials, and the experimenter was present to
ensure that participants understood the task. During the experi-
ment, no feedback was given. Older adult participants were alone
in the experimental room during the session following the practice

Table 1
Participant Characteristics by Age Group for Experiment 1

M SD

Younger Older Younger Older

Age (years) 19.18a 70.88b 1.14 3.91
Vision 20/21.7a 20/24.6b 3.72 5.16
Education (years) 13.20a 15.57b 1.18 2.44

Note. n � 33 for younger adults and 45 for older adults. Means in the
same row that do not share subscripts differ by t test at p � .05. Vision was
assessed using a Snellen chart.

Figure 1. Experiment 1 setup. A yellow circle was affixed to the table
near the participant’s body, and a second yellow target circle was projected
onto the table at a variable distance. Participants were to reach out with
either their hand and point to the yellow target circle or reach out with a
tool and touch the yellow target circle (simulated in this figure for clarity).
Two white reference circles were then projected onto the table, and
participants used response buttons to adjust the distance between the two
white dots until it perceptually matched the distance between the two
yellow dots. See the online article for the color version of this figure.
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trials, and young adult participants completed the session with the
experimenter in the room to record their responses.1 The testing
session required around 30 min to complete; to prevent fatigue,
participants were allowed to take breaks during the experiment and
were provided a formal break halfway through the testing session.
Testing time was equivalent across the two age groups.

Results

Participants’ perceived distances to the yellow projected circle
were found by calculating the distance between the two reference
circles at the end of each trial. These estimates were analyzed
using a 2 (Group: young, old) � 2 (Reach: hand, tool) � 10
(Distance: 44–89 cm) mixed-factors analysis of variance
(ANOVA). As expected, there was a main effect of distance, such
that as the distance between the projected yellow circle and the
fixed yellow circle increased, participants’ distance estimates in-
creased also, F(9, 675) � 1,134.85, p � .001, �2

p � .94. Overall,
young and older adults were not significantly different in distance
estimation, F(1, 75) � 1.05, p � .05. Importantly, however, there
was a significant Group � Reach � Distance interaction, F(9,
675) � 2.59, p � .006, �2

p � .03. As has been found previously,
young adults showed a compression of perceived distance when
reaching with the tool: Distance estimates were smaller after a tool
reach than after a hand reach, with the difference between the two
reach types getting slightly larger as the distance increased (Figure
2A). Older adults did not show this pattern. Instead, older adults’
distance estimates were not affected by the type of reach they
performed (Figure 2B).

The two age groups were also analyzed separately. Young adults
showed a significant reach main effect, F(1, 31) � 15.07, p �
.001, �2

p � .33, and a significant Reach � Distance interaction,
F(9, 279) � 2.52, p � .01, �2

p � .08, with distance estimates
being smaller after reaching with the tool than with the hand and
this difference getting larger as the distance increased. Older
adults, however, showed neither a main effect of reach, F(1, 44) �
1.01, p � .10, �2

p � .02, nor a Reach � Distance interaction, F(9,
396) � 1.16, p � .10, �2

p � .03.2

Discussion

It has been repeatedly found that using a tool to reach out and
interact with a distant object causes the object to be judged as closer
than when that same object cannot be interacted with (Bloesch et al.,
2013; Bloesch, Davoli, Roth, Brockmole, & Abrams, 2012). In the
present experiment, young adults showed this typical pattern of spatial
compression after reaching to a projected object with a reach-
extending tool. Older adults, however, did not show this pattern. Older
adults had similar distance estimates for objects regardless of whether
they reached for the object with their hands or with a tool—the ability
to interact did not affect distance perception. In fact, the distance
judgments for older adults were numerically smaller after reaching
with their hands. This pattern is inconsistent with what would be
expected if older adults were using the tool to functionally extend
their peripersonal space.

Young adults are able to incorporate a tool into their peripersonal
space representations, allowing those representations to extend out-
ward to include the length of the tool (Holmes, Calvert, & Spence,
2004; Witt & Proffitt, 2005; Witt & Proffitt, 2008). It is presumed that

this ability relies on an accurate and flexible representation of the
body and near-body, or peripersonal, space. Given that the neural
regions that code and update peripersonal space decline with age
(Kochunov et al., 2005; Lehmbeck et al., 2006), older adults may not
have a representation that is as flexible as that of young adults.
Because of this, older adults may not have the ability to flexibly
accommodate a tool in their peripersonal space representations, and
thus they demonstrate a diminished tool-use effect.

Experiment 2

The central finding in Experiment 1 was the disappearance of
the tool-use effect in older adults, with older adults not displaying
the spatial compression that is characteristic of younger adults’
perception of distance during tool use (Witt & Proffitt, 2005). In
Experiment 2, we examined whether this pattern may also be
evident during far-distance estimation with remote tool interaction,
with “far” defined as extrapersonal space beyond immediate reach-
ing distance. It is reasonable to predict an equivalent age-related
absence of the tool-use effect at farther distances, given that the
spatial compression characteristic of tool use is broadly equivalent
during both peripersonal and extrapersonal distance estimates
(Brockmole et al., 2013; Davoli et al., 2012). However, the brain
regions coding for peripersonal and extrapersonal space are ana-
tomically distinct (Berti & Frassinetti, 2000; Ladavas & Serino,
2008) and change unevenly in aging (Kochunov et al., 2005;
Lehmbeck et al., 2006) and, as such, the results from Experiment
1 may not generalize to farther distances.

To explore this possibility, we examined age group differences
of the tool-use effect during far-distance perception. Older and
younger adult participants were asked to estimate distances of
targets placed along a long hallway by verbally reporting target
distances under one of two conditions. In the first condition,
participants pointed a laser pointer beam toward the center of a
target prior to and during distance estimation (the “laser” condi-
tion). In the second condition, participants pointed a metal baton
(approximately 14 cm in length) toward the center of a target prior
to and during distance estimation (the “baton” condition). We
expected that for younger adults, the laser pointer condition would
elicit decreased distance estimates indicative of spatial compres-
sion, following Davoli et al. (2012). If the results of Experiment 1
are indicative of a generalized age-related absence of tool-use
effect, then older adults should show no differences in distance
estimates between conditions.

1 The age group differences in testing conditions reflect pilot testing with
younger adults, who responded more carefully when the experimenter sat
nearby. Older adults did not need this additional motivation.

2 Secondary analyses were conducted to explore individual differences
among the older adults. We computed for each older adult subject the
difference at each distance between the hand-point and tool-point condi-
tions (hand–tool) and then correlated that difference score with participant
age for the older adults only. There was a significant correlation between
the difference score and age, r(45) � �.313, p � .036, indicating that
increasing age was associated with diminished difference scores. However,
this effect was driven by the three older adults who were over 75 years old,
and their removal negates the association, r(42) � �.049, p � .757.
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Method

Participants. Fifty-two older adults (mean age: 68.04 years;
range � 60–80 years) and 52 younger adults (mean age: 22.40 years;
range � 18–33 years) participated in the study. Younger adults were
drawn from the undergraduate student population of Indiana Univer-
sity South Bend (IUSB), and older adults were drawn from local
newspaper ads. All research procedures were approved by the IUSB
Institutional Review Board, and all participants provided written,
informed consent. From the original recruitment of 58 older adults
and 56 younger adults, eight participants (four older) were removed
from the data set because they had more than three distance estimates
that were deemed extreme outliers, and two older participants were
removed from the data set because of Mini-Mental State Exam
(MMSE) failures (scored �27). Testing took place in one session of
approximately 1.5 hr. Participant characteristics in a range of cogni-
tive and perceptual capacities were assessed prior to the distance
estimation tasks and are presented in Table 2. All participants pos-

sessed distance visual acuity (corrected) of at least 20/40 (Bach, 1996)
and at least 27 out of 30 points on the MMSE (Folstein, Folstein, &
McHugh, 1975).

Embodied perception effects in distance perception have been
shown to be sensitive to bodily parameters, such as fatigue (Bhalla
& Proffitt, 1999), physical effort (Witt, Proffitt, & Epstein, 2004),
and physical pain (Witt et al., 2009). To clarify the relative health
status of the two age groups, participants were administered the
Multi-Dimensional Health Assessment Questionnaire (MDHAQ
R808-NP2). The MDHAQ is divided into three subtests: (a) the
rheumatology assessment patient index data (RAPID), a measure
of physical function, pain levels, and global pain estimates; (b) the
review of symptoms (ROC), a checklist of health problems, with
scores greater than 30 indicating possible fibromyalgia; and (c) a
fatigue index that is scaled from 0 (fatigue is not a problem) to 10
(fatigue is a major problem). Finally, participants were timed
while walking comfortably across a 12.2 m. distance. Gait speed
has been shown to be a reliable predictor of survival rates in older
adults (Cesari et al., 2005) and as a general measure of well-being
among older adults (Hall, 2006).

Stimuli, apparatus, and procedure. The target was a stan-
dard black and white hunting bull’s-eye (25.4 cm in diameter)
affixed to a wooden frame. The wooden frame was composed of a
base (30.48 � 35.56 � 2.54 cm), a supporting pole (5.08 �
10.16 � 121.92 cm), and a face board (30.48 � 30.48 � 2.54 cm).
The hallway used was an infrequently trafficked hallway at IUSB.
It was brightly lit by overhead lights and measured 2.36 m high �
1.29 m wide � 27.13 m long. Participants estimated targets while
using either the laser pointer or the baton. The laser pointer was an
Apollo MP 1350 Slim Line Executive laser pointer that measured
13.97 � 1.91 cm. The baton was a metal rod that closely matched
the laser pointer in color (silver), shape, size, and weight. The
target was placed along the hallway at five possible distance points
3.4, 7.9, 13.4, 20.4, and 25.3 m away from the participant. Each
distance point was assessed twice to derive a mean value, therefore
resulting in 10 estimates per participant overall. The order of target
locations was pseudorandomized, with five different location or-
ders that were evenly distributed across participants.

The participant stood at the end of a long hallway, and the
experimenter placed the target at various points along the hallway.

Table 2
Participant Characteristics by Age Group for Experiment 2

M SD

Younger Older Younger Older

Age (years) 22.40a 68.04b 3.78 5.59
Education 13.69a 15.71b 1.48 2.19
FRACT �0.15a �0.04b 0.12 0.13
MMSE 29.23a 28.88a 0.90 1.10
Gait speed 8.61a 9.14b 1.17 1.47
RAPID 1.67a 3.42b 2.55 3.95
ROS 7.63a 5.54a 6.76 5.07
Fatigue 1.72a 1.54a 2.20 2.21

Note. n � 52 per age group. FRACT � visual acuity in logMar, with 0.0
equivalent to Snellen 20/20 (Bach, 1996); MMSE � score (maximum of
30) on Mini-Mental Status Examination (Folstein, Folstein, & McHugh,
1975); gait speed � mean speed (in seconds) during comfortable walking
across 12.2 m. interior distance; RAPID � rheumatology assessment
patient index data subtest within the Multi-Dimensional Health Assessment
Questionnaire (MDHAQ); ROS � review of symptoms subtest within the
MDHAQ (maximum of 60); fatigue � fatigue subtest scale within MDHAQ
(maximum of 10). Means in the same row that do not share subscripts differ
by t test at p � .05.
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Figure 2. Perceived distance of the projected object as a function of distance and reach type for Experiment
1 for younger adults (A) and older adults (B). Error bars represent standard errors.
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Figure 3 shows the experimental setup. Participants reported the
distances of the targets under one of two conditions. In the laser
condition, participants were instructed to direct the laser beam
toward the center of the target before and during target estimation.
In the baton condition, participants were instructed to direct the
baton to the center of the target before and during target estima-
tion. After every target estimate, the experimenter moved the
target to the next location. To reduce the possible influence of the
experimenter’s walking as a visual cue of distance, participants
were instructed to turn their backs to the experimenter between
distance assessments. During the initial instruction phase, partici-
pants were given two sample distance points (at 4.6 and 10.1 m) in
a hallway adjacent to the testing hallway. The distance estimation
session took approximately 20 min, and the testing format was
identical for the two age groups. Note that unlike Experiment 1,
where the tool condition was a within-subjects factor, in the
current experiment, the tool condition was between subjects. Pre-
vious research on remote tool effects on distance estimation has
found that imagined tool use results in equivalent spatial compres-
sion as actual tool use (Davoli et al., 2012, Experiment 1C).
Accordingly, the tool condition was applied between subjects to
decrease any potential transfer across the two condition levels.

Results

For each participant, we derived the mean distance estimate for
each of the five tested locations based upon two estimation at-
tempts per location. The two distance estimates were highly cor-
related for both younger adults (mean r � .765; range � .699–

.851) and older adults (mean r � .684; range � .593–.812). Data
were analyzed using a 5 (Distance: 3.4, 7.9, 13.4, 20.4, and 25.3
m) � 2 (Age Group: young, older adults) � 2 (Condition: laser,
baton) repeated-measures ANOVA. The main effect of distance
was significant, F(4, 400) � 1,073.22, p � .001, �2

p � .92,
indicating increasing verbal estimates with increasing target dis-
tances. Main effects of condition, F(1, 100) � 2.30, p � .133, and
Age Group, F(1, 100) � .33, p � .565, were not significant, nor
was the three-way Distance � Condition � Age Group interaction,
F(4, 400) � 1.50, p � .203. There was a significant Distance �
Condition interaction, F(4, 400) � 3.72, p � .01, �2

p � .04,
indicating that the tool-use effect increased with greater distances.
Importantly, the two-way Distance � Age Group interaction was
not significant, F(4, 400) � .436, p � .782, indicating that (re-
gardless of condition differences) the two age groups estimated
equivalently across the five target distances. This finding is par-
ticularly relevant while interpreting the Age Group � Condition
interaction, for it indicates that tool-use differences between the
two age groups cannot be attributed to distance estimation accu-
racy.

Most critically, there was a Condition � Age Group interaction,
F(1, 100) � 4.23, p � .05, �2

p � .04, indicating that the effect of
tool use varied by age groups. These values are depicted in Figures
4A (younger adults) and 4B (older adults). To explore the Condi-
tion � Age Group interaction, we ran separate repeated-measures
ANOVAs within each age group. Distance was significant for both
younger adults, F(4, 200) � 618.78, p � .001, �2

p � .93, and
older adults, F(4, 200) � 475.74, p � .001, �2

p � .91, indicating
increasing estimates across the five target location points. For
younger adults, there was a main effect of condition, F(1, 50) �
6.67, p � .05, �2

p � .12, with the laser-pointing condition result-
ing in shorter distance estimates compared to the baton condition.
Younger adults also showed a significant Distance � Condition
interaction, F(4, 200) � 4.73, p � .001, �2

p � .09, indicative of
increasing tool-use effect at farther distances, a result that validates
the similar finding in Davoli et al. (2012). Older adults, however,
showed neither a condition effect, F(1, 50) � .14, ns, nor a
Distance � Condition interaction, F(4, 200) � 1.01, ns. However,
the three-way interaction of Age Group � Distance � Condition
was not significant, so the results must be interpreted cautiously.
Age group means of within-subject variability of the distance
estimates for the two between-subjects variables (younger laser
MSD � 26.23; younger baton MSD � 31.19; older laser MSD �
28.45; older baton MSD � 29.97) were statistically equivalent
across age group but differed by condition (p � .043).

Discussion

Experiment 2 examined age-related differences in a task that
assessed far-distance perception under tool-use conditions. As
expected, younger adults estimated distances to be shorter when
using the laser pointer compared to the baton. This finding repli-
cates previous evidence of perceptual compression during remote
tool use (Davoli et al., 2012) and thus lends further support to the
notion that tool effects reflect action intention and not simply
physical contact (Witt, 2011). Replication of this effect is also
noteworthy given the differences in testing environments and
samples across the two studies. However, the central finding for
Experiment 2 is the lack of the tool-use effect for the older adults.

Figure 3. Experiment 2 setup. Target was placed at five points along a
hallway. Participants stood at center line and reported the distances under
either the laser or baton condition. See the online article for the color
version of this figure.

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

662 COSTELLO ET AL.



Distance estimates for the older adults were equivalent under the
laser pointer and baton conditions, a result similar to that of
Experiment 1.

This age-related absence of the tool-use effect cannot be con-
sidered an artifact of overall distance estimation problems in the
older adults, because the two age groups were equivalent in their
overall distance estimates. Note that this equivalence is itself
surprising, given previous research indicating an age-related over-
estimation of target distances (Sugovic & Witt, 2013) and the slant
of steep hills (Bhalla & Proffitt, 1999). However, we do not view
our contrary finding as necessarily incompatible with these prior
findings. Our older adult participants were younger (M � 68.04
years) than those in both the Sugovic and Witt (2013; M � 81.38
years) and Bhalla and Proffitt (1999; M � 73.0 years) studies and
were largely healthy relative to our younger adults. For instance,
the two age groups of Experiment 2 were equivalent in both the
ROC and fatigue subtests within the MDHAQ (see Table 2),
indicating comparable levels of physical ailments and fatigue.
Considering that Witt and Dorsch (2009) found that patients in a
chronic pain condition overestimated distances compared to
healthy controls, it is likely that the age group effects in these
earlier studies reflect increased pain and physical mobility limita-
tions to their older adult sample, a position consonant with the
action-specific theory of perception (Witt, 2011).

General Discussion

The current study examined potential age-related changes in the
ability to flexibly represent space in accordance with one’s actions.
We did this by examining age-related differences in the effects of
tool use on distance estimation. Research on younger adults has
found that tool use causes spatial compression at both near dis-
tances with the tool touching the target (Witt & Proffitt, 2005) and
at far distances using a laser pointer (Davoli et al., 2012), although
it was unknown whether this effect would be evident in older
adults. We examined that possibility in two experiments. Experi-
ment 1 examined age group differences in the effects of tool use on
the perceived distance of near objects, with the hand-held tool
allowing contact with the target through a physical extension of the
arm and hand. Experiment 2 examined age effects at far distances,
with the laser pointer allowing remote interaction with the target.

We hypothesized an age-related absence of the spatial compres-
sion that is characteristic of tool use (i.e., the tool-use effect), given
(a) the behavioral evidence of age-related differences in visuomo-
tor attentional reference frames (Bloesch et al., 2013) and in
recognizing and executing pantomimed actions involving tools
(Mozaz et al., 2002; Mozaz et al., 2009; Ska & Croisile, 1998) and
(b) the age-related deterioration of key brain regions that support
tool-based actions (Davis et al., 2009; Pardo et al., 2007) and
peripersonal spatial representations (Heuninckx, Wenderoth, &
Swinnen, 2010; Kochunov et al., 2005; Lehmbeck et al., 2006).

Our results validated our initial hypothesis. In Experiment 1,
younger adults showed the typical tool-use effect, with shorter
distance estimates when touching the target with the tool compared
to merely pointing at the target. Older adults, however, provided
equivalent distance estimates across the two conditions. This major
finding of Experiment 1 corroborates previous work showing an
age-related difference in peripersonal space coordinates used to
represent nearby objects (Bloesch et al., 2013). We tested for a
similar age-related disappearance of the tool-use effect at farther
distances by assessing distance estimates while participants either
pointed to the target with a metal baton (offering no tool-based
interaction) or a laser pointer (offering a remote tool-use interac-
tion). Once again, we found that younger adults evidenced spatial
compression by tool use, and older adults did not.

The similar result across the two experiments indicates a gen-
eralized age-related absence in the tool-use effect during distance
estimation. We describe this as a “generalized” effect because it is
robustly present despite the many differences between Experi-
ments 1 and 2. First, its disappearance is evident regardless of
whether targets are near (as in Experiment 1, 44–89 cm) or far (as
in Experiment 2, 3.4–25.3 m). Second, the absence is evident
regardless of tool type; the tool in Experiment 1 was a hand-held
rod that allowed direct physical contact with the target, whereas
the tool in Experiment 2 was a laser pointer that offered remote
contact. Third, the lack of the tool-use effect in older adults was
found regardless of how the participants provided their distance
estimates; in Experiment 1, participants physically manipulated
reference circles to provide nonverbal estimates, whereas in Ex-
periment 2, the estimates were verbal responses. This final differ-
ence is of particular importance, given the criticism against verbal
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Figure 4. Mean distance estimates by condition in Experiment 2 for younger adults (A) and older adults (B).
Error bars represent standard errors.
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reports in distance estimation tasks (Woods, Philbeck, & Danoff,
2009).

The similarity of results across Experiments 1 and 2 suggests a
broad consensus between our nonverbal and verbal reports in
regard to the age group comparison with tool use and offers robust
support for a generalized age-related absence of tool use in dis-
tance perception. Note that this age group difference appears
independent of raw perceptual ability. Although there were statis-
tically significant age group differences in visual acuity in both
experiments (cf. Tables 1 and 2), they did not translate into group
differences in distance estimates; the two age groups were equiv-
alent in overall distance estimates in both Experiments 1 and 2.
Thus, the age-related absence of the tool-use effect is specific to
the activity of exploring the target with the tool during distance
perception rather than an artifact of older adult difficulty in dis-
tance perception.

How can we best interpret the significance of the age group
differences in the tool-use effect? There are at least two probable
interpretations. First, older adults can approach cognitive and
perceptual tasks with differing response strategies than those em-
ployed by younger adults (Neider & Kramer, 2011; Ratcliff,
Thapar, & McKoon, 2007)—specifically, a more conservative
response criterion (Maltz & Shinar, 1999), perhaps to compensate
for lower-level perceptual deficits (Park & McDonough, 2013;
Scialfa, Thomas, & Joffe, 1994; Veiel, Storandt, & Abrams, 2006).
A more conservative criterion in distance perception would likely
manifest itself with older adults focusing on accurate calculations
of distance rather than relying on their immediate perceptual
judgment, and such a strategy could negate the tool effect with an
overreliance on calculation.

However, we find the phenomenon of increased cautiousness in
older adults (Maltz & Shinar, 1999; Ratcliff et al., 2007) to be
largely unsatisfactory to explain the present results for three pri-
mary reasons. First, if age-related differences in the response
criterion were a factor, they would be more likely to manifest in
the distance estimates themselves, yet Experiment 2 shows that our
age groups were equivalent in overall distance estimation capacity.
Second, the experimental design of Experiment 1, in particular,
largely precludes strategy differences, for its viewing space offered
an absence of environmental cues or contextual factors that might
influence different response strategies. Finally, the phenomenon of
increased cautiousness in older adults is typically evident within
time-limited conditions, in which participants are purposefully
rushed in making their decisions. Yet this was not a factor for
either Experiments 1 or 2; participants were instructed to take their
time and focus on accuracy. While we cannot rule out the possi-
bility of cautiousness affecting the tool-use results for older adults,
it does not appear to be central to our interpretation.

The more likely interpretation is that the age group difference in
the tool-use effect represents an age-related change in flexibly
extending representations of peripersonal space representations
into extrapersonal space through the use of tools. It is reasonable
to assume that this loss reflects changes to the aging brain. Older
adults display atrophy in brain regions essential for peripersonal
representations (Cavanna & Trimble, 2006; Makin et al., 2007),
with volumetric reductions in parietal (Kochunov et al., 2005;
Lehmbeck et al., 2006) and frontoparietal pathways (Bennett et al.,
2010). Skillful tool use depends upon a dorsoventral processing

stream (cf. Binkofski & Buxbaum, 2013) also subject to volumet-
ric decline as we age (Davis et al., 2009; Pardo et al., 2007).

A related possibility is that the spatial recoding characteristic of
skillful tool use depends upon multiple brain regions involved in
multisensory integration (MSI) and that these brain regions alter
with age. Tool use is a complex activity, requiring the smooth
integration of multiple factors, such as hand movements with the
tool, tactile feedback from the tool, visual perception of the target,
and cognitive evaluation of distance. Neuroimaging studies have
found an extensive network of brain regions centered around
premotor and parietal regions that are critical for MSI (Bremmer et
al., 2001; Culham & Kanwisher, 2001), and these regions are
sensitive to peripersonal spatial representations (Ladavas & Serino,
2008; Makin et al., 2007).

Behavioral studies examining MSI in older adults have yielded
complex results, with older adults exhibiting gains in performance
with multisensory inputs compared to unisensory inputs (Diaco-
nescu, Hasher, & McIntosh, 2013; Laurienti, Burdette, Maldjian,
& Wallace, 2006; Peiffer, Mozolic, Hugenschmidt, & Laurienti,
2007) and impairments to multisensory processing (Poliakoff,
Ashworth, Lowe, & Spence, 2006; Setti et al., 2011; Wu, Yang,
Gao, & Kimura, 2012). Age-related differences for MSI-based
illusions are also inconsistent. For instance, older adults show
greater susceptibility for the audiovisual illusion of the McGurk
effect (Sekiyama, Soshi, & Sakamoto, 2014; Setti, Burke, Kenny,
& Newell, 2013) and the sound-induced flash illusion (DeLoss,
Pierce, & Andersen, 2013) but equivalent susceptibility for the
motion illusions of the Enigma and Pinna illusions (Billino, Ham-
burger, & Gegenfurtner, 2009). Similarly, older adults performed
equivalently to younger and middle-aged adults in the haptic
horizontal–vertical curvature illusion (Ballesteros, Mayas, Reales,
& Heller, 2012).

Although brain regions supporting tool use represent an exten-
sive network of frontoparietal regions coding for hand and tool
movements (Gallivan et al., 2013), there is substantial overlap with
the peripersonal spatial representations, and the two are function-
ally related. In the case of tool use in distance perception, MSI (in
the form of the integration of the hand operating the tool and the
visual input of the target) works in conjunction with peripersonal
spatial representations (the tool extending peripersonal coordinates
to extrapersonal space). The overlap may explain the host of
action–perception changes that occur with aging, such as older
adult dedifferentiation of cortical networks dedicated to the guid-
ance of motor actions (Heuninckx et al., 2010), declines in motor
imagery capacity (Gabbard, Cacola, & Cordova, 2011; Mulder,
Hochstenbach, van Heuvelen, & den Otter, 2007; Personnier,
Kubicki, Laroche, & Papaxanthis, 2010), evidence of greater dis-
junction between motor imagery and actual hand movements (Sk-
oura, Personnier, Vinter, Pozzo, & Papaxanthis, 2008), and older
adult performance declines and altered activation networks during
motor–action prediction tasks (Diersch et al., 2013).

Our results differ from previous work on embodied perception
with older adults, which found that older adults expressed exag-
gerated estimates in slant perception (Bhalla & Proffitt, 1999),
distance estimation (Sugovic & Witt, 2013), and aperture estima-
tion (Hackney & Cinelli, 2013) under action conditions, results the
authors attributed to fatigue (Bhalla & Proffitt, 1999) and/or im-
balance problems (Hackney & Cinelli, 2013; Sugovic & Witt,
2013) with the elderly. Such explanations seem unlikely to directly
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explain our results, given that our tasks were physically nonde-
manding and our older adult samples were relatively healthy and
physically fit. Although in neither task was balance assessed, the
distance judgments were static and relatively brief (the distance
estimation task duration for Experiment 1 was 30 min; Experiment
2 was 20 min), and none of our older adult participants reported
fatigue or imbalance. A probable explanation for the differing
direction (exaggeration vs. absence) of the age group effect is that
our tool-use tasks reflect the functional adaptability of the action–
perception system and indicate that beyond any immediate fatigue
or imbalance concerns, our older adults displayed a muted adaptive
response for the tools. Tool use modifies spatial representations by
quickly extending peripersonal to extrapersonal coordinates (Berti
& Frassinetti, 2000; Longo & Lourenco, 2006). This visuomotor
adaptation occurs rapidly and serves as the foundation for actions
on objects outside of our reach. Our experiments provide strong
evidence that this foundation is affected by aging, and older adults
may have to compensate for its dysfunction. This interpretation
does not preclude the role of physiological factors but suggests that
gradual lifelong reductions in such capacities can alter the under-
lying visuomotor representations essential to the tool-use effect.
Indeed, one potential explanation for exaggerated age effects in
physically demanding tasks (i.e., Bhalla & Proffitt, 1999; Hackney
& Cinelli, 2013; Sugovic & Witt, 2013) is that older adults must
compensate for decrements to the action–perception system.

Our experiments are the first to document an age-related ab-
sence of the tool-use effect that is robustly evident in both physical
and remote tool use. This finding speaks to the gerontological
literature that has documented a strong link between the aging
body and the aging mind. For instance, older adult physical ca-
pacities are linked with their relative cognitive capacity (Clouston
et al., 2013), and older adults have shown gains in cognitive
capacity after engaging in aerobic training (Colcombe & Kramer,
2003; Voss et al., 2011), indicating that physical exercise may
serve as a neuroprotective factor (Hillman, Erickson, & Kramer,
2008). Our results speak to this literature insofar as the older adults
in our studies evidenced a specific deficit in the modification of
spatial representations during tool use. For younger adults, perip-
ersonal spatial representations are flexible and can be elongated
during tool use (Ladavas & Serino, 2008), although this flexibility
appears to be lost with the older adults from the present study. It
remains an open empirical question as to whether aerobic exercise
and physical training for older adults could impact the older adult
loss of the tool-use effect.

Our results also speak to the growing interest in embodied
cognition and extended mind debate. Specifically, it points to a
potential dissociation between these two theories that are generally
considered complementary. Although there is ample evidence of
heightened embodied effects for older adults (Bhalla & Proffitt,
1999; Hackney & Cinelli, 2013; Sugovic & Witt, 2013), our results
indicate that older adults exhibit an absence of mental extension
through tool use. Future studies could explore the breadth and
causal factors to this potential embodied–extended dissociation in
older adults. For instance, there is emerging evidence that words
function as tools to extend the mind (Borghi et al., 2013). Given
the current results of an age-related decline in the tool-use effect,
could this also be true for motor–word extension? There is recent
evidence toward this possibility. Obayashi and Hara (2013) found
that decreased activity in supplementary motor area (SMA) inter-

fered with verbal fluency for older adults but not younger adults.
Furthermore, an open question is whether older adult reductions in
visuomotor adaptation are truly caused by aging or merely reflect
the decline in physical activity associated with aging. If the latter
is true, then we would expect that older adults who exercise
regularly to be more likely to evidence the tool-based alteration to
distance estimates that is common to younger adults. Further research
will be necessary in order to determine whether the processing asso-
ciated with peripersonal space representations, and extendable
through tool use, can be maintained or even regained through physical
training programs.

References

Bach, M. (1996). The Freiburg Visual Acuity test—Automatic measure-
ment of visual acuity. Optometry and Vision Science, 73, 49–53. http://
dx.doi.org/10.1097/00006324-199601000-00008

Ballesteros, S., Mayas, J., Reales, J. M., & Heller, M. (2012). The Effect
of age on the haptic horizontal-vertical curvature illusion with raised-
line shapes. Developmental Neuropsychology, 37, 653–667.

Barsalou, L. W. (2008). Grounded cognition. Annual Review of Psychol-
ogy, 59, 617–645. http://dx.doi.org/10.1146/annurev.psych.59.103006
.093639

Bennett, I. J., Madden, D. J., Vaidya, C. J., Howard, D. V., & Howard,
J. H., Jr. (2010). Age-related differences in multiple measures of white
matter integrity: A diffusion tensor imaging study of healthy aging.
Human Brain Mapping, 31, 378–390.

Berti, A., & Frassinetti, F. (2000). When far becomes near: Remapping of
space by tool use. Journal of Cognitive Neuroscience, 12, 415–420.
http://dx.doi.org/10.1162/089892900562237

Berti, A., & Rizzolatti, G. (2002). Coding near and far space. In H. O.
Karnath, A. D. Milner, & G. Valler (Eds.), The cognitive and neural
bases of spatial neglect (pp. 119–129). New York, NY: Oxford Univer-
sity Press. http://dx.doi.org/10.1093/acprof:oso/9780198508335.003
.0008

Bhalla, M., & Proffitt, D. R. (1999). Visual–motor recalibration in geo-
graphical slant perception. Journal of Experimental Psychology: Human
Perception and Performance, 25, 1076–1096. http://dx.doi.org/10.1037/
0096-1523.25.4.1076

Billino, J., Hamburger, K., & Gegenfurtner, K. R. (2009). Age effects on
the perception of motion illusions. Perception, 38, 508–521.

Binkofski, F., & Buxbaum, L. J. (2013). Two action systems in the human
brain. Brain and Language, 127, 222–229. http://dx.doi.org/10.1016/j
.bandl.2012.07.007

Bloesch, E. K., Davoli, C. C., & Abrams, R. A. (2013). Age-related changes
in attentional reference frames for peripersonal space. Psychological Sci-
ence, 24, 557–561. http://dx.doi.org/10.1177/0956797612457385

Bloesch, E. K., Davoli, C. C., Roth, N., Brockmole, J. R., & Abrams, R. A.
(2012). Watch this! Observed tool use affects perceived distance. Psy-
chonomic Bulletin & Review, 19, 177–183. http://dx.doi.org/10.3758/
s13423-011-0200-z

Borghi, A. M., & Cimatti, F. (2010). Embodied cognition and beyond:
Acting and sensing the body. Neuropsychologia, 48, 763–773. http://dx
.doi.org/10.1016/j.neuropsychologia.2009.10.029

Borghi, A. M., Scorolli, C., Caligiore, D., Baldassarre, G., & Tummolini,
L. (2013). The embodied mind extended: Using words as social tools.
Frontiers in Psychology, 4, 214. http://dx.doi.org/10.3389/fpsyg.2013
.00214

Bremmer, F., Schlack, A., Shah, N. J., Zafiris, O., Kubischik, M., Hoff-
mann, K., . . . Fink, G. R. (2001). Polymodal motion processing in
posterior parietal and premotor cortex: A human fMRI study strongly
implies equivalencies between humans and monkeys. Neuron, 29, 287–
296. http://dx.doi.org/10.1016/S0896-6273(01)00198-2

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.

665AGING AND TOOL USE

http://dx.doi.org/10.1097/00006324-199601000-00008
http://dx.doi.org/10.1097/00006324-199601000-00008
http://dx.doi.org/10.1146/annurev.psych.59.103006.093639
http://dx.doi.org/10.1146/annurev.psych.59.103006.093639
http://dx.doi.org/10.1162/089892900562237
http://dx.doi.org/10.1093/acprof:oso/9780198508335.003.0008
http://dx.doi.org/10.1093/acprof:oso/9780198508335.003.0008
http://dx.doi.org/10.1037/0096-1523.25.4.1076
http://dx.doi.org/10.1037/0096-1523.25.4.1076
http://dx.doi.org/10.1016/j.bandl.2012.07.007
http://dx.doi.org/10.1016/j.bandl.2012.07.007
http://dx.doi.org/10.1177/0956797612457385
http://dx.doi.org/10.3758/s13423-011-0200-z
http://dx.doi.org/10.3758/s13423-011-0200-z
http://dx.doi.org/10.1016/j.neuropsychologia.2009.10.029
http://dx.doi.org/10.1016/j.neuropsychologia.2009.10.029
http://dx.doi.org/10.3389/fpsyg.2013.00214
http://dx.doi.org/10.3389/fpsyg.2013.00214
http://dx.doi.org/10.1016/S0896-6273%2801%2900198-2


Brockmole, J. R., Davoli, C. C., Abrams, R. A., & Witt, J. K. (2013). The
world within reach: Effects of hand posture and tool use on visual
cognition. Current Directions in Psychological Science, 22, 38–44.
http://dx.doi.org/10.1177/0963721412465065

Buxbaum, L. J., & Kalenine, S. (2010). Action knowledge, visuomotor
activation, and embodiment in the two action systems. Annals of the New
York Academy of Sciences, 1191, 201–218. http://dx.doi.org/10.1111/j
.1749-6632.2010.05447.x

Cavalcante, K. R., & Caramelli, P. (2009). Evaluation of the performance
of normal elderly in a limb praxis protocol: Influence of age, gender, and
education. Journal of the International Neuropsychological Society, 15,
618–622. http://dx.doi.org/10.1017/S1355617709090663

Cavanna, A. E., & Trimble, M. R. (2006). The precuneus: A review of its
functional anatomy and behavioural correlates. Brain, 129, 564–583.
http://dx.doi.org/10.1093/brain/awl004

Cesari, M., Kritchevsky, S. B., Penninx, B. W., Nicklas, B. J., Simonsick,
E. M., Newman, A. B., . . . Pahor, M. (2005). Prognostic value of usual
gait speed in well-functioning older people—Results from the Health,
Aging and Body Composition Study. Journal of the American Geriatrics
Society, 53, 1675–1680. http://dx.doi.org/10.1111/j.1532-5415.2005
.53501.x

Clark, A., & Chalmers, D. (1998). The extended mind. Analysis, 58, 7–19.
http://dx.doi.org/10.1093/analys/58.1.7

Clouston, S. A. P., Brewster, P., Kuh, D., Richards, M., Cooper, R., Hardy,
R., . . . Hofer, S. M. (2013). The dynamic relationship between physical
function and cognition in longitudinal aging cohorts. Epidemiologic
Reviews, 35, 33–50. http://dx.doi.org/10.1093/epirev/mxs004

Colcombe, S., & Kramer, A. F. (2003). Fitness effects on the cognitive
function of older adults: A meta-analytic study. Psychological Science,
14, 125–130. http://dx.doi.org/10.1111/1467-9280.t01-1-01430

Craik, F. I. M., & Bialystok, E. (2006). Cognition through the lifespan:
Mechanisms of change. Trends in Cognitive Sciences, 10, 131–138.
http://dx.doi.org/10.1016/j.tics.2006.01.007

Culham, J. C., & Kanwisher, N. G. (2001). Neuroimaging of cognitive
functions in human parietal cortex. Current Opinion in Neurobiology,
11, 157–163. http://dx.doi.org/10.1016/S0959-4388(00)00191-4

Davis, S. W., Dennis, N. A., Buchler, N. G., White, L. E., Madden, D. J.,
& Cabeza, R. (2009). Assessing the effects of age on long white matter
tracts using diffusion tensor tractography. NeuroImage, 46, 530–541.
http://dx.doi.org/10.1016/j.neuroimage.2009.01.068

Davoli, C. C., Brockmole, J. R., & Witt, J. K. (2012). Compressing
perceived distance with remote tool-use: Real, imagined, and remem-
bered. Journal of Experimental Psychology: Human Perception and
Performance, 38, 80–89. http://dx.doi.org/10.1037/a0024981

de Grave, D. D., Brenner, E., & Smeets, J. B. J. (2011). Using a stick does
not necessarily alter judged distances or reachability. PLoS ONE, 6,
e16697. http://dx.doi.org/10.1371/journal.pone.0016697

DeLoss, D. J., Pierce, R. S., & Andersen, G. J. (2013). Multisensory
integration, aging, and the sound-induced flash illusion. Psychology and
Aging, 28, 802–812.

Diaconescu, A. O., Hasher, L., & McIntosh, A. R. (2013). Visual domi-
nance and multisensory integration changes with age. NeuroImage, 65,
152–166. http://dx.doi.org/10.1016/j.neuroimage.2012.09.057

Diersch, N., Mueller, K., Cross, E. S., Stadler, W., Rieger, M., & Schütz-
Bosbach, S. (2013). Action prediction in younger versus older adults:
Neural correlates of motor familiarity. PLoS ONE, 8, e64195. http://dx
.doi.org/10.1371/journal.pone.0064195

Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). “Mini-mental
state”: A practical method for grading the cognitive state of patients for
the clinician. Journal of Psychiatric Research, 12, 189–198. http://dx
.doi.org/10.1016/0022-3956(75)90026-6

Fridman, E. A., Immisch, I., Hanakawa, T., Bohlhalter, S., Waldvogel, D.,
Kansaku, K., . . . Hallett, M. (2006). The role of the dorsal stream for

gesture production. NeuroImage, 29, 417– 428. http://dx.doi.org/
10.1016/j.neuroimage.2005.07.026

Gabbard, C., Caçola, P., & Cordova, A. (2011). Is there an advanced aging
effect on the ability to mentally represent action? Archives of Gerontol-
ogy and Geriatrics, 53, 206–209. http://dx.doi.org/10.1016/j.archger
.2010.10.006

Gallivan, J. P., McLean, D. A., Valyear, K. F., & Culham, J. C. (2013).
Decoding the neural mechanisms of human tool use. eLife, 2, e00425.
http://dx.doi.org/10.7554/eLife.00425

Gibson, J. J. (1979). The ecological approach to visual perception. Hills-
dale, NJ: Erlbaum.

Goldenberg, G. (2013). Apraxia. Wiley Interdisciplinary Reviews: Cogni-
tive Science, 4, 453–462. http://dx.doi.org/10.1002/wcs.1241

Grady, C. (2012). The cognitive neuroscience of ageing. Nature Reviews
Neuroscience, 13, 491–505. http://dx.doi.org/10.1038/nrn3256

Hackney, A. L., & Cinelli, M. E. (2013). Older adults are guided by their
dynamic perceptions during aperture crossing. Gait & Posture, 37,
93–97. http://dx.doi.org/10.1016/j.gaitpost.2012.06.020

Hall, W. J. (2006). Update in geriatrics. Annals of Internal Medicine, 145,
538 –543. http://dx.doi.org/10.7326/0003-4819-145-7-200610030-
00012

Halligan, P. W., Fink, G. R., Marshall, J. C., & Vallar, G. (2003). Spatial
cognition: Evidence from visual neglect. Trends in Cognitive Sciences,
7, 125–133. http://dx.doi.org/10.1016/S1364-6613(03)00032-9

Heilman, K. M., Watson, R. T., & Valenstein, E. (2003). Neglect and
related disorders. In K. M. Heilman & E. Valenstein (Eds.), Clinical
neuropsychology (4th ed., pp. 279–336). New York, NY: Oxford Uni-
versity Press.

Heuninckx, S., Wenderoth, N., & Swinnen, S. P. (2010). Age-related
reduction in the differential pathways involved in internal and external
movement generation. Neurobiology of Aging, 31, 301–314. http://dx
.doi.org/10.1016/j.neurobiolaging.2008.03.021

Hillman, C. H., Erickson, K. I., & Kramer, A. F. (2008). Be smart, exercise
your heart: Exercise effects on brain and cognition. Nature Reviews
Neuroscience, 9, 58–65. http://dx.doi.org/10.1038/nrn2298

Holmes, N. P., Calvert, G. A., & Spence, C. (2004). Extending or project-
ing peripersonal space with tools? Multisensory interactions highlight
only the distal and proximal ends of tools. Neuroscience Letters, 372,
62–67. http://dx.doi.org/10.1016/j.neulet.2004.09.024

Kochunov, P., Mangin, J. F., Coyle, T., Lancaster, J., Thompson, P.,
Rivière, D., . . . Fox, P. T. (2005). Age-related morphology trends of
cortical sulci. Human Brain Mapping, 26, 210–220. http://dx.doi.org/
10.1002/hbm.20198

Kramarow, E., Lubitz, J., Lentzner, H., & Gorina, Y. (2007). Trends in the
health of older Americans, 1970–2005. Health Affairs, 26, 1417–1425.
http://dx.doi.org/10.1377/hlthaff.26.5.1417
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