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The aim of the present study was to explore the spatial organization of auditory time and
the effects of the manipulation of spatial attention on such a representation. In two exper-
iments, we asked 28 adults to classify the duration of auditory stimuli as ‘‘short’’ or ‘‘long’’.
Stimuli were tones of high or low pitch, delivered left or right of the participant. The time
bisection task was performed either on right or left stimuli regardless of their pitch (Spatial
experiment), or on high or low tones regardless of their location (Tonal experiment). Dura-
tion of left stimuli was underestimated relative to that of right stimuli, in the Spatial but
not in the Tonal experiment, suggesting that a spatial representation of auditory time
emerges selectively when spatial-encoding is enforced. Further, when we introduced spa-
tial-attention shifts using the prismatic adaptation procedure, we found modulations of
auditory time processing as a function of prismatic deviation, which correlated with the
interparticipant adaptation effect. These novel findings reveal a spatial representation of
auditory time, modulated by spatial attention.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

A recent theoretical framework known as ATOM (A The-
ory Of Magnitude) theory assumes that the brain has
developed an economical fashion to measure all quantities,
learnt through, and useful for, interacting with the envi-
ronment by action (Walsh, 2003). Such a common metric
system is assumed to be inherently spatial and to have a
neural substrate in the right inferior parietal cortex
(Walsh, 2003; Bueti & Walsh, 2009). Within this perspec-
tive, information concerning time would also share with
other magnitudes the same spatial system of encoding.
Several pieces of evidence support the latter aspect of the
theory, showing that time might be spatially represented
on a hypothetical mental temporal line, ascending from
. All rights reserved.
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left to right (see Oliveri, Koch, & Caltagirone (2009a), for
a review). For instance, Vicario et al. (2008) found that
the duration of visual stimulus is underestimated when it
is presented in left space and overestimated when it is
presented in right space, suggesting that spatial encoding
can interfere with their duration processing. Specifically,
there appears to be some sort of correspondence between
the left-to-right spatial dimension and the short-to-long
temporal dimension.

Until recently, the most part of these studies have fo-
cused on the spatial representation of time for visual stim-
uli (Vicario, Caltagirone, & Oliveri, 2007; Vicario et al.,
2008; Vallesi, Binns, & Shallice, 2008; Oliveri et al.,
2009b), raising the question of whether time processing
in other sensory modalities would also show a similar
spatial organization. Ishihara et al. (2008) investigated pre-
cisely this issue using a speeded response paradigm. Par-
ticipants were instructed to indicate whether the timing
of a probe sound was earlier or later than expected based
on preceding clicks, by pressing as fast as possible a key
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lateralized to the left or to the right respectively. The
results showed that left-side responses were faster for
early-onset timing than late-onset timing, whereas a
reverse pattern of results emerged for the right-side re-
sponses. Such a correspondence between response posi-
tion and stimulus duration was only observed with
horizontal, and not vertical, alignment of the response
keys. These results were interpreted as evidence for a spa-
tial representation of auditory time, horizontally aligned
from left to right, which interacts with motor preparation
in space. The hypothesis of a spatial representation of audi-
tory time has now received further support by evidence in
brain-damaged patients with hemi-spatial neglect
(Calabria et al., 2011), showing that duration comparison
between a standard tone and a test tone is worse in
brain-damaged patients showing the visuo-spatial distur-
bance known as neglect, compared to brain-damaged
patients without neglect or healthy controls.

The fact that interference between spatial encoding and
time processing can emerge in a similar fashion in the
visual and the auditory modality is, in some respect, sur-
prising. In the visual modality, space is immediately avail-
able in retinotopic coordinates on the receptor surface. By
contrast, in the auditory modality information is initially
encoded tonotopically, and space is not immediately avail-
able on receptor surface (Barker, Plack, & Hall, 2011; Hall &
Plack, 2009). The brain reconstructs the spatial location of
an auditory stimulus based on interaural and monaural
auditory cues (Blauert & Lindemann, 1986), and the output
of this computation is typically less precise than the local-
ization of a visual stimulus. Studies on animals (Lee & Mid-
dlebrooks, 2010; Populin & Rajala, 2010) and humans
(Pavani, Làdavas, & Driver, 2002) have also shown that
localization of sounds is most precise when the spatial
encoding of the auditory stimuli is salient for the task. In
cats, Lee and Middlebrooks (2010) showed that the width
of spatial receptive fields (from 180� to 360�) of neurons
in the auditory primary cortex (A1) becomes sharper when
the localization of sounds is requested by the task, as
compared to when spatial factors are not salient for the
animal’s behavior. In humans, there is neuropsychological
evidence that hemispatial neglect for auditory targets
worsens when patients are asked to encode the spatial
location of the stimuli, with respect to when they are asked
to process the tonal aspect of the stimuli (Pavani et al.,
2002; see also Deouell & Soroker, 2000). These consider-
ations raise the possibility that any spatial representation
of auditory time would emerge more strongly whenever
a spatial encoding of the auditory stimuli is enforced.

The first goal of the present study was to verify this
hypothesis. To this aim, 28 young healthy participants
were submitted to two time bisection experiments with
auditory stimuli. Time bisection is a classical task, fre-
quently used in the time perception literature (Wearden,
1991; Wearden & Ferrara, 1995). It consists of the verbal
classification of auditory stimuli of different duration, with
respect to previously acquired pair of reference durations
(‘‘short’’ or ‘‘long’’). In the present study, each auditory
stimulus was either of high or low pitch, and it was
presented to the left or to the right with respect to the par-
ticipant’s midsagittal plane. Most important, the time
bisection task was presented as a go/no-go task. This
means that, in Experiment 1 (Spatial experiment), partici-
pants were asked to classify tone durations as ‘‘short’’ or
‘‘long’’, only when the stimulus occupied a pre-determined
location in space (left or right), but regardless of its pitch.
This forced spatial encoding of each auditory stimulus,
regardless of its pitch. In Experiment 2 (Tonal experiment),
participants were asked to classify tone durations as be-
fore, but only when the stimulus was of a pre-determined
pitch (high-frequency or low-frequency), regardless of its
spatial location. This forced tonal encoding of each audi-
tory stimulus, regardless of its location. The choice of the
go/no-go paradigm was instrumental to selectively orient
participants’ attention to either the spatial or the tonal fea-
ture of the stimulus, while maintaining the stimuli
completely identical between the two experiments. Partic-
ipants were equally exposed to spatial and tonal variations
in Experiment 1 and 2. However, by instructing partici-
pants to respond to the frequently occurring ‘Go’ stimuli
(defined either on the basis of a spatial or tonal feature)
and to inhibit responses to infrequent ‘NoGo’ stimuli, we
ensured that our duration measures were linked
selectively to the processing of either the spatial or the to-
nal aspect of the auditory stimulus.

Our predictions were as follows. If the spatial represen-
tation of auditory time emerges primarily (or selectively)
when spatial encoding of the auditory stimuli is enforced,
we expected interference of spatial location on time per-
ception in the Spatial experiment more than in the Tonal
one. More specifically, we expected duration underestima-
tion for left sounds and duration overestimation for right
sounds, in line with the hypothesis described above of a
left-to-right orientation of the mental time line.

Another essential goal of the present study was to verify
whether the manipulations that proved effective in chang-
ing the spatial representation of visual time would also be
effective in changing representation of auditory time. One
manipulation that recently proved useful in distorting the
spatial representation of visual time is prismatic adapta-
tion (PA). Prismatic lenses used in PA induce an optical
deviation toward a side of space. During a pointing task
to a visual target, such deviation is measured as an error
in limb pointing with respect to the visual target, in the
same direction as the prismatic deviation. If visual feed-
back about limb pointing is available, participants rapidly
correct the error to compensate for the prismatic shift.
Moreover, when the prismatic goggles are removed and
limb pointing to the visual target is not visible, participants
show systematic deviation of their pointing responses,
opposite to the lenses deviation – the so-called after-effect.
Several studies converge in showing that this after-effect
may also result in a shift of spatial attention (Frassinetti,
Angeli, Meneghello, Avanzi, & Làdavas, 2002; Serino,
Angeli, Frassinetti, & Làdavas, 2006; Angeli, Benassi, &
Làdavas, 2004). Despite a wide literature on prismatic
adaptation effects on spatial behavior, it remains unclear
whether the beneficial effects of prisms arise only via the
influence of adaptation on circuits controlling attention
and visuomotor behaviors. However, positive effects ob-
tained in tasks independent from any visual or motor or
proprioceptive component (Jacquin-Courtois et al., 2010;
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Eramudugolla, Boyce, Irvine, & Mattingley, 2010) and on
representational neglect (Rode, Rossetti, Li, & Boisson,
1998; Rossetti et al., 2004) are not in contrast with an
interpretation of PA effects in terms of attentional shift.

Using visual stimuli, previous findings demonstrated
that PA can induce spatial attentional biases toward the
left or the right side of space, which in turn produce oppo-
site measurable effects on time estimation (Frassinetti,
Magnani, & Oliveri, 2009). Specifically, duration underesti-
mation emerged following leftward shift, and duration
overestimation emerged following rightward attentional
shift. If PA induces effects on time representation for audi-
tory stimuli similar to those found on visual stimuli, under-
estimation of sounds duration should be expected after
leftward attentional shift and overestimation of sounds
duration should emerge after a rightward attentional shift.
2. Methods

2.1. Participants

Twenty-eight right-handed, Italian native-speaker stu-
dents (5 males), aged 20–30 years (mean age = 24.8 years;
SD = 1.9 years), were enrolled in the study. All participants
were naïve as to the purpose of the study and had not his-
tory of hearing or neurological diseases. All participants
gave their informed consent to participate in the study.

2.2. Apparatus and stimuli

Participants were tested individually in a silent and
dimly lit room, with the apparatus approximately 70 cm
in front of them. The apparatus comprised a HP laptop
computer to control stimuli and collect responses, and
two Olidata G-422 loudspeakers (0.4 W, 6 O) to deliver
the auditory stimuli. With respect to the subject’s midsag-
ittal line, one loudspeaker was positioned 25 cm to the left
and the other 25 cm to the right. Loudspeakers were cov-
ered by a black cloth mounted on a wooded frame, to avoid
any visual cue about sound location. The auditory stimuli
consisted in pure tones that could vary in fundamental fre-
quency (523 Hz, corresponding to the DO5 and 262 Hz,
corresponding to the DO4 on the musical scale) and dura-
tion (1400, 1700, 2000, 2300, 2600 ms). Tones were pre-
sented at approximately 70 dB (SPL), as measured from
the participant’s head. The experimental program was
written with E-Prime software (Psychology Software Tool
Inc.), which assured millisecond accuracy for timing.

2.3. Experimental procedure

All participants were first trained to classify two refer-
ence tone durations (1400 and 2600 ms) as short or long
(practice session). Subsequently, they were presented with
the full range of tone durations (1400, 1700, 2000, 2300,
2600 ms) and were again asked to classify them as short
or long (time bisection task). This range of tones durations,
was chosen because they proved sensitive to PA effects in
visual modality (Frassinetti et al., 2009) and because we
wanted to focus on the cognitive controlled time
perception. Classically, time perception is known to rely
on cognitive systems when the estimated intervals are in
the range of seconds-to-minutes (Meck, 2005; Gallistel &
Gibbon, 2000; Lewis & Miall, 2003). Given the length of
the intervals employed, participants were explicitly re-
quired not to count aloud or sub-vocally in all phases of
the experimental procedure, in accordance with similar
paradigms used in previous studies (Oliveri et al., 2009b).

The time bisection task was always performed accord-
ing to one of two go/no-go instructions. In the Spatial
experiment, participants only responded when the tone
was delivered from a specific location (left or right), ignor-
ing its pitch; in the Tonal experiment, participants only
responded when the tone was of a specific pitch (high-fre-
quency or low-frequency), ignoring its location in space.
After the time bisection task, participants performed a
prismatic adaptation (PA) session, in which no auditory
stimulus was delivered. Finally, they repeated the time
bisection task (both Spatial and Tonal experiments). In
the following paragraph, all phases of the experimental
session are described in details.

2.3.1. Practice session
The practice session served to familiarize participants

with two reference durations (1400 and 2600 ms). Twenty
stimuli were presented in a pseudo-random order, from
both loudspeakers stereophonically, giving the impression
of a sound delivered straight ahead of the participant. For
each duration (1400 or 2600 ms), half of the tones were
high pitch and the other half was low pitch. Participants
were instructed to verbally classify the stimuli as ‘‘short’’
or ‘‘long’’, while maintaining gaze on a central fixation
cross, and ignoring the tone pitch. The experimenter re-
corded the participant’s response by pressing one of the
two mouse keys (left for ‘‘short’’ and right for ‘‘long’’) and
controlled that the participant complied with the fixation
instruction during stimulus presentation. The practice ses-
sion was repeated until the participant had reached at least
80% of accuracy. All participants reached such level of
accuracy with no more than two practice sessions.

2.3.2. Time bisection task
The experimental procedure of the time bisection task

was the same of practice session, with the following excep-
tions. First, the full range of tone durations was presented
(1400, 1700, 2000, 2300, 2600 ms); second, each tone orig-
inated either from the loudspeaker on the left or from the
loudspeaker on the right; third, participants responded in a
go/no-go manner, as a function of stimulus location or
stimulus pitch.

When responding as a function of stimulus location
(Spatial experiment), participants classified the tones as
‘‘short’’ or ‘‘long’’ with respect to the reference durations,
only when the stimulus occupied a pre-specified spatial
location, regardless of its pitch. In one block, the partici-
pant responded only to stimuli presented on the left, ignor-
ing stimuli presented on the right. To maximize go trials, in
this block 80% of stimuli were presented on the left and
20% were presented on the right. In the other block,
instructions and proportions were reversed: participants
responded only to stimuli presented on the right, ignoring
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stimuli presented on the left and 80% of stimuli were pre-
sented on the right and 20% of stimuli were presented on
the left. The proportion of high and low pitch tones
remained equiprobabile in both these spatial blocks.

When responding as a function of stimulus pitch (Tonal
experiment), participants classified the tones as ‘‘short’’ or
‘‘long’’, only when the stimulus was a pre-specified pitch,
regardless of its spatial location. In one block, participants
responded only to high pitch tones, ignoring low pitch
ones. In this block, 80% of stimuli were high pitch and
20% of stimuli were the low pitch. In the other block,
instructions and proportions were reversed: participants
responded to low pitch tones, ignoring high pitch tones;
80% of stimuli were the low pitch and 20% of stimuli were
high pitch. The proportion of left and right tones remained
equiprobabile in both these tonal blocks.

Both the Spatial and Tonal experiment comprised 50
stimuli, resulting in 200 trials overall. The order of experi-
ments before and after PA and of blocks within each exper-
iment was counterbalanced across participants.

2.3.3. Prismatic adaptation
During PA, participants sat at a table in front of a box

(height = 30 cm, depth = 34 cm at the center and 18 cm at
the periphery, width = 72 cm), open on the side facing
the participant as well as the opposite side facing the
experimenter. The experimenter placed a visual target (a
pen) at the distal edge of the top surface of the box, in
one of three possible positions (randomly determined on
each trial): a central position (0�), 21� to the left of center
(�21�), and 21� to the right of center (+21�). Participants
were asked to keep their right hand at the level of the ster-
num, to point to the pen using the index finger of the right
hand, and then return the hand to the chest. The experi-
menter recorded the end position of the participant’s
pointing direction, by writing down the number of degrees
of visual angle between the index finger and the pen posi-
tion. The pointing task was performed in three experimen-
tal conditions: pre-exposure, exposure, and post-exposure.
In the pre-exposure condition, participants performed two
types of trials. On half of the trials, their pointing was vis-
ible to them, (30 trials) and on the other half, they could
not see their pointing (30 trials). Note that these two
conditions were comparable to the exposure and the
post-exposure conditions described later, respectively. In
the exposure condition, participants performed the task
(30 trials for each spatial position: �21�, 0�, +21�), while
wearing prismatic lenses inducing a 20� shift of the visual
field to the right or to the left. In this condition, they al-
ways saw the trajectory of their arm (i.e., visible pointing).
In the post-exposure condition, run immediately after
removal of the prisms, participants were required to make
their pointing movements underneath the top surface of
the box so that the index finger was never visible at any
stage (i.e., invisible pointing; 30 trials). In this phase, all
participants were expected to show pointing movements
in the opposite direction of the visual shift induced by
lenses, called after-effect. Participants were randomly
divided in two groups. One group, was only exposed to
prisms inducing a rightward visual shift and showed a
leftward after-effect, whereas the other group was only
exposed to prisms inducing leftward visual shift and
showed a rightward after-effect.
3. Data analysis and results

3.1. Analysis on the bisection point values

The bisection point is the estimated temporal value (in
milliseconds) for which participants would respond ‘‘long’’
or ‘‘short’’ with equal probability (Wearden & Ferrara,
1995; Allan, 2002; Kopec & Brody, 2010). To calculate the
bisection point, we first computed the percentage of ‘‘long’’
responses for each interval duration (1400, 1700, 2000,
2300, 2600 ms), and then we fitted the percentage of
‘‘long’’ responses across different stimulus durations using
a logistic regression. In our paradigm, the objective stimu-
lus duration representing the medium point between the
short and long reference duration was 2000 ms. Bisection
points below 2000 ms reflect duration overestimation
(i.e., durations are perceived longer than they actually
are), whereas bisection points above 2000 ms reflect dura-
tion underestimation (i.e., durations are perceived shorter
than they actually are). For each participant, the bisection
points were separately calculated in the tonal and spatial
experiment, for each Stimulus Position (left and right)
and pitch (high and low).

In order to investigate if the spatial location of the audi-
tory stimulus interacts with auditory temporal processing,
and to examine whether this is more pronounced during
spatial compared to tonal encoding, we first analyzed per-
formances in the time bisection task before PA. Subse-
quently the effect of PA on auditory time bisection task
was assessed. Post hoc analyses were always conducted
using the Least Significant Difference test (LSD test) and ef-
fect size are provided as partial eta square.
3.1.1. Representation of auditory temporal stimuli before
exposure to prismatic adaptation

For each experiment we conducted an Analysis of Vari-
ance (ANOVA) on bisection point values before PA, using
Stimulus Position (left vs. right) and Stimulus Pitch (high
tone vs. low tone) as within-subjects variables.

In the Spatial experiment, a significant main effect of
Stimulus Position was found ½Fð1;27Þ ¼ 5:45; p ¼ 0:03;

g2
p ¼ :168�. Stimuli presented on the left were underesti-

mated compared to stimuli presented to the right
(mean = 1898 ms, SE = 42 mean = 1836 ms; SE = 45; see
Fig. 1A). No other effect reached significance (p = 0.23).

In the Tonal experiment Stimulus Pitch (p = 0.09), Stim-
ulus Position (p = 0.80) (see Fig. 1B) and their interaction
(p = 0.67) were not significant.
3.1.2. Effect of Prismatic Adaptation on the representation of
auditory temporal stimuli

For each experiment an ANOVA was conducted on
bisection point values obtained in the experimental ses-
sions before and after PA, using Group (LG = leftward
after-effect group or RG = rightward after-effect group) as
between-subjects variable and Condition (before-PA, or



Fig. 1. Bisection point values in milliseconds (ms). Effect of Stimulus Position (left, right) in the Spatial experiment (A) and in the Tonal experiment (B).
Effect of interaction between Group (L-G – leftward after-effect, R-G – rightward after-effect) and Condition (before-PA, after-PA) in the Spatial experiment
(C) and in the Tonal experiment (D). Error bars indicate standard error of means. Asterisks indicate significant differences.
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after-PA), Stimulus Position (left or right) and Stimulus
Pitch (high tone or low tone) as within-subjects variables.

In the Spatial experiment, a significant main effect of
Stimulus Position was found ½Fð1;26Þ ¼ 8:21; p ¼ 0:008;

g2
p ¼ :240� showing relative underestimation for stimuli

presented to the left compared to stimuli presented to
the right (mean = 1878 ms, SE = 41; mean = 1816 ms,
SE = 40). The interaction between Group and Condition
was also significant ½Fð1;26Þ ¼ 7:93; p ¼ 0:009;g2

p ¼ :234�.
Post hoc analysis revealed that the two groups were not
statistically different before PA (LG = 1841, SE = 45;
RG = 1893, SE = 74; p = 0.16), whereas after PA opposite ef-
fects were observed as a function of prismatic shifts, with
the two groups providing significantly different bisection
points (LG: 1873, SE = 50; RG: 1783, SE = 55; p = 0.02).
However, the effect of PA on time was asymmetric: RG
overestimated time after PA with respect to before PA
(p = 0.005), whereas this difference was not significant
for LG (p = 0.37; see Fig. 1C) despite a numerical trend
toward time underestimation. No other main effect or
interaction reached significance. In particular, there was
no interaction involving Stimulus Position, revealing that
a similar difference in duration estimation as a function
of sound location was maintained after PA.

In the Tonal experiment, a significant interaction be-
tween Group and Condition was also found ½Fð1;26Þ ¼
6:35; p ¼ 0:02;g2

p ¼ :196�. Post hoc analysis revealed that
the two groups were not statistically different before PA
(LG = 1858, SE = 34; GR = 1830, SE = 56; p = 0.45) whereas
after PA opposite effects emerged as a function of prismatic
shifts, with the two groups providing significantly different
bisection points (LG: 1917, SE = 56; RG: 1757, SE = 57;
p = 0.0002). Again, the effect of PA on time was asymmet-
ric: the rightward after-effect group overestimated time
after PA with respect to before PA (p = 0.05), whereas this
difference was not significant for leftward after-effect
group (p = 0.12; see Fig. 1D) despite a numerical trend
toward time underestimation. The absence of any main ef-
fect or interaction involving the Stimulus Position variable
shows that PA did not enforce any difference in duration
estimation as a function of sound location both before PA
and after PA.

3.2. Analysis on the Percentage of ‘long’ responses

To validate further the findings obtained using esti-
mated bisection point as dependant variable, we re-ana-
lyzed the data also in terms of percentage of ‘long’
responses for each stimulus duration, as a function of stim-
ulus location and PA. For each experiment (Spatial and
Tonal) we conducted an ANOVA on the percentage of
‘‘long’’ responses, using Group (LG = leftward after-effect
group or RG = rightward after-effect group) as between-
subjects variable and Condition (before-PA vs. after-PA),
Stimulus Position (left vs. right) and Intervals (1400,
1700, 2000, 2300, 2600, ms) as within-subjects variables.

Overall, the results were highly consistent with those
reported in the previous analysis on bisection point (see
Fig. 2). In the Spatial experiment, the effect of Stimulus Po-
sition was significant ½Fð1;26Þ ¼ 5:69; p ¼ 0:03;g2

p ¼ :179�.
Overall, percentage of ‘‘long’’ responses was higher (over-
estimation of time) for right (61%, SE = 8%) than left stimuli
(58%, SE = 8%; Fig. 2A). The interaction between Stimulus
Position and Intervals was also significant ½Fð4;104Þ ¼
2:73; p ¼ 0:03;g2

p ¼ :094�. Post hoc analyses revealed that
even if the percentage of ‘‘long’’ responses was higher for
right stimuli than for left stimuli, this difference was signif-
icant for the middle interval (2000 ms) (right, 77% vs left,



Fig. 2. Percentage of ‘‘long’’ responses (%). Effect of the interaction between Stimulus Position (left, right) and Intervals (1400, 1700, 2000, 2300, 2600, ms)
in the Spatial Experiment (A) and in the Tonal Experiment (B). Effect of the interaction between Group (L-G leftward after-effect, R-G-rightward after-
effect), Condition (b-PA = before-PA, a-PA = after-PA) and Intervals (1400, 1700, 2000, 2300, 2600, ms) in the Spatial Experiment (C) and in the Tonal
Experiment (D). Error bars indicate standard error of means. Asterisks indicate significant differences.
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67%, p < 0.001), but not for the other intervals (1400 ms,
1700 ms, 2300 ms, 2600 ms, p > 0.07 for all comparisons).

When we considered the effect of PA (Fig. 2C), we found
a significant main effect of Condition ½Fð1;26Þ ¼ 6:35;

p ¼ 0:02;g2
p ¼ :196�, an interaction between Group and

Condition ½Fð1;26Þ ¼ 9:74; p ¼ 0:004; g2
p ¼ :273� and an

interaction between Group, Condition and Intervals
½Fð4;104Þ ¼ 2:97; p ¼ 0:02; g2

p ¼ :102�. The percentage of
‘‘long’’ responses after PA (compared to before PA) was
higher in the RG group than the LG group. This difference
reached significance for the two central intervals
(1700 ms, 41% vs 27%; 2000 ms, 78% vs 66%; p < 0.001 for
both comparisons). At the 1700 ms interval, the percentage
of ‘‘long’’ responses after PA was also significantly higher
for the RG group compared to the LG group (41% vs 24%,
p = 0.03). No difference between before and after PA condi-
tions emerged for the LG group, despite a trend toward
lower percentage of ‘‘long’’ responses after PA relative to
before PA at the two central intervals (1700 ms and
2000 ms). This confirms the asymmetry of the PA effect be-
tween groups documented in the bisection point analyses
reported above.

In the Tonal experiment, the effect of Stimulus Position
(p = 0.53) and its interaction with other variables were not
significant (p > 0.06) (Fig. 2B). When we examined the
effect of PA (Fig. 2D), we found a significant interaction
between Group and Condition ½Fð1;26Þ ¼ 6:46; p ¼ 0:02;

g2
p ¼ :199�. Post hoc analysis revealed once again that the

effect of PA on time estimation was asymmetric: the RG
group showed a higher percentage of ‘‘long’’ responses
(overestimation of time) after PA with respect to before
PA (66%, SE = 11%, vs 60%, p = 0.005), whereas this differ-
ence was not significant for LG group (57%, SE = 11%, vs
59%, p = 0.36). The interaction between Group and Inter-
vals also reached significance ½Fð4;104Þ ¼ 2:62; p ¼ 0:04;

g2
p ¼ :092�, caused by higher percentage of ‘‘long’’ re-

sponses in RG relative to LG group, for the central intervals
(1700 ms, 39% vs 27%, p = 0.03; 2000 ms, 79% vs 68%,
p = 0.05). No other main effect or interaction reached
significance.

In sum, these results show that the spatial location of
stimuli influences the percentage of ‘‘long’’ responses to-
ward an overestimation of right stimuli relative to left
stimuli, in the spatial but not in the tonal experiment. This
effect of spatial location is significant for the very central
interval of the distribution (2000 ms), suggesting that the
spatial location exerts its effect in the point of maximum
uncertainty when judging a time interval.

Furthermore, parallel to what found with the analysis on
bisection point, prismatic adaptation influences the percent-
age of ‘‘long’’ responses in both the spatial and tonal
experiment. This influence was asymmetric: prisms inducing
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a rightward after-effect significantly increased the
percentage of ‘‘long’’ responses while prisms inducing a left-
ward after-effect did not significantly change the percentage
of ‘‘long’’ responses despite a trend of means toward a de-
crease. Similarly, the effect of PA on time intervals was signif-
icantly evident at the central stimuli of the distribution,
suggesting that the effects of a spatial manipulation (what-
ever spatial location or PA condition) occurs when the partic-
ipant is mostly uncertain about the response when judging a
time interval.

3.3. Prismatic Adaptation

To ensure that pre-PA/post-PA differences in time bisec-
tion task were due to the PA procedure we assessed the
presence of both error reduction and after-effect.

To verify that participants showed error reduction as
they adapted to the prisms, we conducted an ANOVA on
the mean displacement (expressed as degrees of visual an-
gle) of participants’ visible pointing, with Group (LG vs RG)
as a between-subjects variable and Condition (pre-expo-
sure condition, first three trials of the exposure condition,
last three trials of the exposure condition) as a within-sub-
jects variable (more details on this procedure can be found
in Frassinetti et al., 2002). Post hoc comparisons were con-
ducted using the LSD test. The effect of Group was signifi-
cant ½Fð1;26Þ ¼ 80:41; p < 0:0001;g2

p ¼ :756�: LG showed
an overall pointing displacement to the right while RG
showed an overall pointing displacement to the left
(0.376�, SE = 0.17; -0.553�, SE = 0.26), compatible with the
rightward and leftward prismatic deviation respectively.
The interaction between Group and Condition was signifi-
cant ½Fð2;52Þ ¼ 80:41; p < 0:0001;g2

p ¼ :756�: post hoc
analysis revealed that pointing displacement in pre-expo-
sure condition and in first three trials of the exposure
Fig. 3. Mean displacement in degrees of visual angle (deg) of pointing responses
rightward after-effect (RG) induced by rightward and leftward prism adaptation
represents mean displacement of participants’ visible pointing before prismatic a
(PA-last 3) during PA. Results demonstrating After-effect of PA shown in (B), whi
(before-PA) and after PA (after-PA). Negative values indicate leftward pointing
indicate rightward pointing displacement. Error bars indicate standard error of
condition was significantly different both for LG (0.000�,
SE = 0; 1.127�, SE = 0.15; p < 0.0001) and for RG (0.000�,
SE = 0; -1.661�, SE = 0.27; p < 0.0001), whereas it was not
different from the pointing displacement in last three trials
of the exposure condition (LG = 0.000�, p = 1; RG = -0.000�,
p = 1) (see Fig. 3A).

To verify the presence of an after-effect, we compared
participants’ displacement during invisible pointing in the
pre-exposure and post-exposure conditions. An ANOVA
on the mean displacement of invisible pointing responses
was carried out with Group (LG vs RG) as a between-sub-
jects variable and Condition (pre-exposure vs post-expo-
sure) as a within-subjects variable. The interaction
between Group and Condition was significant ½Fð1;26Þ ¼
206:37; p < 0:0001;g2

p ¼ :888� since as expected, LG and
RG showed significant leftward and rightward deviations,
respectively, in the post-exposure condition relative to
the pre-exposure condition (LG = -4.558�, SE = 0.36; vs -
1.773�, SE = 0.31, p < 0.0001; RG = 3.060�, SE = 0.50; vs -
0.867�, SE = 0.42; p < 0.0001) (see Fig. 3B).

3.4. Correlational Analysis

To assess possible relationships the effects on time per-
ception documented above and the magnitude of PA (in
terms of error reduction and after-effect), we conducted
Pearson correlation analyses. As measure of PA effect on
time we took the difference between bisection point before
and after PA, separately for the Spatial and the Tonal exper-
iment. Negative values indicate underestimation after PA
compared to before PA, whereas positive values indicate
overestimation. As measure of error reduction during PA,
we computed the difference between the mean pointing
displacement in the first three trials minus the mean
pointing displacement in the last three trials in the
in participants with a leftward after-effect (LG) and in participants with a
, respectively. Results demonstrating Error reduction shown in (A), which
daptation (before-PA) and in the first three (PA-first 3) and last three trials
ch represents mean displacement of participants’ invisible pointing before
displacement with respect to the target’s actual location; positive values
means.
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exposure condition. Since pointing displacement in the last
three trials was always zero, this difference corresponds to
the mean pointing displacement in the first three trials
(i.e., the starting pointing displacement). As measure of
after-effect, we took pointing displacement in the post-
exposure condition.

The analysis revealed a negative correlation between
starting pointing displacement and after-effect (r = -0.82;
p < 0.0001) suggesting that the larger the pointing
displacement in the direction of lenses deviation, the larger
the after-effect in the opposite direction. Most interest-
ingly, the analysis indicated a negative correlation
between starting pointing displacement and auditory
duration processing both in the Spatial (r = -0.60; p =
0.001) and in the Tonal (r = -0.43; p = 0.02) experiment
(see Fig. 4A). Specifically, the larger the pointing displace-
ment in the direction of lenses deviation, the larger the
effect of PA on time. When pointing displacement was po-
sitive (lenses to the right inducing leftward after-effect)
the effect on time was an underestimation, when pointing
displacement was negative (lenses to the left inducing
rightward after-effect) the effect on time was an overesti-
mation. Finally, a positive correlation was found between
after-effect and time both in Spatial (r = 0.52; p = 0.005)
Fig. 4. Correlational analysis between: (A) Error reduction (in deg) and the effe
experiment and in the Tonal experiment; (B) After-effect (deg) and the effect o
experiment. Each graph reports r and p values. Note that the effect of PA on t
bisection point before and after PA. Negative values mean underestimation of t
and Tonal (r = 0.38; p = 0.05) experiment (see Fig. 4B):
the larger the after-effect to the left the larger the underes-
timation, the larger the after-effect to the right the larger
the overestimation.

4. Discussion

The present study examined the spatial representation
of auditory time focusing on two novel aspects: first, the
role of spatial vs. tonal coding of sound in enhancing such
a representation; second, the role of prismatic adaptation
as modulatory effect. If auditory time is spatially repre-
sented on a mental time line (MTL) left-to-right oriented,
underestimation of stimuli presented to the left and over-
estimation of stimuli presented to the right was expected.
The present findings confirmed this prediction by showing
that duration of auditory stimuli was underestimated
when they were presented to the left side of the partici-
pant, with respect to when they occurred on the right side.
Most important, this effect was evident only when the
auditory stimuli required previous spatial encoding
(Spatial experiment), but not when they required tonal
encoding (Tonal experiment). When participants were
asked to respond taking into account the stimulus spatial
ct of PA on time estimation expressed in millisecond (ms), in the Spatial
f PA on time estimation (ms), in the Spatial experiment and in the Tonal
ime estimation was calculated for each experiment as the difference in

ime; positive values mean overestimation of time.
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location (left or right), space influenced duration estima-
tion. This suggests that when auditory stimuli were coded
as ‘left’ or ‘right’, this information about their location in
external space was reflected in their representation on
the mental temporal line. As a result, duration of left stim-
uli was underestimated with respect to the duration of
right ones. By contrast, when subjects were asked to re-
spond taking into account the stimulus tonal frequency,
the actual location in space (left or right) did not influence
duration estimation.

4.1. Spatial coding of auditory time is task-dependent, but
independent of motor response

These findings corroborate and extend the results of a
recent work on auditory time by Ishihara et al. (2008),
showing that left-side responses were faster for early-on-
set timing than late-onset timing, whereas right-side
responses were faster for late-onset timing than early-on-
set timing. These results supported the idea that time and
space metrics interact in action (Walsh, 2003; Bueti &
Walsh, 2009). The present work extends the findings of
Ishihara et al. (2008) in several ways. First, we show that
spatial interference on time processing for sounds requires
previous spatial encoding of the stimulus. The auditory
system is not inherently spatial, because information is ini-
tially encoded tonotopically and space is not immediately
available on receptor surface (Barker et al., 2011; Hall &
Plack, 2009). To encode the spatial location of auditory
stimuli the brain implements additional processes, based
on interaural and monaural auditory cues (Blauert & Linde-
mann, 1986). As a result, the output of this computation is
typically more complex and less precise than the localiza-
tion of a visual stimulus. Our results indicate that the
spatial representation of auditory time emerges more
strongly whenever a spatial encoding of the auditory stim-
uli is enforced. Second, differently from Ishihara et al.’s
study, we examined duration instead of timing expectancy.
Third, we did not use a motor response and our findings
show that a spatial representation of auditory time
emerges also without interactions with a spatial motor re-
sponse. The observation that time and space can interact
even in the absence of motor actions is particularly rele-
vant. One possible explanation is that the brain develops
spatial metric maps during action interactions with the
environment. Once this metric system has completed its
development, it is used as a code to compute other cogni-
tive operations and not just for measuring quantity dimen-
sions useful for action (Bueti & Walsh, 2009). The existence
of tight links between motor spatial maps and cognitive
spatial maps has been widely demonstrated. On one hand,
the findings described so far, including the present study,
indicate that a manipulation of spatial attention influences
the spatial representation of time both with or without
motor response (Vicario et al., 2007; Vicario et al., 2008;
Oliveri et al., 2009b). On the other hand, the reversed con-
dition has also been demonstrated: a manipulation of the
representation of time influences spatial attention orient-
ing and motor preparation in space. For example, Ouellet
et al. (2010) examined the nature of the space–time
conceptual metaphor, by testing whether the temporal
meaning of words presented centrally on screen can orient
spatial attention and/or prime a congruent left/right motor
response. They found that the mere exposure to past or
future words both oriented attention and primed motor re-
sponses to left or right space, respectively. Similarly, a
recent ERP study by Vallesi, McIntosh, and Stuss (2011)
found that centrally presented time intervals, pre-acti-
vated the corresponding motor cortex and speeded up a re-
sponse mapping compatible with a short/left and long/
right order. This evidence of a multidirectional influence
among spatial attention orienting, spatial representation
of time and spatial motor responses, suggests that spatial
metric is a very centralized representation that is em-
ployed for spatial operations at other different levels of
the cognitive system, and that a perturbation in the spatial
metric at one level reflects in the same perturbation at all
other levels.

4.2. Prismatic adaptation modulates spatial coding of auditory
time

A further novel result of the present study is that repre-
sentation of auditory durations was modulated by pris-
matic adaptation. More precisely, leftward and rightward
attentional shift induced by PA resulted in opposite effects
on the estimation of auditory time intervals, regardless of
the side of space in which stimuli were presented (left or
right) and irrespective of whether the task required a spa-
tial or a tonal coding of the sound. Strikingly, our correla-
tional analysis indicates a relationship between PA
parameters (namely, starting pointing displacement and
after-effect) and the PA effect on duration processing, both
in the Spatial and in the Tonal experiment. Finally, we
found that this effect was asymmetric in magnitude. PA
affected time estimation more strongly when attention
was shifted to the right, compared to when it was shifted
to the left.

The strong effects of PA on spatial coding of auditory
time has several relevant implications. First, it provides
evidence that adaptation of visuo-motor coordination can
affect performance on a sensory modality (audition) that
is not directly implicated in PA. In this respect, there is a
parallel between PA effects on auditory time and PA effects
on auditory spatial processing (Eramudugolla et al., 2010;
Jacquin-Courtois et al., 2010). In brain-damaged patients
with visual and auditory neglect, Eramudugolla et al.
(2010) found that the overall auditory detection perfor-
mance improved after PA relative to before PA. Similarly,
Jacquin-Courtois et al. (2010) found that PA improved
discrimination of auditory stimuli delivered at the
contralesional ear. Jacquin-Courtois and colleagues explain
their data suggesting that the lateralized remapping of
visuo-motor information induced by prism could subse-
quently alter attention orienting in the auditory modality.
In our opinion, and in accord with the present data show-
ing an effect of prismatic adaptation on auditory time
stimuli, the results of Jacquin-Courtois et al., suggest that
PA transferred benefit to the auditory modality that is
orthogonal to the visual, proprioceptive and motor modal-
ities directly implicated in the visuo-motor adaptive
process. This implies that effects of PA can extend to
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unexposed sensory systems, suggesting implication of a
supra-modal effect. Once the sensory representation of
duration is translated at high cognitive level in a spatial
representation, it is not auditory featured anymore. In this
sense, PA may have not affected audition but rather a spa-
tial supra-modal representation of temporal stimuli. In this
respect, it is important to note that a shift of spatial atten-
tion to opposite sides have produced opposite effects on
time, independently on the stimuli location (left or right)
and independently on the kind of encoding (spatial or to-
nal). This result reinforces the hypothesis that PA affects
the spatial representation of any auditory duration once
it has been encoded and translated into a cognitive one.
The resulting effect of PA is similar to a ‘‘distortion’’ of
the representation of any auditory duration, by shortening
or extending it according with the leftward or rightward
attentional deviation.

Concerning the asymmetric effects of PA deviation on
auditory time, it should be emphasized that such asymme-
tries are not new in the literature on PA. Previous studies
showed that rightward shifts of spatial attention induced
by prismatic adaptation are stronger than the leftward
ones, as we also document here (Goedert, Leblanc, Tsai, &
Barrett, 2010; Colent, Pisella, Bernieri, Rode, & Rossetti,
2000). Colent et al. (2000) demonstrated that after a
session of PA shifting spatial attention to the right, partic-
ipants bisected horizontal lines more to the right relative
to before PA. The opposite effect was not found with
leftward PA deviation. Since rightward line bisection is a
typical behavior of patients with hemispatial neglect, the
authors considered their results in terms of a simulation
of neglect in neurologically healthy individuals. Because
neglect syndrome is more likely to occur after right rather
than left hemispherical lesions, inducing a rightward bias
of spatial attention, Colent and colleagues proposed that
the asymmetrical effect of rightward and leftward PA on
space might reflect an inherent bias of the brain’s struc-
tural organization in directing attention to the right.
Accordingly, some studies suggest that neglect (post-lesion
in patients) and pseudo-neglect (physiological bias that is
observed in some tasks in healthy subjects) could be
expressions of common cognitive and neural mechanisms
(McCourt & Jewell, 1999). In other words, cognitive perfor-
mances of healthy subjects after PA could be considered as
correct approximation of a neglect-like behavior, with
common main characteristics (i.e. directional bias, direc-
tional specificity, predominance of perceptive effects;
Michel et al., 2003).

An explanation that is not in contrast but complemen-
tary to the last one, is that the left-to-right shift of spatial
attention (and of temporal representation) is easier to be
induced than the right-to-left shift, because it has been
acquired more extensively in a culture adopting a left-to-
right writing/reading system. Therefore it would be diffi-
cult to overcome with a short prismatic adaptation training
phase. Our participants were all Italian native language
speakers, learning exclusively a left-to-right writing/read-
ing habit. Supporting this explanation there is evidence
about the strong influence of the writing/reading habits
on the congruency effects involving space (Dehaene,
Bossini, & Giraux, 1993). Alternatively, the asymmetrical
results on the line bisection task could be attributed to sen-
sory-motor after-effect. However, this can be excluded be-
cause in the present study, similarly to the study of Colent
et al. (2000), we observed symmetrical sensory-motor
after-effects, regardless of prismatic deviation side, despite
an asymmetrical effect on the representation of duration.

Whatever the interpretation of the asymmetry of PA
effects found in the present study, our findings strongly
suggest that the engaged process concerns some supramo-
dal level of spatial representations. These effects confirm
that sensory-motor integration can structure spatial cogni-
tion and hence that sensori-motor and cognitive represen-
tations of space are not fully dissociated, supporting our
hypothesis that PA affected the high cognitive spatial
representation of time for auditory modality.

In conclusion this study indicates that the spatial repre-
sentation of auditory time emerges more strongly when-
ever a spatial encoding of the auditory stimuli is enforced
and that this spatial representation of auditory time can
be modulated by a shift of spatial attention obtained
through the PA procedure.
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