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SUMMARY

Many works have highlighted enhanced auditory processing in blind individuals, suggesting that they
compensate for lack of vision with greater sensitivity of the other senses. Few years ago, we demon-
strated severely impaired auditory precision in congenitally blind individuals performing an auditory
spatial metric task: their thresholds for bisecting three consecutive spatially distributed sounds were
seriously compromised, ranging from three times typical thresholds to total randomness. Here, we
show that the deficit disappears if blind individuals are presented with coherent temporal and spatial
cues. More interestingly, when the audio information is presented in conflict for space and time,
sighted individuals are unaffected by the perturbation, whereas blind individuals are strongly at-
tracted by the temporal cue. These results highlight that temporal cues influence space estimations
in blind participants, suggesting for the first time that blind individuals use temporal information to
infer spatial environmental coordinates.

INTRODUCTION

The ability to build spatial coordinates combining neural signals from different sensory modalities is funda-
mental to allow coherent perception and interaction with the environment. Converging evidence from an-
imal studies suggests that the development of multisensory interactions between vision and other senses
depends on early perceptual experience. Although multisensory neurons are present in newborn monkeys,
they acquire their spatially specific multimodal properties only during the first few months of life, in an
experience-dependent fashion (Wallace and Stein, 2001). Given the superiority of vision over the other sen-
sory systems for space representation, the visual modality might offer a spatial background for remapping
other sensory information. Supporting this idea, the literature suggests that eye-centered coordinates are
used to align neural representations of space for different sensory modalities in the brain (Pouget et al,,
2002; King, 2009; Jay and Sparks, 1984; Cohen and Andersen, 2002). In this regard, the representation of
auditory (external) space is dominated by visual experience in young children (Gori et al., 2012). Moreover,
research in animals shows that auditory spatial maps of juvenile barn owls change after adaptation with
prismatic spectacles that causes horizontal displacements of visual space (Knudsen, 1998). Adult owls
show similar recalibrations only if exposed to prismatic visual displacements as juveniles. No recalibration
occurs for adult owls without this early experience. All these findings clearly indicate that the lack of visual
experience in blind infants might interfere with the development of a coherent spatial representation of the
environment.

Blindness is a unique condition to investigate the role of the visual modality on the development of spatial
representation. On the one side, when visual experience is not available the auditory modality seems to
be a good substitute to interpret some spatial representations, with blind individuals showing enhanced
auditory spatial skills compared with sighted individuals (e.g., King and Parsons, 1999; Roder et al,,
1999, Gougoux et al., 2005; Lewald, 2002; Lessard et al., 1998; Zwiers et al., 2001). At the neurophysiological
level, in blind individuals occipital areas deprived of the visual input start to be activated by auditory stimuli
(e.g., Weeks et al., 2000; Poirier et al., 2005; Renier and De Volder, 2005; Striem-Amit and Amedi, 2014,
Gougoux et al., 2005), and responses in these areas to auditory stimuli appear to be organized in a topo-
graphic manner (Voss and Zatorre, 2012; Collignon et al., 2009, 2011, 2013; Rauschecker, 1995). Changes
within the auditory pathway in the absence of visual input have also been reported in blind individuals
(e.g., Korte and Rauschecker, 1993; Elbert et al., 2002). On the other side, the lack of visual experience af-
fects the development of other auditory spatial skills. For example, a few years ago we reported that blind
individuals show strong deficits in the performance of the audio space bisection task (Gori et al., 2014; Ver-
cillo et al., 2016). In the space bisection task, the individual has to listen to three sounds delivered from
three different spatial positions and evaluate whether the second one in between the other two is closer
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in space to the first or to the last one. The cortical areas associated with the processing of this stimulus have
been recently investigated by our group, suggesting different patterns of activation among sighted and
blind individuals. Sighted individuals show an early occipital ERP response (50-90 ms) for this task, which
mimics the C1 ERP component usually elicited by visual tasks (Campus et al., 2017).

Why are blind individuals, who have higher auditory skills compared with sighted individuals for many
spatial tasks, not able to perform the space bisection task? Although this task requires complex attentional
and memory skills, it is hard for blind individuals only in the spatial domain. Indeed, when they have to
bisect stimuli in the temporal domain, their performance is as good as those of sighted individuals, as
well as their cortical activations (Campus et al., 2017).

Almost 100 years ago, Piaget and Inhelder (1962) stated that the temporal metric is strictly related to spatial
metric development. “Space is a still of time, while time is space in motion” (Piaget, 1927, p.2). What Jean
Piaget did not discuss is the role of different sensory modalities on this link. As we have discussed earlier,
the visual experience is important for the development of spatial metric representations, such as for
bisecting sounds. Starting from Piaget’s idea, one might hypothesize that, when vision is not available,
such as in blindness, temporal representation of events could be used to set spatial representations.
If this is the case, we expect space representations of blind individuals to be strongly influenced by the
temporal representation of events.

Here we tested and verified this hypothesis. Sighted and blind individuals performed various space
bisection tasks, in which spatial and temporal coherent and conflicting information were presented. In blind
individuals, the spatial bisection deficit disappeared when coherent temporal and spatial cues were
presented (e.g., short space associated with short time) and increased when conflicting spatial and
temporal information was presented (e.g., short space associated with a long time). Our results suggest
that blind individuals are strongly attracted by temporal cues to infer metric spatial information. These
findings support the idea that temporal representation is crucial for the development of spatial metric
representations, and the visual experience is fundamental for this mediation to occur.

RESULTS

A total of 17 blind adults (see Table S1 for details) and 17 age-matched controls performed four auditory
bisection tasks: three spatial bisection tasks and one temporal bisection task as a control experiment. In the
three spatial bisection tasks (equal time, coherent time, and opposite time), aimed to measure thresholds
for spatial bisection, three consecutive sounds were presented (see Figure 1, upper panels), and subjects
judged whether the second sound was spatially closer to the first (displayed at —25°, left of center) or to the
third (+25°, right of center) sound. To evaluate the role of temporal cues on spatial bisection performance
of blind individuals, the temporal interval between the three sounds was manipulated in the three spatial
tasks. In the equal time spatial bisection task, the three sounds were played with the same delay between
the first and the second sound and between the second and the third sound (750 ms; as in original work,
Gori et al., 2014). In this case, only spatial cues were relevant to compute the task as the temporal delay
between the three sounds was the same (Figure 1A top). In the coherent time spatial bisection task, spatial
distances and temporal intervals between the three sounds were directly proportional: a longer spatial
distance between the first and the second sound was associated with a longer temporal delay between
the two sounds, and the reverse for shorter distances (Figure 1B top). In the opposite time spatial bisection
task, spatial distances and temporal intervals between the three sounds were inversely proportional: a
longer spatial distance between the first and the second sound was associated with a shorter temporal
delay between the two sounds, and the reverse for shorter distances (Figure 1C top). In the temporal bisec-
tion task performed as a control, subjects had to listen to three subsequent sounds produced by the same
speaker and report if the second sound was closer to the first one or to the last one by using temporal cues.
For more information see Transparent Methods in Supplemental Information.

Figure 1 (lower panels) plots the proportion of answer “second sound closer to the third sound” as a func-
tion of the position of the second sound, for one typical blind subject (in red) and one age-matched typical,
sighted control (in gray). The size of the dots is proportional to the number of trials at each position. Fig-
ure TAreports the results for the equal bisection condition, Figure 1B for the coherent bisection condition,
and Figure 1C for the opposite bisection condition. In the equal bisection condition (Figure 1A), the
sighted individual shows the typical psychometric function. Contrarily, the blind subject shows almost
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Figure 1. Auditory Spatial Bisection Tasks

Results of the three conditions for a typical blind participant (red symbols) and a typical sighted control (gray symbols).
Subjects sat in front of an array of 23 speakers, illustrated by the sketches above the graphs.

(A) Equal spatial bisection. Top: the time interval between the first and the second sound (750 ms) was equal to the time
interval between the second and the third sound. Bottom: proportion of trials judged “closer to the right sound source,”
plotted against the speaker position for the second sound. The size of the dots is proportional to the number of trials at
that position. Both sets of data are fitted with the Gaussian error function.

(B) Coherent spatial bisection. Top: spatial distances and temporal intervals between the three sounds were directly
proportional (e.g., long spatial distance and long temporal interval). Bottom: same as for (A).

(C) Opposite spatial bisection. Top: spatial distances and temporal intervals between the three sounds were inversely
proportional (e.g., long spatial distance and short temporal interval). Bottom: same as for (A) and (B).

random responses with no psychometric function, reflecting strong impairment in this task (in agreement
with previous findings, Gori et al., 2014). As regards the coherent bisection task (Figure 1B), the results are
quite different: here the psychometric function for the blind individual is present and similar to that of the
sighted participant, meaning similar precision. This result suggests that a temporal cue can be used by
blind individuals to improve their performance in the space bisection task. In the opposite spatial bisection
task (Figure 1C), the response of the sighted subject is identical to the response in the other two conditions.
Differently, the blind individual shows a well-shaped psychometric function but in the opposite direction
than expected (in gray). The performance of the blind individual reveals a strong temporal dominance
for the space bisection task under this condition, suggesting that in this blind subject, whereas not in
the sighted one, the temporal cue is attracting the spatial auditory response.

Figure 2 shows the results for all subjects involved in the study. Averages and individual data for the three
spatial bisection tasks and for the temporal bisection task are reported for blind (in red) and sighted
(in gray) individuals. Dots represent individual data, and those above the red dashed line indicate subjects
with inverted psychometric function. For sighted individuals (in gray) the manipulation of the temporal cue
during space bisection (Figure 2 left panel) does not affect the response (i.e., the gray bars are at the same
level for the three spatial conditions), whereas it strongly influences the response of blind participants. As
previously suggested by the psychometric functions reported in Figure 1, the average threshold of blind
participants (red bar) is higher than that of sighted participants for the equal space bisection (in agreement
with previous findings, Gori et al., 2014), but average thresholds become similar between the groups for the
coherent space bisection, suggesting that blind individuals benefit from the temporal cue during spatial
judgments. This interaction seems to occur under threshold. The smallest difference between the temporal
delays of S2 was of 65 ms for each speaker, whereas the temporal threshold obtained from the temporal
bisection task was of 200 ms. Considering the coherent condition in Figure 2, we can observe that the
spatial threshold is on average 3.5°, meaning less than two speakers. This spatial threshold corresponds
to a temporal delay of about 130 ms, which is lower than the temporal threshold obtained in temporal
bisection, suggesting subthreshold interaction between space and time. Since an interaction between
space and time has been reported for the detection of motion stimuli (Burr et al., 1986) and subthreshold
facilitation is an evidence of functional interaction at early levels of sensory processing (Gori et al., 2011), we
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Figure 2. Group Performance in Auditory Bisection Tasks

Average thresholds (£ SEM) of the three spatial bisection tasks (left panel) and the temporal bisection task (right panel)
for blind (red; see also Table S1) and sighted (gray) participants. White dots (early blind), black dots (late blind), and
squares (sighted) represent individual data; dots above the red line indicate subjects with inverted psychometric function.
*p < 0.01 after Bonferroni correction.

can speculate that the interaction between space and time we observed occurs at early sensory level.
Importantly, the thresholds of blind participants increase in the opposite bisection task, with some partic-
ipants inverting the psychometric function (i.e., those with thresholds above the red dashed line). This result
implies a reduction of precision in the conflict condition. The two-way ANOVA with spatial thresholds
as dependent variable claims a significant interaction (Fo 44 = 17.72, p = 7*1077, generalized eta squared =
0. 23) between group (sighted, blind) and task (equal time, coherent time, opposite time). From follow-up
one-way ANOVAs, significant differences among tasks (equal time, coherent time, opposite time) emerge
for the blind group (F2 32 = 19.34, p = 3*107°, generalized eta squared = 0. 4) but not for the sighted group
(F2,32 = 1.5, p = 0.2, generalized eta squared = 0. 03). Post- hoc t tests reveal that the performance of blind
individuals is statistically more impaired in the opposite time bisection task compared with their own
performance in the equal time (t1, = 3.7, p = 0.006) and coherent time (t1, = —4.86, p = 0.0005) condition.
However, their performance significantly improves from the equal time to the coherent time condition
(t1e = —4.21, p = 0.002). In addition, spatial thresholds of blind participants are significantly higher than
those of sighted participants in the equal (blind vs. sighted: t17.1 = 4.18, p = 0.002) and opposite time
(blind vs. sighted: ti44 = 4.69, p = 0.0007) conditions. The role of time cues in inferring spatial metric is
also evident by low thresholds and no statistical differences between groups in the coherent time spatial
bisection task (blind vs. sighted: t3; = —0.45, p = 1). In agreement with previous results (Gori et al., 2012;
Vercillo et al., 2016), all participants were able to perform the temporal bisection task and similar precision
is observed between sighted and blind groups (Figure 2 right panel; Fy 32 = 0.29, p = 0.6, generalized eta
squared = 0.009).

In Figure 3, individual thresholds in the coherent time spatial bisection task is plotted against individual
thresholds in the opposite time spatial bisection task for the sighted (in gray) and blind (in red) groups.
Sighted participants show similar performances for both tasks, with all the individual data lying in the
equality line, whereas blind participants display discrepancies between thresholds in the two tasks.
In this latter group, all dots lie above the equality line, suggesting lower performance for the opposite
time than the coherent time task.

DISCUSSION

Here we studied whether time attracts space for visually impaired individuals. In particular, we hypothe-
sized that, in blind individuals, for whom the visual input is missing, temporal cues could be used to deter-
mine the spatial relationships of events. Blind and sighted subjects were tested with an audio task in which
conflicting and not-conflicting spatial and temporal information were delivered. As predicted, we observed
a strong attraction toward temporal cues during space bisection in blind but not in sighted individuals. In
blind participants, the spatial bisection deficit (previously reported by Gori et al., 2014) disappears when
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Figure 3. Relationship between Coherent and Opposite Spatial Bisection Tasks
Individual data, plotting opposite thresholds against coherent thresholds (calculated from the width of individual
psychometric functions). Red and gray dots represent blind and sighted individuals, respectively.

coherent temporal and spatial cues are presented (e.g., short space associated with short time) and in-
creases for conflicting spatial and temporal stimuli (e.g., short space associated with long time). These re-
sults provide two important points of discussion. The first one is that temporal and spatial representations
are strictly linked: in blind individuals, the modification of temporal cues alters space bisection perfor-
mance. The second one is that our visual experience seems to be crucial for the development of indepen-
dent spatial and temporal representations: temporal attraction of space is evident only for blind and not for
sighted individuals, who can dissociate the two cues without any problem.

The space bisection is a particular task in many aspects. Its visual static version has been widely used to
study the visual neglect (e.g., Bultitude and Aimola Davies, 2006). It requires spatial representations in
Euclidian coordinates and strong spatial skills in terms of memory and attention, and it taxes a sophisti-
cated and well-calibrated spatial auditory map. Yet, what we think is special about the space bisection is
that it naturally combines spatial with temporal representations. Both spatial and temporal intervals are
determined by the first and the third stimuli, and the spatial and temporal coordinates of the second stim-
ulus can be independently modulated with respect to the other two stimuli. In Gori et al. (2014), the spatial
and temporal cues were conflicting (as in the equal condition tested here): the same temporal interval was
applied for different spatial distances and, as a result, blind individuals reported random responses. By
providing coherent spatial-temporal cues (i.e., in the coherent condition tested here), the deficit disap-
pears and blind people perform the task similarly to sighted participants. Is this temporal attraction of
space a general principle of space representation in blindness, or is it specific for the space bisection
task? Although spatiotemporal interactions in blind individuals have also been observed in other studies
(e.g., Roder et al., 2004), further research will be necessary to understand if this kind of interaction repre-
sents a general principle of the blind brain. A possible way to answer this question could be applying a
similar approach to other tasks (such as the minimum audible angle), for which enhanced skills have
been reported in blind individuals.

How space and time are represented in our brain and how different sensory modalities shape the develop-
ment of these representations are still an open issue. Occipital areas are activated by auditory stimuli when
the visual input is not available (e.g., Weeks et al., 2000; Poirier et al., 2005; Renier and De Volder, 2005;
Striem-Amit and Amedi, 2014; Gougoux et al., 2005), and auditory responses in these areas are repre-
sented in a topographic manner (Recanzone, 1998; Zwiers et al., 2003; Gori et al., 2012; Burr and Gori,
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20711). Our results suggest that in some cases the brain may use temporal cues to infer spatial coordinates
of the environment. A possible speculation is that it assumes the constant velocity of the stimuli and conse-
quently uses temporal maps to solve spatial metric analysis. This hypothesis would explain why blind
individuals are strongly enhanced when spatiotemporal coherent cues are presented and invert the
psychometric function when facing conflicting spatiotemporal information: they follow the virtual position
of the second sound suggested by its temporal delay, using temporal cues to make specific audio spatial
metric estimations.

Two main theories address how the concepts of space and time are linked in the human mind: the Meta-
phor Theory (MT, Lakoff and Johnson, 1999) and the Theory of Magnitude (ATOM; Walsh, 2003). The MT
theory states that space unilaterally affects time, whereas the ATOM states that space and time, together
with numbers, are represented in the brain by a common magnitude system and are thus symmetrically
interrelated (Bueti and Walsh, 2009; Burr et al., 2010; Lambrechts et al., 2013). Different behavioral (e.g.,
Bueti and Walsh, 2009; Dormal et al., 2008) and neuroimaging works (e.g., Fias et al., 2003; Pinel et al.,
2004; Dormal and Pesenti, 2009) agree with the ATOM theory, highlighting interferences between the
two domains and the activation of overlapping areas in the parietal lobe during magnitude processing.
By showing a temporal influence on spatial representations in blind individuals, our findings certainly sus-
tain a Theory of Magnitude (Walsh, 2003). “Space is a still of time, while time is space in motion” (Piaget,
1927, p.2). This statement reported by Piaget almost 100 years ago also suggests that the development of
our spatial representation is strictly related to our temporal representation of the environment. Our work
confirms this idea, adding another evidence. The development of independent spatial and temporal rep-
resentations for the space bisection task is mediated by the visual input. From our data, a possible spec-
ulation is that the temporal sequence of events is at the base of the development of spatial metric relation-
ship understanding. Since the visual experience is important for the development of complex spatial
representations, when vision is not available we might speculate that independent temporal and spatial
maps cannot develop. As a result, in blind individuals, the temporal cues are used to determine the
spatial relationship of events. Thus, our findings support the idea that, in auditory tasks, temporal metric
representations are mediators for the development of spatial metric representations and the visual expe-
rience is crucial for this mediation to occur.

Previous works showed that the spatial reference frames of blind individuals are fundamentally different
from those of sighted individuals (Pasqualotto et al., 2013). In agreement with this idea, we have recently
shown that blind individuals enhance their skills in the spatial bisection task when they can use their body
as a reference (Vercillo et al., 2018). A possible explanation might be that, when blind individuals have to
face complex spatial representations they are not able to solve, they rely on alternative cues. One cue
could be the body as a reference, the other one could be time. A few years ago, we proposed the theory
of cross-sensory calibration (Gori, 2015). It states that, during development, sensory channels communi-
cate with each other and can be used to calibrate the sensory signals. The most robust, accurate
sensory information (i.e., vision for object orientation, Gori et al., 2010) can be used to calibrate
the other sensory signals (i.e., the haptic one). The present study sheds light on new possible
interactions during development, not only among sensory modalities but also among spatial and
temporal domains. Besides the obvious theoretical relevance in demonstrating the importance of
cross-sensory interactions for normal development (Burr and Gori, 2011), our results could have repercus-
sions for rehabilitation. Blind people rely strongly on auditory information to orient them in the environ-
ment. Sturdy spatial maps are clearly of paramount importance, and their development in the absence of
visual information has to be understood and recovered if impaired. New techniques could be realized
whereby spatial and temporal cues could be simultaneously manipulated to convey richer information.
Moreover, we open new opportunities for the development of sensory substitution devices and rehabil-
itation technologies whereby temporal cues can be used to recalibrate spatial representation in blind
individuals.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Transparent Methods and one table and can be found with this article
online at https://doi.org/10.1016/].isci.2018.07.003.
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Supplemental Information

PARTICIPANT | AGE | GENDER PATHOLOGY BLINDNESS ONSET
S1 52 M Retinopathy of Prematurity Birth
S2 77 F Retinis Pigmentosa Birth
S3 62 F Atrophy of the eyeball Birth
S4 25 M Leber amaurosis Birth
S5 52 F Retinis Pigmentosa Birth
S6 58 M Uveitis Birth
S7 59 M Glaucoma Birth
S8 42 F Glaucoma Birth
S9 28 F Retinopathy of Prematurity Birth
S10 27 F Retinopathy of Prematurity Birth
S11 24 F Glaucoma Birth
S12 27 F Microphthalmia Birth
S13 29 F Retinis Pigmentosa Birth
S14 29 M Glaucoma Birth
S15 65 M Retinis Pigmentosa 38
S16 58 M Glaucoma 20
S17 67 M Retinal detachment 51

Table S1. Clinical details of the blind group (N= 17), Related to Figure 2.
The table shows chronological age at testing, gender, pathology and age of blindness onset for each participant.

Transparent Methods

Participants

A group of 17 blind participants (mean age: 45.9+17.9 yo; F=9) and 17 age and gender-matched
sighted participants (36.5+13.5 yo; F=9; t3= 1.74, p=0.1) took part in the study (see Table S1 for
details). All participants reported no history of neurological or cognitive deficits. The research protocol
was approved by the ethics committee of the local health service (Comitato Etico, ASL3 Genovese,
Italy) and conducted in line with the Declaration of Helsinki. Written informed consent was obtained
prior to testing.

Stimuli and procedure

Participants were sitting blindfolded in front of the center of an array of 23 speakers placed at a
distance of 180 cm and spanning +25° of visual angle (with O° representing the central speaker,
negative values on the left, and positive values on the right; Fig. 1, upper panels). They performed three
spatial bisection tasks, and one temporal bisection task as a control. The order of spatial and temporal
blocks was counterbalanced across subjects. In each task, subjects listened to a sequence of three



consecutive sounds (500 Hz, 75 ms duration, 60 dB Sound Pressure Level (SPL)) for a trial duration of
1500ms.

In spatial bisection tasks, participants judged verbally whether the second sound (S2) was spatially
closer to first sound (S1; —25°, Oms) or to third sound (S3; +25°, 1500ms). S2 could occur randomly at
an intermediate position from -25° to +25° in space, determined by the QUEST adaptive algorithm
(Watson & Pelli, 1983). In order to evaluate the role of temporal cues in space performance, temporal
intervals between the three sounds were manipulated to originate three different spatial bisection tasks
(Fig. 1, upper panels from left to right): equal time, coherent time and opposite time spatial bisection
tasks, with time intervals which could be equal, coherent or opposite with respect to space distances
respectively. In the equal time spatial bisection, S2 was always delivered 750ms after S1, which
corresponded to the middle time of the temporal sequence between S1-S3. To correctly compute this
task participants had to rely exclusively on spatial features since the three sounds were played with the
same temporal delay between S1-S2, and between S2-S3 (as in original work, Gori, Sandini, Martinoli,
& Burr, 2014), making temporal aspects uninformative. Among spatial bisection tasks, the equal time
one was always performed as the first one, with the order of the other two tasks randomly varying
across participants. In the coherent time spatial bisection task, spatial distances between S1-S2 and S2-
S3 were directly proportional to temporal intervals between the three sounds (e.g. a shorter spatial
distance between S1-S2 was associated with a shorter temporal delay between the two sounds). The
exact temporal delay associated with each spatial position of S2 is reported in the upper horizontal axis
of the central psychometric function in Figure 1. Considering that the total trial duration was 1500ms
and the number of speakers was 23, when S2 was for example delivered from the second speaker on
the left it was associated with a delay of 65ms, when it was delivered from the third speaker on the left
with a delay of 130ms (65+65ms), and so on. In this condition, temporal cues could be used by subjects
to infer spatial metric. Instead, space distances between the three sounds were inversely proportional to
temporal intervals in the opposite time spatial bisection task (e.g. a shorter spatial distance between S1-
S2 was associated with a longer temporal delay between the two sounds), making time informative but
in the opposite direction with respect to space. Again, the exact temporal delay associated with each
spatial position of S2 is reported in the upper horizontal axis of the psychometric function on the right
in Figure 1. In this case for instance, when S2 was delivered from the second speaker on the left it was
associated with a delay of 1435ms (1500-65ms), when it was delivered from the third speaker on the
left with a delay of 1370ms (1435-65ms), and so on.

As regards the temporal bisection task performed as a control experiment, participants were asked to
verbally report whether S2 was closer to S1 or to S3 in the time domain. Differently, to spatial
bisection tasks, S2 occurred randomly from Oms to 1500ms after S1 but it was always delivered from
0° in space, by the central speaker. Hence, exclusively temporal cues could be used to perform this
task. As for S2 position in the spatial bisection tasks, the timing of S2 in the temporal bisection task
was determined by the QUEST adaptive algorithm (Watson & Pelli, 1983).

All sighted subjects were blindfolded before entering the experimental room so that the exact location
and layout of speakers could not be seen. Before testing, participants were warned to maintain a stable
head position straight ahead. A short training session with feedbacks was conducted to make



participants familiar with the task and to be sure they understood it correctly. They were informed from
the beginning that the first sound was always produced by a speaker placed on their left, whereas the
last sound by a speaker on their right (as in original work, Gori et al., 2014). No feedbacks were given
during experimental sessions.

Data analysis

For each task, we calculated the proportion of trials where the second sound was perceived as closer to
the third sound and data were fitted by cumulative Gaussian functions. Following standard
psychophysical procedure (Kingdom & Prins, 2010), PSE and threshold estimates were obtained from
the mean and standard deviation of the best fitting function, and standard errors for the bisection PSE
and threshold estimates were calculated by bootstrapping (Efron & Tibshirani, 1993). Analyses were
subsequently conducted using R (R Core Team, 2017).

Some blind participants based their answers on temporal features in the opposite time spatial bisection
task (i.e. when time intervals were incoherent with respect to space distances), exhibiting inverted
psychometric functions. These corresponded to thresholds assuming negative values, with thresholds
closer to 0 meaning good precision but in the temporal domain. In order to include these results
together with those of blind individuals who performed the opposite time task without inverting the
psychometric function, we applied a conversion to negative thresholds. Given thresholds (t) for the
opposite time bisection task, negative values tneg were converted to t’neg= theg-min(t)+max(t). This
transformation allowed us to treat thresholds as a continuum, ranging from low thresholds representing
good precision in the spatial domain to high thresholds representing poor spatial performance but good
precision in the temporal domain.

To investigate spatial bisection precision, statistical comparisons between thresholds were performed
with an omnibus two-way ANOVA, considering group (sighted, blind) as a between-subjects factor,
and task (equal, coherent, opposite) as a within-subjects factor. For each group, a follow-up one-way
ANOVA was carried out with the task (equal, coherent, opposite) as a within-subjects factor. As
regards the temporal bisection task, thresholds were analyzed with a one-way ANOVA with group
(sighted, blind) as a between-subjects factor. Post-hoc comparisons were conducted with two-tailed t-
tests, with probabilities treated as significant when lower than 0.05 after Bonferroni correction.
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