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In this study, we explored the time and space relationship according to two different
spatial codings, namely, the left/right extension and the reachability of stimulus along
a near/far dimension. Four experiments were carried out in which healthy participants
performed the time and spatial bisection tasks in near/far space, before and after short
or long tool-use training. Stimuli were prebisected horizontal lines of different temporal
durations in which the midpoint was manipulated according to the Muller-Lyer illusion.
The perceptual illusory effects emerged in spatial but not temporal judgments. We
revealed that temporal and spatial representations dynamically change according to
the action potentialities of an individual: temporal duration was perceived as shorter and
the perceived line’s midpoint was shifted to the left in far than in near space. Crucially,
this dissociation disappeared following a long but not short tool-use training. Finally, we
observed age-related differences in spatial attention which may be crucial in building the
memory temporal standard to categorize durations.

Keywords: time perception, Muller-Lyer illusion, tool-use, near/far space, time bisection task

INTRODUCTION

In everyday activities, we commonly experience an intimate coupling between time and space. In
this respect, it was largely demonstrated that the stimulus spatial position, on the left or on the
right side, influences time perception (see Bonato et al., 2012 for a review). More recently, it was
demonstrated that also the stimulus position in the depth dimension, near and far space, impacts
time perception (Anelli et al., 2015). As far as the influence of left/right spatial coding on time
estimation, it was demonstrated that the duration of stimuli presented on the left is perceived
shorter as compared to stimuli presented on the right (Vallesi et al., 2008; Vicario et al., 2008;
Frassinetti et al., 2009). These findings have contributed to formulating the hypothesis that humans
represent time along a horizontal line (mental timeline) where temporal intervals are typically
represented in ascending order from left to right (Santiago et al., 2007, 2010; Ishihara et al., 2008;
Müller and Schwarz, 2008; Weger and Pratt, 2008; Magnani et al., 2011; Vallesi et al., 2011; Di Bono
et al., 2012; Oliveri et al., 2013; Isham et al., 2018).

Near/far spatial coding influences time perception too: stimuli presented in far space are
perceived shorter in duration as compared to stimuli presented in near space (Anelli et al., 2015).
The distinction between near and far space depends on the extent to which an action can be
performed (Rizzolatti et al., 1997; Berti and Frassinetti, 2000; Cardinali et al., 2009). Thus, near
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space is defined as the reachable space inside the arm’s reaching
distance, and far space is defined as the unreachable space outside
the reaching distance (Maravita and Iriki, 2004; Bartolo et al.,
2014; De Vignemont and Iannetti, 2015).

Further evidence supporting the role of performing action
per se or action capability of an individual in mediating the
distinction between near and far space is provided by the effects
of tool-use which extends action capabilities (Witt, 2011; Patané
et al., 2016b; Biggio et al., 2017; Candini et al., 2019; Forsberg
et al., 2019; see, for reviews, Johnson-Frey, 2004; Maravita and
Iriki, 2004; Reynaud et al., 2016). In fact, tool-use allows to reach
objects located in a far/unreachable space and, consequently,
extends the reaching of boundary space (Berti and Frassinetti,
2000; Longo and Lourenco, 2006; Hunley et al., 2017; but see
also D’Angelo et al., 2018; see, for review, Brozzoli et al., 2014;
Martel et al., 2016).

The distinction between near and far space and its plasticity
has widely been demonstrated in several behavioral studies
adopting visuospatial tasks, such as the line bisection and
landmark task, which require to identify the subjective midpoint
of a horizontal line (Bisiach et al., 1998; Lindbergh and Kieffaber,
2013; Patané et al., 2016a). In these tasks, when stimuli are
presented in near space, healthy participants typically exhibit
a leftward bias that gradually shifts rightward as the stimulus
is moved further away (Bowers and Heilman, 1980; Jewell and
McCourt, 2000; Longo and Lourenco, 2006, 2007). However,
some studies adopting a line bisection task reported the opposite,
which is a rightward bias in near space compared to far space
(Cowie and Hamil, 1998; Braun and Kirk, 1999; McCourt and
Garlinghouse, 2000; Varnava et al., 2002). What is of interest here
is that when using a tool, that extends the near/reachable space
up to the far/unreachable space (i.e., a long tool), a bias similar
to that observed in near space emerged also in far space (Longo
and Lourenco, 2006). This is not true when a short tool is used
that does not extend the action capability and does not allow to
reach the far space (Farnè et al., 2005; Costantini et al., 2011;
Bourgeois et al., 2014; Anelli et al., 2015; Patané et al., 2016b;
Candini et al., 2019).

Furthermore, a relevant issue is that age influences the bias
found in the line bisection task. However, the nature of this effect
is somewhat controversial: some studies have demonstrated an
attenuated bias with age (Schmitz and Peigneux, 2011; Schmitz
et al., 2013; Benwell et al., 2014; Learmonth et al., 2015; Friedrich
et al., 2018), whereas other studies have put in evidence an
accentuated bias with age (Harvey et al., 1995, 2000) or no
effects of age (Learmonth et al., 2017). In a similar vein, a still
debated question concerns the role of age in time estimation:
temporal processing appears to be altered in healthy aging
which is often associated with a faster passage of subjective time
(Craik and Hay, 1999; Perbal et al., 2002; Rueda and Schmitter-
Edgecombe, 2009; Turgeon et al., 2016; Paraskevoudi et al.,
2018). For instance, Craik and Hay (1999) found that older
participants perceived stimuli duration as shorter, compared
to the veridical temporal duration than younger participants.
However, other studies found the opposite tendency in aging,
which is to perceive longer stimuli duration compared to the
veridical interval (Block et al., 1998; Turgeon et al., 2011).

Thus, it remains unknown how aging actually influences and
determines the response bias observed either in spatial or
temporal judgments.

In this study, we concurrently investigated the relationship
between time and two different spatial codings, namely, the
horizontal extension along a transversal axis (from left to
right) and the depth dimension along a sagittal axis (from
near/reachable to far/unreachable). Moreover, according to
several studies demonstrating that age influences different abilities
(Sardone et al., 2020), such as spatial and time perception,
we expect a different performance between young and elderly
participants in temporal estimation as a function of the spatial
coding of stimulus. To these aims, we study the effects on
time perception of a visual illusion, altering the left/right spatial
coding (Muller-Lyer illusion), and of the tool-use, modifying the
boundary between near and far space.

Young and aging healthy participants were involved in two
time experiments and two spatial experiments. In the time
bisection task, participants estimated whether stimuli were
“short” or “long” in duration, with respect to a previously
acquired pair of references (1,600 and 2,400 ms). Stimuli
consisted of horizontal prebisected lines and were displayed
according to the Brentano version of the Muller-Lyer illusion.
This type of illusion uses three different arrows arranged in
such a way that one half of the line is apparently expanded,
whereas the other half appears to be compressed (Coren
and Girgus, 1978; Weidner and Fink, 2007). We predicted
that if the spatial bias induced by the Brentano version of
the Muller-Lyer illusion influences time perception when the
transector is perceived as nearer to the left end of the line,
time should be perceived as shorter, and when the transector
is perceived as nearer to the right end of the line, time should
be perceived as longer. Furthermore, the effects of depth on
time and its plasticity were assessed by presenting stimuli
both in near and far spaces, before and after long tool-use
training. According to previous findings, time is expected to
be perceived as shorter in the far compared to near space
before but not after long tool-use training (Anelli et al., 2015;
Petrizzo et al., 2021).

To verify the presence of illusory effects induced by the
Muller-Lyer configuration, participants were involved in the
spatial bisection task, in which the same stimuli of the time
bisection task were used, except for stimulus duration which
was not manipulated and was set at 2,000 ms. Participants were
required to judge which end of the prebisected line the transector
was closer to. Furthermore, two additional control experiments
were also conducted in which the same time bisection task and
spatial bisection task previously described were performed before
and after a short tool-use training (Farnè et al., 2005; Costantini
et al., 2011; Bourgeois et al., 2014; Anelli et al., 2015; Patané et al.,
2016b; Candini et al., 2019).

We expect that testing the effect of Muller-Lyer illusion
on time estimation will provide a critical contribution to
understanding how visual perception influences time processing.
Moreover, changes in time estimation might be driven by
the possibility to act in space, regardless of the perceived
illusory spatial bias. If that is the case, we should find that
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the body proximity and the active long tool-use training
but not short tool-use training are effective to modulate
time estimation.

EXPERIMENT 1: TIME BISECTION TASK

Participants
A total of 36 right-handed neurologically healthy volunteers
with normal or corrected-to-normal vision were recruited. The
sample size was calculated by using G∗Power 3.1.7, hypothesizing
an estimated effect size of f = 0.4 and a power at 80%
(Anelli et al., 2015). Notably, 18 volunteers were elderly
participants (6 men, mean ± SD age = 57.9 ± 6.9 years;
mean ± SD education = 13 ± 4.6 years), and the remaining
18 volunteers were younger participants (5 men, mean ± SD
age = 23.4 ± 3 years; mean ± SD education = 17 ± 1.7 years).

All participants were naive to the purpose of the research
and provided written informed consent to participate in the
study. The study was approved by the local ethics committee
(Department of Psychology, University of Bologna), and all
procedures were in accordance with the ethical standards of the
2008 Declaration of Helsinki.

Stimuli
Stimuli were black prebisected horizontal lines displayed on
a white screen positioned at 60 cm (near space) or 120 cm
(far space) from the eyes of participants. To ensure that the
retinal angle remained constant [0.48◦

× 5.25◦ visual angle
(VA)] across viewing distances, the size of stimuli was adjusted
near space: 0.5 cm height and 5.5 cm length; far space: 1 cm
height and 11 cm length). This phenomenon can be ascribed
to the size constancy, a perceptual mechanism that enables us
to perceive an object of different sizes presented at different
viewing distances as having the same size. Indeed, our brain
combines retinal images and distance cues to perceive objects
as having the same physical properties, i.e., a constant size,
despite changes in retinal input (Sperandio and Chouinard,
2015). Each horizontal line was bisected by a black arrow
(transector) and two more black arrows were presented at the
line’s ends, which could be oriented to the left or to the right
side. Indeed, two different illusory conditions were presented:
Left expanded (left-sided outgoing fin/right-sided ingoing fin)
and Right expanded (left-sided ingoing fin/right-sided outgoing
fin). Throughout this study, the two types of illusory stimuli are
distinguished with reference to the orientation of outgoing fins
(left or right expanded side). The fin formed with the line in 45◦

(ingoing; > < ) or 315◦ (outgoing; < > ) angle. Across trials,
the stimuli varied according to (1) the 2 stimuli orientations
(left/right), (2) the 3 positions at which the horizontal line
was bisected (shift to the left: –0.2◦; true center: 0.0◦ shift to
the right: + 0.2◦), and (3) the 5 stimuli durations (i.e., 1,600,
1,800, 2,000, 2,200, or 2,400 ms; Figure 1) for a total of 30
stimuli combinations. Each stimulus was repeated six times, thus
obtaining a total of 360 trials. To reduce the effect of fatigue on
the performance of participants, three different blocks of 60 trials

were presented for each condition, i.e., 180 in the near space and
180 in the far space.

Each trial began with the presentation of a fixation cross
displayed on a white background for 500 ms, after which
the stimulus was displayed for one of the five temporal
durations (i.e., 1,600, 1,800, 2,000, 2,200, and 2,400 ms) and
then replaced by a white background which remained visible
until a verbal response was made. After the response, the
subsequent trial was presented following a random inter-
trial interval (range 600–1,000 ms; as shown in Figure 2A).
Stimuli were centrally displayed on a 15” LCD monitor
(resolution 1,366 × 768 pixels) and were presented by using
the E-Prime 2.0 software package (Psychology Software Tool©
1996–2012, United States).

Procedure
Participants were comfortably seated directly in front of the
monitor screen and were asked to rest their hands on their thighs.
The experimenter ensured that the body position of the subject
remained constant during the whole experiment.

The time bisection task consisted of the verbal classification
of a series of prebisected lines that were displayed for different
durations at the center of the computer screen. We adopted
two-alternative forced-choice paradigms in which participants
have to judge whether the duration of each line was “short”
or “long” with respect to previously acquired pair of reference
durations (1,600 and 2,400 ms). In the practice session, a total
of eight trials were randomly presented, and participants had to
classify four intervals of 1,600 ms as “short” and four intervals
of 2,400 ms as “long.” Feedback was given on accuracy only for
these eight practice trials. All participants reached at least 80% of
accuracy with no more than two practice sessions (mean ± SD
accuracy = 89.7% ± SD 0.09). Then, they were involved in
the experimental task in which all the possible prebisected
lines were randomly displayed. Participants were instructed to
make their best guess if they were unsure and to respond as
accurately and as quickly as possible. No feedback was given in
the experimental blocks.

The experimenter seated behind the participants (at least
1.5 m) and recorded their verbal responses by pressing one
of the two keys on a wireless mouse (left for “short”/right for
“long”). Each block of the time bisection task took approximately
6 min to complete.

The time bisection task was performed in two experimental
conditions: in near space (60 cm from the computer screen) and
in far space (120 cm from the computer screen), presented in
separate blocks, counterbalanced across participants. The task
was repeated two times, in the same order, before and after a
tool-use session.

Tool-Use Session
During the tool-use training, the participant stood at the short
side of a rectangular table. The experimenter randomly placed on
the table a series of colored poker chips (red, green, yellow, white,
and black) outside the reaching space, at a distance of ≈100 cm
from the trunk of a participant. The chips were presented in the
midsagittal axis (0◦) of participants, or at 10◦ and 20◦ to the left
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FIGURE 1 | Stimuli and procedure adopted in the experimental tasks. In the upper panel, (A) experimental stimuli were depicted: stimuli varied according to the
left/right side orientation, and the transector positions (1: −0.2◦; 2: 0.0◦; 3: + 0.2◦). The vertical dot lines represent the true center of each prebisected line. In the
lower panel, (B) a schematic representation of the procedure adopted was represented. Both tasks were performed before and after a tool-use training session in
which the participant (blue) reached a series of colored chips placed by the experimenter outside the reaching space by using a rake.

and to the right of the central position (–10◦, –20◦, + 10◦, and
+20◦; as shown in Figure 1). Each participant performed about
a total of 100 reaching movements in order to bring the objects
close to their body with no time constraint. During the tool-use
session, participants had to use a 70-cm-long rake with their right
hand. The tool-use training lasted for 15 min.

DATA ANALYSIS

In our paradigm, the bisection point is the estimated temporal
value (expressed in milliseconds) for which participants would
respond “long” or “short” with equal probability. To estimate
the bisection point, we first computed the percentage of “long”
responses for each interval duration (1,600, 1,800, 2,000, 2,200,
and 2,400 ms), and then cumulative Gaussian functions were
fitted to the percentage of “long” responses across different
stimulus durations using logistic regression. The point at
which the psychometric function cuts 50% of “long” responses
indicates the duration at which a participant is equally likely
to classify the stimuli as short or long [point of subjective
equality (PSE)]. For each participant, the PSE was separately
calculated for each type of illusion (left/right orientation)
and transector position (–0.2◦; 0.0◦; +0.2◦) in each of the
four conditions (i.e., pre-tool-use/near space, pre-tool-use/far
space, post-tool-use/near space, and post-tool-use/far space).
Bisection points below 2,000 ms reflect duration overestimation

(i.e., durations are perceived longer than they actually are),
whereas bisection points above 2,000 ms reflect duration
underestimation (i.e., durations are perceived shorter than they
actually are). An increase of “longer” responses after the tool-
use session, as compared to the pre-tool session, induces a
decreased PSE, reflecting that durations are perceived as being
longer with respect to before tool-use session. Conversely,
an increase of “short” responses after the tool-use session
induces an increased PSE, reflecting that durations are perceived
shorter. Thus, the PSE allows us to observe whether tool-
use sessions induced a temporal judgment bias toward either
an underestimation or an overestimation of durations in
near and far spaces.

Statistical Analysis
The Kolmogorov–Smirnov test was conducted to verify whether
or not our dataset was normally distributed. Since we did not
obtain significant results (p > 0.05), we assumed the dataset
was not significantly different from a normal distribution. First,
to explore the effect of temporal duration on time estimation
judgment of participants, an ANOVA was conducted on the
percentage of “long” responses recorded with intervals (1,600,
1,800, 2,000, 2,200, and 2,400 ms) as a within-subject variable.

Second, to explore the effect of a tool-use training on the
temporal task, an ANOVA was conducted on mean PSE value
with Group (young and aging participants) as a between-subject
variable, and Session (pre- and post-tool), Condition (near and

Frontiers in Human Neuroscience | www.frontiersin.org 4 January 2022 | Volume 15 | Article 796799

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-796799 January 15, 2022 Time: 15:10 # 5

Candini et al. Time and Space Interaction

FIGURE 2 | The experimental paradigm and performance of participants at time bisection task. In the time bisection task, (A) participants were asked to judge
whether the duration of each stimulus was “short” or “long” with respect to pair of short (1,600 ms) and long (2,400 ms) reference durations. (B) The percentage of
long response as a function of duration interval. (C) The point of subjective equality (PSE) judgments expressed as a function of Group. (D) The PSE is expressed as
a function of tool-use session (pre and post) and conditions (near and far). Error bars indicate SEMs. Asterisks indicate significant differences.

far spaces), Orientation (left and right), and Transector (–0.2◦;
0.0◦; +0.2◦) as within-subject variables. When necessary, post hoc
analyses were conducted using Newman–Keuls’s correction.
The magnitude of effect size was expressed by partial eta
squared (η2

p).

RESULTS OF EXPERIMENT 1: TIME
BISECTION TASK

The Effect of Time Interval
The variable interval was significant [F(4,140) = 470.2;
p < 0.0001; η2

p = 0.93]: post hoc analyses revealed that all
temporal durations differ each other, revealing an increase
of percentage of long response according to the increase of
temporal durations (1,600 = 15%; 1,800 = 33%; 2,000 = 55%;
2,200 = 75%; 2,400 = 86%; p < 0.0001 for all comparisons; as
shown in Figure 2B).

The Effect of Muller-Lyer Illusion and
Tool-Use on Temporal Estimation
The ANOVA conducted on the PSE revealed a significant
effect for the variable group [F(1,34) = 3.19; p = 0.028;
η2

p = 0.13]: an underestimation of temporal interval was

found in elderly (mean ± SEM 2,019 ± 19.0) compared to
younger participants (1,948 ± 17.7; see Figure 2C). Crucially,
the interaction Session × Condition [F(1,34) = 5.69; p = 0.02;
η2

p = 0.14] was significant. In the pre-tool session, temporal
durations are perceived shorter (i.e., participants underestimated
temporal interval) when stimuli were presented in far condition
(2,075 ± 59.6) compared to near condition (1,954 ± 16.5;
p = 0.045). In contrast, no such effect was observed in the post-
tool session between near and far conditions (1,975 ± 27.9 vs.
1933 ± 21.7; p = 0.66). Interestingly, when pre- and post-tool
sessions were directly compared, a significant reduction of time
underestimation emerged comparing far conditions (p = 0.03),
whereas no significant differences emerged comparing near
conditions (p = 0.66; as shown in Figure 2D). No significant
interaction for the factor Group and other variables was found
(all p-values > 0.05).

Interim Discussion of Experiment 1
First, time intervals were classified consistently with their
effective durations, since the percentage of long response
increased as the time interval increased. Second, age influences
time estimation: elderly participants perceived temporal
durations as shorter compared to young participants. Third,
considering the depth dimension along the sagittal axis,
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our results highlight how temporal estimation is modulated
by the space where the temporal stimulus is presented:
temporal durations presented in far space are perceived
shorter as compared to those presented in near space. This
dissociation disappears following a long tool-use session, in
which participants actively perform a series of consecutive
movements to reach objects located in a far and unreachable
space by means of a long rake. Indeed, after tool-use training,
temporal stimuli presented in far space are processed as if
they occurred in near space, demonstrating the role of action
in the “remapping of time.” Crucially, after an equivalent
tool-use training but with a short rake, this effect was not
observed (refer to Supplementary Section Experiment 3).
Indeed, temporal durations presented in far space are perceived
shorter as compared to those presented in near space in the
pre-training session, and this dissociation was still present
after the short tool-use training (see Supplementary Figure 1).
Finally, we found that the Muller-Lyer illusion, which alters
the left/right coding, did not affect temporal estimation. This
last result can be explained in two different ways. First, the
near/far space, coded by action possibilities, is more relevant
for time estimation than the left/right spatial bias induced by
visual illusion. Second, participants could have not experienced
the Muller-Lyer illusion at all. To rule out this last possibility,
we assessed the occurrence of Muller-Lyer’s illusion by using a
spatial bisection task.

EXPERIMENT 2: SPATIAL BISECTION
TASK

Stimuli
We used the same stimuli of Experiment 1 (see Figure 1)
but stimuli duration was fixed at 2,000 ms. According to the
two illusory conditions adopted (left and right expanded) and
the three transector positions (–0.2◦; 0.0◦ +0.2◦), six different
prebisected lines were obtained. Each stimulus was presented six
times in a random order, yielding a total of 72 trials (36 in the
near space and 36 in the far space). Each trial began with the
presentation of a fixation cross lasting 500 ms, then the stimulus
was displayed for 2,000 ms and replaced by a white background,
which remained visible until a response was made (as shown in
Figure 3A).

Procedure
The spatial bisection task was performed in near and far
spaces and presented in separate blocks, counterbalanced across
participants. The task was repeated two times, in the same order,
before and after a tool-use session.

We adopted a left/right alternative forced-choice paradigm
in which participants have to judge which end of the line the
transector was closer to Weidner and Fink (2007). On each trial,
participants were asked to verbally classify each prebisected line
as “left” if the transector was perceived as being closer to the left
end of the line, and as “right” if they perceived it to be closer
to the right end.

A practice session was administered before the experimental
task. In this practice session, participants had to classify four
prebisected lines at –0.2◦ as “left,” and four prebisected lines
at + 0.2◦ as “right,” all randomly presented. Participants received
feedback only in these eight practice trials, which was repeated
until they had reached at least 80% of accuracy (mean ± SD
accuracy = 90.2% ± SD 0.05). Then, they were involved in
the experimental task in which all the possible six prebisected
lines were randomly displayed. Participants were instructed to
make their best guess if they were unsure and to respond as
accurately and as quickly as possible. No feedback was given in
the experimental blocks.

The experimenter seated behind the participants (at least
1.5 m) and recorded the verbal responses of participants by
pressing one of the two keys on a wireless mouse (left/right).
Each block of the spatial bisection task took approximately
5 min to complete.

DATA ANALYSIS

For each participant, to obtain an objective measure of the
perceived line midpoint, we calculated the proportion of “right”
responses (i.e., when subjects judged the transector as being at the
right of the true center) in each of the four conditions (i.e., pre-
tool-use/near space, pre-tool-use/far space, post-tool-use/near
space, and post-tool-use/far space). As expected in line with the
visual illusion, participants typically fail to correctly judge the
midpoint of the line because half of the line appears shorter or
longer than the real one with the ingoing fins (> < ) and outgoing
fins (< > ), respectively (Ro and Rafal, 1996; Vallar et al., 2000;
Daini et al., 2001).

An increase of “right” responses after the tool-use session, as
compared to the pre-tool session, induces a relative shift toward
the left of the perceived midline. On the contrary, an increase
of “left” responses after the tool-use session induces a relative
shift to the right.

RESULTS OF EXPERIMENT 2: SPATIAL
BISECTION TASK

The Effect of Muller-Lyer Illusion and
Tool-Use on Spatial Estimation
To explore the effect of a tool-use training on the spatial
task, an ANOVA was conducted on the percentage of “right”
responses recorded in each condition with Group (young and
aging participants) as a between-subject variable, and Session
(pre- and post-tool), Condition (near and far spaces), Orientation
(left and right), and Transector (–0.2◦; 0.0◦; +0.2◦) as within-
subject variables.

The analysis revealed a significant effect for the variable Group
[F(1,34) = 6.55; p = 0.02; η2

p = 0.16]: younger participants
perceived the transector as closer to the left end of the line
(mean ± SEM 48% ± 0.018) compared to the elderly adults
(51% ± 0.013; see Figure 3C). Furthermore, confirming the effect
of Muller-Lyer illusion, the interaction Orientation × Transector
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FIGURE 3 | The experimental paradigm and performance of participants at the spatial bisection task. In the spatial bisection task, (A) participants had to verbally
classify each stimulus as “left” if the transector was perceived as being closer to the left end of the line, and as “right” if they perceived it to be closer to the right end.
(B) The percentage of right response expressed as a function of Muller-Lyer illusion. (C) The midpoint values are expressed as a percentage (%) of the right response
as a function of Group. (D) The percentage of right response expressed as a function of conditions (near and far) and the tool-use session (pre and post). Error bars
indicate SEM. Asterisks indicate significant differences.

[F(2,70) = 10.9; p < 0.0001; η2
p = 0.23] was also significant.

Post hoc comparisons revealed that for right-side- and left-side-
oriented stimuli, the difference in judging the transector position
was at 0.0◦. Participants judged the transector as closer to the
right end of the line when it was at +0.2◦ (98% ± 0.009)
and 0.0◦ (98% ± 0.012) compared to –0.2◦ (84% ± 0.036;
p < 0.0001). Conversely, for left-side-oriented stimuli, an
increase in right responses was found when the transector was at
+0.2◦ (14% ± 0.028) compared to 0.0◦ (2% ± 0.008; p < 0.0001)
and at –0.2◦ (2% ± 0.008; p < 0.0001). Both these significant
effects confirmed that responses of participants were affected by
the direction of the illusion: right-side-oriented lines induce the
opposite effect that is a shift of the midpoint toward the right,
whereas left-side-oriented lines induce a shift of the midpoint
(transector) toward the left (as shown in Figure 3B).

Crucially, the interaction Session × Condition [F(1,34) = 3.98;
p = 0.05; η2

p = 0.10] was significant. In the pre-tool session,
an increase in right response was found in near condition
(50% ± 0.006) compared to far condition (48% ± 0.009;
p = 0.048). In contrast, no such effect was observed in the post-
tool session (near space = 50% ± 0.007 vs. far space = 50% ± 0.008;
p = 0.89). More relevant for the purpose of this study, when pre-
and post-training sessions were directly compared, no differences

emerged when near conditions were considered (p = 0.91),
whereas following the tool-use session, a significant increase in
right response was found in far conditions (p = 0.046; as shown
in Figure 3D). No significant interaction for the factor Group and
other variables was found (all p-values > 0.05).

Interim Discussion of Spatial Bisection
Task
Results of the spatial bisection task put in evidence the effect of
Muller-Lyer illusion on the perception of lines midpoint. In fact,
right-oriented stimulus results in a shift of the midpoint toward
the right. In contrast, left-oriented stimulus results in a shift of
the midpoint toward the left. This result perfectly fits with the
well-known effects of the Muller-Lyer illusion (Restle and Decker,
1977; Weidner and Fink, 2007). Moreover, age influenced the
strength of the illusion: elderly participants showed a stronger
rightward shift in the perceived line midpoint as compared to
young participants. More interestingly for the current study,
considering the depth dimension along the sagittal axis, our
results demonstrate that the spatial judgment is also influenced
by the stimulus position in near or far space: a leftward shift in
the perceived line midpoint emerged in far as compared to near
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space. Furthermore, after a long tool-training, this dissociation
disappears: when participants judged the midpoint of the line, no
difference was found between stimuli presented in near and far
spaces. Importantly, this effect was not found after training with
a short tool (as shown in Supplementary Section Experiment 4).
Indeed, the leftward shift in the perceived line midpoint reported
in far as compared to near space was still present before and after
the short tool-use training (see Supplementary Figure 2). Thus,
the lack of an effect of the Muller-Lyer illusion on time perception
in Experiment 1 (time bisection task) is not explained by the
fact that participants did not perceive the illusion. Rather, these
results suggest that time is spatially organized, specifically when
the space is encoded as a “working space” on which to act.

GENERAL DISCUSSION

The main purpose of this study was to explore the interaction
between left/right and near/far spatial coding in temporal
estimation and their functional relationship. To address this, in
the time bisection task, stimuli were manipulated both along the
transversal left-right axis, according to the Muller-Lyer illusion,
and along the sagittal axis, by presenting stimuli in reachable/near
and unreachable/far space.

The first relevant result is the influence of near/far spatial
coding on temporal estimation. Before the tool-use training, there
was a clear dissociation between near and far spaces: temporal
durations are perceived shorter when stimuli are presented in
far as compared to near space. To explain this finding, we
hypothesize that the temporal duration of stimuli presented
close to the body (i.e., near space) was perceived as slower and
prolonged because of the influence of action preparation on time
perception. Curiously, experts in motor performance, such as
tennis and football players, usually report the feeling of the ball
“slowing-down” just before hitting it and comment that they
“see” the ball more clearly before striking it (Murphy and White,
1978; Hagura et al., 2012). This implies that the subjective passage
of time may be influenced by action, especially when participants
performed movements close to their bodies (De Kock et al., 2021).
Supporting this evidence, in a temporal judgment task, Hagura
et al. (2012) found that stimuli were significantly overestimated
(i.e., higher PSE values) when participants prepared for action
compared with a control condition in which they had to detect
visual stimuli. These results confirmed the claim that during
motor preparation, participants perceived the visual stimulus to
have a longer duration. Then, a possible interpretation is that
to accurately perform movements, the optimal strategy for the
brain is to enhance the detection of any environmental changes
before motor execution and that this leads to a perception
of slowing-down time. In addition, the space near the body
is also a multisensory space in which sensory inputs that are
spatially and temporally close are likely to be bound (Meredith
et al., 1987; Stein and Stanford, 2008). Considering that, recent
evidence demonstrated that the temporal binding window, i.e.,
the temporal window which is more likely that different sensory
stimuli are integrated and perceived as synchronous, is larger
in the near than in the far space (Noel et al., 2016). Indeed, in

a simultaneity judgment task, when multisensory stimuli were
presented close to the body, individuals judged sensory inputs
as co-occurring over a wide range of temporal intervals. A larger
temporal binding window in the near space can be responsible for
slowing down the temporal perception observed near the body.
This, in turn, can provide a more efficient working space for the
body to act in time on nearby objects.

Interestingly, we demonstrated that tool-use training
eliminates the dissociation between near and far spaces in
time estimation, reporting the so-called remapping of time.
This finding is in line with a previous study on young healthy
participants (Anelli et al., 2015) and corroborates the idea that
time is a physical dimension that interacts with the reachability
and action potentialities of an individual in space.

Supporting this hypothesis, a similar dissociation between
near and far spaces, and a remap of far and near spaces
after the long tool-use training, were also found in the spatial
bisection task. Taken together, our findings converged to the
idea that temporal and spatial representations dynamically
change according to the action potentialities of an individual.
Coherently with this interpretation, following the short tool-use
training, no changes were observed either when temporal or
spatial judgments were provided in time and spatial bisection
tasks, respectively. This evidence is in line with several studies,
demonstrating that a short tool-use does not expand the action
capability of an individual (Farnè et al., 2005; Costantini et al.,
2011; Bourgeois et al., 2014; Anelli et al., 2015; Patané et al.,
2016b; Candini et al., 2019). The second finding is that the
Muller-Lyer illusion, which changes the perception of stimulus
extension along the left/right dimension, does not influence
time estimation. This is surprising if we consider the numerous
evidence showing an underestimation of left stimuli duration
compared to the right ones (Vallesi et al., 2008; Vicario et al.,
2008; Frassinetti et al., 2009). However, in previous studies,
such link between space and time emerged when the spatial
position of stimuli was prioritized (Magnani et al., 2012) or
when responses were lateralized by using a motor response
code (Torralbo et al., 2006; Santiago et al., 2007; Ishihara et al.,
2008; Vallesi et al., 2008; Anelli et al., 2016, 2018). Moreover,
left/short and right/long association was demonstrated when a
left or right shift of visuospatial attention was induced through
the prismatic adaptation procedure (Frassinetti et al., 2009;
Magnani et al., 2011; Oliveri et al., 2013; see for a review Anelli
and Frassinetti, 2019). Thus, the Muller-Lyer illusion does not
affect time estimation, probably because it is based on visual
perception rather than on spatial attention. The perceptual nature
of this illusion is supported by neuroimaging studies, showing
that activity in the occipital extrastriate cortex, especially the
lateral occipital cortex, correlates with the strength of the Muller-
Lyer illusion (Weidner and Fink, 2007; Plewan et al., 2012).
Neuropsychological evidence on patients affected by stroke,
which is one of the leading causes of disability (Scrutinio et al.,
2020), also indicates that the lack of the illusion correlates
with the degree of damage in occipital regions in patients
with the visual deficit, i.e., hemianopia (Vallar et al., 2000;
Daini et al., 2001; Vuilleumier et al., 2001). Therefore, one
of the novelties of our results is that time perception is not
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modulated by a pure perceptual visual illusion that does
not affect visual spatial attention. A further critical result
for this study concerns the role of age on time and space
processing. In the temporal bisection task, young participants
perceived temporal duration as longer compared to elderly
participants, and in the spatial bisection task, they showed
a leftward bias. Coherent with the hypothesis, that time
is spatially represented, this bias due to a leftward shift
of spatial attention (Friedrich et al., 2018) may influence
time perception, inducing a shorter reference-time-interval
stored in memory in young than in elderly participants.
Consequently, when young people compare interval duration
with the reference time in memory, they overestimate the
duration of stimuli. In contrast, in elderly people, who
do not show the leftward bias, the reference-time-interval
stored in memory is longer than in young, and then they
underestimate the stimuli duration. These data could suggest
that individual differences in spatial attention may play a role
in the construction of the memory temporal standard by which
durations are categorized.

Our results are in line with previous works on temporal
processing which demonstrated that the underestimation bias
found in temporal judgment in elderly people is due to a
deceleration of the internal clock speed (Craik and Hay, 1999;
Perbal et al., 2002). For instance, Craik and Hay (1999) argued
that the pacemaker of elderly participants emits lower rate pulses
that contribute to slowing down of the internal clock. This
interpretation well fits with the common feeling that the sense
of the passage of time is fast in aging.

CONCLUSION

Our results provide further support to the existence of a close
relationship between time and space which is mainly driven by
the closeness of the stimulus to the body. This finding reveals
the highly flexible and plastic nature of time representation which
could be for humans an optimal strategy to enhance detection of

sensory information in the environment to accurately tune both
spatial and temporal information during everyday activities.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by University of Bologna. The participants
provided their written informed consent to participate
in this study.

AUTHOR CONTRIBUTIONS

MC and FF designed this study. MC collected and analyzed
the data and wrote this manuscript. MD’A and FF provided
revisions. All authors approved the final version of this
manuscript for submission.

FUNDING

This work was supported by the Ministry of Health (Ricerca
Finalizzata PE-2016-02362477) and by grants from Fondazione
Carisbo (2016/0088) and Ricerca Fondamentale Orientata (RFO;
University of Bologna) to FF.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2021.796799/full#supplementary-material

REFERENCES
Anelli, F., Candini, M., Cappelletti, M., Oliveri, M., and Frassinetti, F. (2015). The

Remapping of Time by Active Tool-Use. PLoS One 10:e0146175. doi: 10.1371/
journal.pone.0146175

Anelli, F., Ciaramelli, E., Arzy, S., and Frassinetti, F. (2016). Prisms to travel in time:
investigation of time-space association through prismatic adaptation effect on
mental time travel. Cognition 156, 1–5. doi: 10.1016/j.cognition.2016.07.009

Anelli, F., and Frassinetti, F. (2019). Prisms for timing better: a review on
application of prism adaptation on temporal domain. Cortex 119, 583–593.
doi: 10.1016/j.cortex.2018.10.017

Anelli, F., Peters-Founshtein, G., Shreibman, Y., Moreh, E., Forlani, C., Frassinetti,
F., et al. (2018). Nature and nurture effects on the spatiality of the mental time
line. Sci. Rep. U K. 8:11710. doi: 10.1038/s41598-018-29584-3

Bartolo, A., Coello, Y., Edwards, M. G., Delepoulle, S., Endo, S., and Wing, A. M.
(2014). Contribution of the motor system to the perception of reachable space:
an fMRI study. Eur. J. Neurosci. 40, 3807–3817. doi: 10.1111/ejn.12742

Benwell, C. S., Thut, G., Grant, A., and Harvey, M. (2014). A rightward shift in the
visuospatial attention vector with healthy aging. Front. Aging Neurosci. 6:113.
doi: 10.3389/fnagi.2014.00113

Berti, A., and Frassinetti, F. (2000). When far becomes near: remapping of space by
tool use. J. Cogn. Neurosci. 12, 415–420. doi: 10.1162/089892900562237

Biggio, M., Bisio, A., Avanzino, L., Ruggeri, P., and Bove, M. (2017). This racket is
not mine: the influence of the tool-use on peripersonal space. Neuropsychologia
103, 54–58. doi: 10.1016/j.neuropsychologia.2017.07.018

Bisiach, E., Ricci, R., Lualdi, M., and Colombo, M. R. (1998). Perceptual and
response bias in unilateral neglect: two modified versions of the milner
landmark task. Brain Cogn. 37, 369–386. doi: 10.1006/brcg.1998.1003

Block, R. A., Zakay, D., and Hancock, P. A. (1998). Human aging and duration
judgments: a meta-analytic review. Psychol. Aging 13, 584–596. doi: 10.1037/
0882-7974.13.4.584

Bonato, M., Zorzi, M., and Umiltà, C. (2012). When time is space: evidence
for a mental time line. Neurosci. Biobehav. R. 36, 2257–2273. doi: 10.1016/j.
neubiorev.2012.08.007

Bourgeois, J., Farnè, A., and Coello, Y. (2014). Costs and benefits of tool-use on the
perception of reachable space. Acta. Psychol. 148, 91–95. doi: 10.1016/j.actpsy.
2014.01.008

Bowers, D., and Heilman, K. M. (1980). Pseudoneglect: effects of hemispace on
a tactile line bisection task. Neuropsychologia 18, 491–498. doi: 10.1016/0028-
3932(80)90151-7

Frontiers in Human Neuroscience | www.frontiersin.org 9 January 2022 | Volume 15 | Article 796799

https://www.frontiersin.org/articles/10.3389/fnhum.2021.796799/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnhum.2021.796799/full#supplementary-material
https://doi.org/10.1371/journal.pone.0146175
https://doi.org/10.1371/journal.pone.0146175
https://doi.org/10.1016/j.cognition.2016.07.009
https://doi.org/10.1016/j.cortex.2018.10.017
https://doi.org/10.1038/s41598-018-29584-3
https://doi.org/10.1111/ejn.12742
https://doi.org/10.3389/fnagi.2014.00113
https://doi.org/10.1162/089892900562237
https://doi.org/10.1016/j.neuropsychologia.2017.07.018
https://doi.org/10.1006/brcg.1998.1003
https://doi.org/10.1037/0882-7974.13.4.584
https://doi.org/10.1037/0882-7974.13.4.584
https://doi.org/10.1016/j.neubiorev.2012.08.007
https://doi.org/10.1016/j.neubiorev.2012.08.007
https://doi.org/10.1016/j.actpsy.2014.01.008
https://doi.org/10.1016/j.actpsy.2014.01.008
https://doi.org/10.1016/0028-3932(80)90151-7
https://doi.org/10.1016/0028-3932(80)90151-7
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-796799 January 15, 2022 Time: 15:10 # 10

Candini et al. Time and Space Interaction

Braun, J. G., and Kirk, A. (1999). Line bisection performance of normal adults: two
subgroups with opposite biases. Neurology 53, 527–532. doi: 10.1212/wnl.53.3.
527

Brozzoli, C., Ehrsson, H., and Farnè, A. (2014). Multisensory representation of the
space near the hand: from perception to action and inter individual interactions.
Neuroscientist 20, 122–135. doi: 10.1177/1073858413511153

Candini, M., Giuberti, V., Santelli, E., di Pellegrino, G., and Frassinetti, F.
(2019). When social and action spaces diverge: a study in children with
typical development and autism. Autism 23, 1687–1698. doi: 10.1177/
1362361318822504

Cardinali, L., Frassinetti, F., Brozzoli, C., Urquizar, C., Roy, A. C., and Farnè, A.
(2009). Tool-use induces morphological updating of the body schema. Curr.
Biol. 19, R478–R479. doi: 10.1016/j.cub.2009.05.009

Coren, S., and Girgus, J. S. (1978). Seeing is Deceiving: The Psychology of Visual
Illusions. Heidelberg: Springer-Verlag.

Costantini, M., Ambrosini, E., Sinigaglia, C., and Gallese, V. (2011). Tool-use
observation makes far objects ready-to-hand. Neuropsychologia 49, 2658–2663.
doi: 10.1016/j.neuropsychologia.2011.05.013

Cowie, R., and Hamil, G. (1998). Variation among non-clinical subjects on a line
bisection task. Percep. Motor Skill. 86:834. doi: 10.2466/pms.1998.86.3.834

Craik, F. I., and Hay, J. F. (1999). Aging and judgments of duration: effects of
task complexity and method of estimation. Percept. Psychophis. 61, 549–560.
doi: 10.3758/bf03211972

Daini, R., Angelelli, P., Antonucci, G., Cappa, S. F., and Vallar, G. (2001). Illusions
of length in spatial unilateral neglect. Cortex 37, 710–714. doi: 10.1016/s0010-
9452(08)70621-x

D’Angelo, M., di Pellegrino, G., Seriani, S., Gallina, P., and Frassinetti, F. (2018).
The sense of agency shapes body schema and peripersonal space. Sci. Rep. U K.
8:13847. doi: 10.1038/s41598-018-32238-z

De Kock, R., Gladhill, K. N., Ali, N., Joiner, W. M., and Wiener, M. (2021). How
movements shape the perception of time. Trends Cogn. Sci. 25, 950–963. doi:
10.1016/j.tics.2021.08.002

De Vignemont, F., and Iannetti, G. D. (2015). How many peripersonal
spaces? Neuropsychologia 70, 327–334. doi: 10.1016/j.neuropsychologia.2014.
11.018

Di Bono, M. G., Casarotti, M., Priftis, K., Gava, L., Umiltà, C., and Zorzi, M.
(2012). Priming the mental time line. J. Exp. Psychol. Hum. 38, 838–842. doi:
10.1037/a0028346

Farnè, A., Iriki, A., and Làdavas, E. (2005). Shaping multisensory action–space with
tools: evidence from patients with cross-modal extinction. Neuropsychologia 43,
238–248. doi: 10.1016/j.neuropsychologia.2004.11.010

Forsberg, A., O’Dowd, A., and Gherri, E. (2019). Tool use modulates early stages
of visuo-tactile integration in far space: evidence from event-related potentials.
Biol. Psychol. 145, 42–54. doi: 10.1016/j.biopsycho.2019.03.020

Frassinetti, F., Magnani, B., and Oliveri, M. (2009). Prismatic lenses shift time
perception. Psychol. Sci. 20, 949–954. doi: 10.1111/j.1467-9280.2009.02390.x

Friedrich, T. E., Hunter, P. V., and Elias, L. J. (2018). The trajectory of
pseudoneglect in adults: a systematic review. Neuropsychol. Rev. 28, 436–452.
doi: 10.1007/s11065-018-9392-6

Hagura, N., Kanai, R., Orgs, G., and Haggard, P. (2012). Ready steady slow: action
preparation slows the subjective passage of time. Proc. Soc. B. 279, 4399–4406.
doi: 10.1098/rspb.2012.1339

Harvey, M., Milner, A. D., and Roberts, R. C. (1995). An investigation of
hemispatial neglect using the landmark task. Brain Cogn. 27, 59–78.

Harvey, M., Pool, T. D., Roberson, M. J., and Olk, B. (2000). Effects of
visible and invisible cueing procedures on perceptual judgments in young
and elderly subjects. Neuropsychologia 38, 22–31. doi: 10.1016/s0028-3932(99)
00055-x

Hunley, S. B., Marker, A. M., and Lourenco, S. F. (2017). Individual Differences in
the Flexibility of Peripersonal Space. Exp. Psychol. 64, 49–55. doi: 10.1027/1618-
3169/a000350

Isham, E. A., Le, C. H., and Ekstrom, A. D. (2018). Rightward and leftward biases in
temporal reproduction of objects represented in central and peripheral spaces.
Neurobiol. Learn. Mem. 153, 71–78. doi: 10.1016/j.nlm.2017.12.006

Ishihara, M., Keller, P. E., Rossetti, Y., and Prinz, W. (2008). Horizontal spatial
representations of time: evidence for the STEARC effect. Cortex 44, 454–461.
doi: 10.1016/j.cortex.2007.08.010

Jewell, G., and McCourt, M. E. (2000). Pseudoneglect: a review and meta-analysis
of performance factors in line bisection tasks. Neuropsychologia 38, 93–110.
doi: 10.1016/s0028-3932(99)00045-7

Johnson-Frey, H. S. (2004). The neural bases of complex tool use in humans. Trends
Cogn. Sci. 8, 71–78. doi: 10.1016/j.tics.2003.12.002

Learmonth, G., Benwell, C., Thut, G., and Harvey, M. (2017). Age-related reduction
of hemispheric lateralisation for spatial attention: an EEG study. NeuroImage
153, 139–151. doi: 10.1016/j.neuroimage.2017.03.050

Learmonth, G., Gallagher, A., Gibson, J., Thut, G., and Harvey, M. (2015). Intra-
and inter-task reliability of spatial attention measures in pseudoneglect. PLoS
One 10:e0138379. doi: 10.1371/journal.pone.0138379

Lindbergh, C. A., and Kieffaber, P. D. (2013). The neural correlates of temporal
judgments in the duration bisection task. Neuropsychologia 51, 191–196. doi:
10.1016/j.neuropsychologia.2012.09.001

Longo, M. R., and Lourenco, S. F. (2006). On the nature of near space: effects
of tool use and the transition to far space. Neuropsychologia 44, 977–981. doi:
10.1016/j.neuropsychologia.2005.09.003

Longo, M. R., and Lourenco, S. F. (2007). Space perception and body morphology:
extent of near space scales with arm length. Exp. Brain Res. 177, 285–290.
doi: 10.1007/s00221-007-0855-x

Magnani, B., Oliveri, M., Mancuso, G., Galante, E., and Frassinetti, F. (2011).
Time and spatial attention: effects of prism adaptation on temporal deficits
in brain damaged patients. Neuropsychologia 49, 1016–1023. doi: 10.1016/j.
neuropsychologia.2010.12.014

Magnani, B., Pavani, F., and Frassinetti, F. (2012). Changing auditory time with
prismatic goggles. Cognition 125, 233–243. doi: 10.1016/j.cognition.2012.07.001

Maravita, A., and Iriki, A. (2004). Tools for the body (schema). Trends Cogn. Sci. 8,
79–86.

Martel, M., Cardinali, L., Roy, A. C., and Farnè, A. (2016). Tool use: an open
window into body representation and its plasticity. Cogn. Neuropsychol. 33,
82–101. doi: 10.1080/02643294.2016.1167678

McCourt, M. E., and Garlinghouse, M. (2000). Asymmetries of visuospatial
attention are modulated by viewing distance and visual field elevation:
pseudoneglect in peripersonal and extrapersonal space. Cortex 36, 715–731.
doi: 10.1016/s0010-9452(08)70548-3

Meredith, M. A., Nemitz, J. W., and Stein, B. E. (1987). Determinants of
multisensory integration in superior colliculus neurons. I. Temporal factors.
J. Neurosci. 7, 3215–3229. doi: 10.1523/JNEUROSCI.07-10-03215.1987

Müller, D., and Schwarz, W. (2008). “1-2-3”: is there a temporal number line?
Evidence from a serial comparison task. Exp. Psychol. 55, 143–150. doi: 10.1027/
1618-3169.55.3.143

Murphy, M., and White, R. (1978). In the Zone, Transcendent Experience in Sports.
England: Penguin Arkana.

Noel, J. P., Lukowska, M., Wallace, M., and Serino, A. (2016). Multisensory
simultaneity judgment and proximity to the body. J. Vis. 16:21. doi: 10.1167/
16.3.21

Oliveri, M., Magnani, B., Filipelli, A., Avanzi, S., and Frassinetti, F. (2013).
Prismatic adaptation effects on spatial representation of time in neglect patients.
Cortex 49, 120–130. doi: 10.1016/j.cortex.2011.11.010

Paraskevoudi, N., Balcı, F., and Vatakis, A. (2018). “Walking” through the sensory,
cognitive, and temporal degradations of healthy aging. Ann. NY Acad. Sci.
[Epub online ahead of print]. doi: 10.1111/nyas.13734

Patané, I., Farnè, A., and Frassinetti, F. (2016a). Prismatic Adaptation Induces
Plastic Changes onto Spatial and Temporal Domains in Near and Far Space.
Neural Plast. 2016:3495075. doi: 10.1155/2016/3495075

Patané, I., Iachini, T., Farnè, A., and Frassinetti, F. (2016b). Disentangling Action
from Social Space: tool-Use Differently Shapes the Space around Us. PLoS One
11:e0154247. doi: 10.1371/journal.pone.0154247

Perbal, S., Droit, S., Isingrini, M., and Pouthas, V. (2002). Relationships between
age-related changes in time estimation and age-related changes in processing
speed, attention, and memory. Aging Neuropsychol. C. 9, 201–216. doi: 10.1076/
anec.9.3.201.9609

Petrizzo, I., Castaldi, E., Anobile, G., Bassanelli, S., and Arrighi, R. (2021). Time and
numerosity estimation in peripersonal and extrapersonal space. Acta Psychol.
215:103296. doi: 10.1016/j.actpsy.2021.103296

Plewan, T., Weidner, R., Eickhoff, S. B., and Fink, G. R. (2012). Ventral and
dorsal stream interactions during the perception of the Müller-Lyer illusion:

Frontiers in Human Neuroscience | www.frontiersin.org 10 January 2022 | Volume 15 | Article 796799

https://doi.org/10.1212/wnl.53.3.527
https://doi.org/10.1212/wnl.53.3.527
https://doi.org/10.1177/1073858413511153
https://doi.org/10.1177/1362361318822504
https://doi.org/10.1177/1362361318822504
https://doi.org/10.1016/j.cub.2009.05.009
https://doi.org/10.1016/j.neuropsychologia.2011.05.013
https://doi.org/10.2466/pms.1998.86.3.834
https://doi.org/10.3758/bf03211972
https://doi.org/10.1016/s0010-9452(08)70621-x
https://doi.org/10.1016/s0010-9452(08)70621-x
https://doi.org/10.1038/s41598-018-32238-z
https://doi.org/10.1016/j.tics.2021.08.002
https://doi.org/10.1016/j.tics.2021.08.002
https://doi.org/10.1016/j.neuropsychologia.2014.11.018
https://doi.org/10.1016/j.neuropsychologia.2014.11.018
https://doi.org/10.1037/a0028346
https://doi.org/10.1037/a0028346
https://doi.org/10.1016/j.neuropsychologia.2004.11.010
https://doi.org/10.1016/j.biopsycho.2019.03.020
https://doi.org/10.1111/j.1467-9280.2009.02390.x
https://doi.org/10.1007/s11065-018-9392-6
https://doi.org/10.1098/rspb.2012.1339
https://doi.org/10.1016/s0028-3932(99)00055-x
https://doi.org/10.1016/s0028-3932(99)00055-x
https://doi.org/10.1027/1618-3169/a000350
https://doi.org/10.1027/1618-3169/a000350
https://doi.org/10.1016/j.nlm.2017.12.006
https://doi.org/10.1016/j.cortex.2007.08.010
https://doi.org/10.1016/s0028-3932(99)00045-7
https://doi.org/10.1016/j.tics.2003.12.002
https://doi.org/10.1016/j.neuroimage.2017.03.050
https://doi.org/10.1371/journal.pone.0138379
https://doi.org/10.1016/j.neuropsychologia.2012.09.001
https://doi.org/10.1016/j.neuropsychologia.2012.09.001
https://doi.org/10.1016/j.neuropsychologia.2005.09.003
https://doi.org/10.1016/j.neuropsychologia.2005.09.003
https://doi.org/10.1007/s00221-007-0855-x
https://doi.org/10.1016/j.neuropsychologia.2010.12.014
https://doi.org/10.1016/j.neuropsychologia.2010.12.014
https://doi.org/10.1016/j.cognition.2012.07.001
https://doi.org/10.1080/02643294.2016.1167678
https://doi.org/10.1016/s0010-9452(08)70548-3
https://doi.org/10.1523/JNEUROSCI.07-10-03215.1987
https://doi.org/10.1027/1618-3169.55.3.143
https://doi.org/10.1027/1618-3169.55.3.143
https://doi.org/10.1167/16.3.21
https://doi.org/10.1167/16.3.21
https://doi.org/10.1016/j.cortex.2011.11.010
https://doi.org/10.1111/nyas.13734
https://doi.org/10.1155/2016/3495075
https://doi.org/10.1371/journal.pone.0154247
https://doi.org/10.1076/anec.9.3.201.9609
https://doi.org/10.1076/anec.9.3.201.9609
https://doi.org/10.1016/j.actpsy.2021.103296
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles


fnhum-15-796799 January 15, 2022 Time: 15:10 # 11

Candini et al. Time and Space Interaction

evidence derived from fMRI and dynamic causal modeling. J. Cogn. Neurosci.
24, 2015–2029. doi: 10.1162/jocn_a_00258

Restle, F., and Decker, J. (1977). Size of the Mueller-Lyer illusion as a function of
its dimensions: theory and data. Percept. Psychophys. 21, 489–503. doi: 10.3758/
BF03198729

Reynaud, E., Lesourd, M., Navarro, J., and Osiurak, F. (2016). On the
neurocognitive origins of human tool use: a critical review of neuroimaging
data. Neurosci. Biobehav. R. 64, 421–437. doi: 10.1016/j.neubiorev.2016.
03.009

Rizzolatti, G., Fadiga, L., Fogassi, L., and Gallese, V. (1997). The space around us.
Science 277, 190–191. doi: 10.1126/science.277.5323.190

Ro, T., and Rafal, R. D. (1996). Perception of geometric illusions in hemispatial
neglect. Neuropsychologia 34, 973–978. doi: 10.1016/0028-3932(96)00018-8

Rueda, A. D., and Schmitter-Edgecombe, M. (2009). Time estimation abilities
in mild cognitive impairment and Alzheimer’s disease. Neuropsychology 23,
178–188. doi: 10.1037/a0014289

Santiago, J., Lupiánez, J., Pérez, E., and Funes, M. J. (2007). Time, also flies from
left to right. Psychon. B. Rev. 14, 512–516. doi: 10.3758/bf03194099

Santiago, J., Román, A., Ouellet, M., Rodríguez, N., and Pérez-Azor, P. (2010). In
hindsight, life flows from left to right. Psychol. Res. 74, 59–70. doi: 10.1007/
s00426-008-0220-0

Sardone, R., Lampignano, L., Guerra, V., Zupo, R., Donghia, R., Castellana, F.,
et al. (2020). Relationship between inflammatory food consumption and age-
related hearing loss in a prospective observational cohort: results from the salus
in apulia study. Nutrients 12:426. doi: 10.3390/nu12020426

Schmitz, R., Dehon, H., and Peigneux, P. (2013). Lateralized processing of false
memories and pseudoneglect in aging. Cortex 49, 1314–1324. doi: 10.1016/j.
cortex.2012.06.005

Schmitz, R., and Peigneux, P. (2011). Age-related changes in visual pseudoneglect.
Brain Cogn. 76, 382–389. doi: 10.1016/j.bandc.2011.04.002

Scrutinio, D., Ricciardi, C., Donisi, L., Losavio, E., Battista, P., Guida, P., et al.
(2020). Machine learning to predict mortality after rehabilitation among
patients with severe stroke. Sci. Rep. 10:20127. doi: 10.1038/s41598-020-77
243-3

Sperandio, I., and Chouinard, P. A. (2015). The mechanisms of size constancy.
Multisens. Res. 28, 253–283. doi: 10.1163/22134808-00002483

Stein, B., and Stanford, T. (2008). Multisensory integration: current issues from the
perspective of the single neuron. Nat. Rev. Neurosci. 9, 255–266. doi: 10.1038/
nrn2331

Torralbo, A., Santiago, J., and Lupiánez, J. (2006). Flexible conceptual projection
of time onto spatial frames of reference. Cogn. Sci. 30, 745–757. doi: 10.1207/
s15516709cog0000_67

Turgeon, M., Lustig, C., and Meck, W. H. (2016). Cognitive
Aging and Time Perception: roles of Bayesian Optimization and
Degeneracy. Front. Aging Neurosci. 8:102. doi: 10.3389/fnagi.2016.
00102

Turgeon, M., Wing, A. M., and Taylor, L. W. (2011). Timing and aging: slowing
of fastest regular tapping rate with preserved timing error detection and
correction. Psychol. Aging 26, 150–161. doi: 10.1037/a0020606

Vallar, G., Daini, R., and Antonucci, G. (2000). Processing of illusion of length in
spatial hemineglect: a study of line bisection. Neuropsychologia 38, 1087–1097.
doi: 10.1016/s0028-3932(99)00139-6

Vallesi, A., Binns, M. A., and Shallice, T. (2008). An effect of spatial-temporal
association of response codes: understanding the cognitive representations of
time. Cognition 107, 501–527. doi: 10.1016/j.cognition.2007.10.011

Vallesi, A., McIntosh, A. R., and Stuss, D. T. (2011). How time modulates spatial
responses. Cortex 47, 148–156. doi: 10.1016/j.cortex.2009.09.005

Varnava, A., McCarthy, M., and Beaumont, J. G. (2002). Line bisection in normal
adults: direction of attentional bias for near and far space. Neuropsychologia 40,
1372–1378. doi: 10.1016/s0028-3932(01)00204-4

Vicario, C. M., Pecoraro, P., Turriziani, P., Koch, G., Caltagirone, C., and Oliveri,
M. (2008). Relativistic compression and expansion of experiential time in the
left and right space. PLoS One 3:e1716. doi: 10.1371/journal.pone.0001716

Vuilleumier, P., Valenza, N., and Landis, T. (2001). Explicit and implicit perception
of illusory contours in unilateral spatial neglect: behavioural and anatomical
correlates of preattentive grouping mechanisms. Neuropsychologia 39, 597–610.
doi: 10.1016/s0028-3932(00)00148-2

Weger, U. W., and Pratt, J. (2008). Time flies like an arrow: space-time
compatibility effects suggest the use of a mental timeline. Psychon. B. Rev. 15,
426–430. doi: 10.3758/pbr.15.2.426

Weidner, R., and Fink, G. R. (2007). The neural mechanisms underlying the Müller-
Lyer illusion and its interaction with visuospatial judgments. Cereb. Cortex 17,
878–884. doi: 10.1093/cercor/bhk042

Witt, J. K. (2011). Action’s Effect on Perception. Curr. Dir. Psychol. Sci. 20, 201–206.
doi: 10.1177/0963721411408770

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Candini, D’Angelo and Frassinetti. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 11 January 2022 | Volume 15 | Article 796799

https://doi.org/10.1162/jocn_a_00258
https://doi.org/10.3758/BF03198729
https://doi.org/10.3758/BF03198729
https://doi.org/10.1016/j.neubiorev.2016.03.009
https://doi.org/10.1016/j.neubiorev.2016.03.009
https://doi.org/10.1126/science.277.5323.190
https://doi.org/10.1016/0028-3932(96)00018-8
https://doi.org/10.1037/a0014289
https://doi.org/10.3758/bf03194099
https://doi.org/10.1007/s00426-008-0220-0
https://doi.org/10.1007/s00426-008-0220-0
https://doi.org/10.3390/nu12020426
https://doi.org/10.1016/j.cortex.2012.06.005
https://doi.org/10.1016/j.cortex.2012.06.005
https://doi.org/10.1016/j.bandc.2011.04.002
https://doi.org/10.1038/s41598-020-77243-3
https://doi.org/10.1038/s41598-020-77243-3
https://doi.org/10.1163/22134808-00002483
https://doi.org/10.1038/nrn2331
https://doi.org/10.1038/nrn2331
https://doi.org/10.1207/s15516709cog0000_67
https://doi.org/10.1207/s15516709cog0000_67
https://doi.org/10.3389/fnagi.2016.00102
https://doi.org/10.3389/fnagi.2016.00102
https://doi.org/10.1037/a0020606
https://doi.org/10.1016/s0028-3932(99)00139-6
https://doi.org/10.1016/j.cognition.2007.10.011
https://doi.org/10.1016/j.cortex.2009.09.005
https://doi.org/10.1016/s0028-3932(01)00204-4
https://doi.org/10.1371/journal.pone.0001716
https://doi.org/10.1016/s0028-3932(00)00148-2
https://doi.org/10.3758/pbr.15.2.426
https://doi.org/10.1093/cercor/bhk042
https://doi.org/10.1177/0963721411408770
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Time Interaction With Two Spatial Dimensions: From Left/Right to Near/Far
	Introduction
	Experiment 1: Time Bisection Task
	Participants
	Stimuli
	Procedure
	Tool-Use Session

	Data Analysis
	Statistical Analysis

	Results of Experiment 1: Time Bisection Task
	The Effect of Time Interval
	The Effect of Muller-Lyer Illusion and Tool-Use on Temporal Estimation
	Interim Discussion of Experiment 1

	Experiment 2: Spatial Bisection Task
	Stimuli
	Procedure

	Data Analysis
	Results of Experiment 2: Spatial Bisection Task
	The Effect of Muller-Lyer Illusion and Tool-Use on Spatial Estimation
	Interim Discussion of Spatial Bisection Task

	General Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


