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A recent study has shown that congenitally blind adults, who have never had visual experience, are
impaired on an auditory spatial bisection task (Gori, Sandini, Martinoli, & Burr, 2014). In this study we
investigated how thresholds for auditory spatial bisection and auditory discrimination develop with age
in sighted and congenitally blind children (9 to 14 years old). Children performed 2 spatial tasks
(minimum audible angle and space bisection) and 1 temporal task (temporal bisection). There was no
impairment in the temporal task for blind children but, like adults, they showed severely compromised
thresholds for spatial bisection. Interestingly, the blind children also showed lower precision in judging
minimum audible angle. These results confirm the adult study and go on to suggest that even simpler
auditory spatial tasks are compromised in children, and that this capacity recovers over time.
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1997; Elbert et al., 2002) and also to the colonization of the
visual cortex from the remaining sensory modalities (Collignon
et al., 2013; Collignon et al., 2011; Collignon, Voss, Lassonde,
& Lepore, 2009; Gougoux, Zatorre, Lassonde, Voss, & Lepore,
2005), supporting the hypothesis of sensory substitution (Rauschecker, 1995).
However, there have also been reports of negative effects of
prolonged visual deprivation in perceptual tasks. A recent study
investigated local versus global processing in naming and haptic
drawing tasks in a group of blind and sighted children and reported
that analytical strategies predominate over holistic strategies in
haptic perception in blind children of around 10 years of age
(Puspitawati, Jebrane, & Vinter, 2014). Children explored tactile
“Navon” patterns composed of a large global figure made up of
smaller local shapes, and had to name or draw the perceived shape.
Young blind children failed to recognize the global pattern, focusing more on the local features that composed the figure. This study
suggests that blind children find it difficult to understand partwhole relationship in the haptic modality. Millar (1976) investigated spatial representation in two experiments of mental rotation
of a raised line and found impairment in blind children from 6 –11
years of age in recall tests. These studies suggest that early visual
deprivation affects the development of spatial processing, at least
in the haptic modality. Moreover, physiological research has reported effects of visual deprivation on the functional organization
of some subcortical structures. For example, the maturation of
auditory spatial response properties of neurons in the superior
colliculus is affected by visual deprivation, suggesting that vision
plays an important role in developing these spatial representations
(King & Carlile, 1993; Knudsen & Brainard, 1991; Wallace &

Visual deprivation impacts strongly on the functional organization of the brain, especially if it occurs early in life, when cortical
plasticity is maximal. The premature loss of vision causes functional reorganization of the visual cortex, which can become
colonized by other sensory modalities and be activated by nonvisual stimuli (Collignon et al., 2013; Collignon et al., 2011; Rauschecker, 1995; Voss & Zatorre, 2012). The neural colonization is
accompanied by improvement of many auditory and tactile abilities in congenitally blind adults. Tactile spatial acuity has been
reported to be superior in the blind than in the sighted (Van
Boven, Hamilton, Kauffman, Keenan, & Pascual-Leone, 2000),
with the enhancement of acuity seeming to result from tactile
experience (Wong, Gnanakumaran, & Goldreich, 2011). Similarly, blind adults can map auditory events with equal or better
accuracy than sighted subjects (Doucet et al., 2005; Lessard,
Paré, Lepore, & Lassonde, 1998; Roder et al., 1999; Voss et al.,
2004). These enhanced sensory abilities have been ascribed to
changes within the auditory and tactile pathways (Cohen et al.,
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Stein, 1997; Withington-Wray, Binns, Dhanjal, Brickley, & Keating, 1990). Indeed, tasks such as orienting and localization involve
the superior colliculus and the “dorsal stream.” projecting to the
parietal lobe that is essential for the perception and interpretation
of spatial relationships (Goodale & Milner, 1992). Additionally,
psychophysical studies have shown that visual information may be
used to calibrate auditory spectral pinna cues. Zwiers, Van Opstal,
and Cruysberg (2001) reported poor localization in early blind
adults on the elevation plane, where binaural cues are poor and the
benefits of vision are normally maximal, and Zwiers, Van Opstal,
and Paige (2003) described auditory spatial distortion in sighted
individuals after adaptation to a compressed visual space.
Recently, Gori et al. (2014) reported severe deficits in auditory
spatial bisection along the horizontal plane in congenitally blind
individuals. In their study a group of congenitally blind adults
performed two spatial auditory tasks: space bisection and minimum audible angle. Blind individuals showed a massive impairment in the spatial bisection task, where they had to compare the
relative distance between an auditory target and two fixed auditory
landmarks to determine its spatial position. On the contrary, their
performance in the minimum audible angle task, where they had to
understand which sound of a sequence of two was more on their
right side, was similar to controls. This latter task requires a spatial
judgment that might be more anchored to an egocentric reference
frame rather than an external reference frame as the one provided
by the two auditory landmarks. The authors suggested that early
visual deprivation might compromise the visual calibration of the
auditory system, hindering the creation of complex auditory representations of Euclidean space. They pointed to the importance of
visual experience and cross-sensory interaction in the creation and
calibration of complex auditory maps. On the other hand, the
unimpaired performance in the minimum audible angle suggests
that simpler visual maps can develop even without visual information.
In the current study we investigated whether congenitally blind
children show the same impairment in understanding and representing spatial relations between multiple sound sources, and perhaps even in simple auditory localization. Although auditory spatial perception has been widely investigated in congenitally blind
adults, less effort has been spent in understanding how this sense
of space changes during development in the blind. We tested
congenitally blind and sighted children in the same spatial tasks
used by Gori et al. (2014) and found strong deficits for blind
children suggesting that the absence of vision induces a severe
impairment in the development of auditory spatial abilities.

Method
We analyzed the performance of blind and sighted children on
two spatial tasks: space bisection and minimum audible angle.
Eight congenitally blind children performed both tasks (mean age,
10.9 ⫾ 0.8 years of age; 6 females, 2 males, see supplemental
material for additional details about pathology and residual vision).
We compared their thresholds with those of a group of 52 age
matched sighted children (sixteen 8-year-olds, twenty-four 10year-olds and thirteen 13-year-olds; 31 females and 21 males) for
the minimum audible angle, and with those of a group of 29
children (fourteen 9-year-olds, ten 10-year-olds, and five 12-yearolds; 21 females and 8 males) for the space bisection task. All

participants had normal hearing. Blind children were recruited
from the Institute David Chiossone in Genoa, Italy. None of the
congenitally blind subjects had cognitive impairments; none have
ever had functional vision, or even rudimentary sensitivity for
brightness differences, except for one 11-year-old child who had
some residual vision (low-level bright light detection) who is
represented by a diamond symbol. Sighted children were recruited
from elementary and intermediate schools in Genoa, Italy.
Methods and procedures were the same to those used by Gori,
Sandini, and Burr (2012) and Gori et al. (2014). All sighted
participants were blindfolded before entering the experimental
room. Participants sat in a silent room, 180 cm from the center of
an array of 23 speakers spanning ⫾25° of visual angle (with 0
representing the central speaker, negative values locations on the
left, and positive values right). Each speaker was separated 2.2°
from each other.
Auditory stimuli for all of the experiments were 500 Hz tones of
75 ms duration at 60 dB Sound Pressure Level (SPL). Since Gori
et al. (2014) found no differences in spatial precision in localization of 500 and 3000 Hz sounds and pink noise (ranging from 0 to
5 kHz) in either sighted or blind individuals, we used the same
experimental procedure to better compare the results between the
two studies. For the space bisection task (Figure 1a), three sounds
were played successively at 500 ms intervals. The locations of the
first and the third sounds were fixed at ⫺25° and ⫹25° (left and
right of the subject). The second sound was placed in between the
others, and subjects had to verbally report whether it seemed to be
closer to the first or the third sound. The location of the second
“probe” sound was determined by the QUEST algorithm (Watson
& Pelli, 1983), which positioned this sound near the best estimate
of perceptual midpoint. This procedure uses efficient Bayesian
methods to estimate threshold from all trials to date. We presented
the next trial at this predicted position, perturbed by Gaussian
jitter. For the minimal audible angle experiment (Figure 1b), only
two sounds were presented, successively at 500 ms intervals, one
(randomly either first or second) located at 0°, and the other either
left or right of it, at a separation controlled by the adaptive QUEST
algorithm. Participants had to verbally report which of the two
stimuli was more on the right.
As in the study from (Gori et al., 2014), we also tested seven out
of eight blind children and another group of 42 sighted children
(mean age, 9 ⫾ 0.36 years old) in a temporal bisection task (Figure
1c). Children were positioned in front of a single speaker and
listened to a sequence of three sounds (driven by a well-calibrated
National Instrument Support Interface), and reported whether the
second (probe) stimulus appeared temporally closer to the first or
to the third sound. The total duration of the stimulation was 1,000
ms. The timing of the second stimulus was regulated by a QUEST
algorithm, following the procedure described above.
The group of congenitally blind children performed 60 trials in
a trial block for each task, while sighted children participated in
only one of the tasks. We ensured long breaks between the three
tasks for the blind children to avoid any effect of fatigue and/or
inattentiveness, and the order of the three tasks was randomized.
The duration of each trial block was about 15 min. We involved
all the children in a short training session, to make them familiar
with the task and to be sure that they understood the task correctly.
We asked children to keep their head steady for the duration of the
experiment. We did not measure head movements directly, to
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Figure 1. The speaker array used in this experiment (left panel). (a) Space bisection task. Three sounds were
presented in sequence, at 500 ms intervals: the first and the third at ⫺25° and ⫹ 25°, respectively, the second
(the probe) over a 23° range between these two. Participants reported whether the location of the probe stimulus
sounded spatially closer to the first or the third sound. (b) Minimum audible angle task. Two auditory stimuli
were presented: the standard always at 0°, and the probe ranging over ⫾ 25° of visual angle. Participants reported
which of the two sounds was located more to the right side of space. (c) Temporal bisection task. Three sounds
were presented from a central speaker. Subjects reported whether the second stimulus appeared temporally closer
to the first or to the third. The total duration of the stimulation was 1000 ms.

reduce the invasiveness of the experiment, but the experimenter
was continually monitoring the head position of the children
during the test. If the head turned, the child was encouraged to
correct the position. The families of the children gave informed
consent before the test. The study was approved by the ethics
committee of the local health service (Comitato Etico, ASL3,
Genova).
Data were fitted by cumulative Gaussian distributions (error
functions). Following standard psychophysical procedure (Kingdom & Prins, 2010), discrimination thresholds were taken to be the
standard deviation of these distributions.

Results
Figure 2 shows the average thresholds (geometric mean) for
three different tasks, averaged over all ages. As previously reported by Gori et al. (2014) the performance of blind participants

was considerably impaired in the bisection task, in which subjects
had to report the relative position of a sound with respect to other
two auditory stimuli. The average thresholds for the congenitally
blind were 17 ⫾ 2° of visual angle, nearly four times higher than
those of sighted children (4.9 ⫾ 0.3°), a highly significant difference (one-tailed unpaired t-test, t35 ⫽ 7.13, p ⬍ .001). Interestingly, young blind participants also had lower precision than
sighted children in the minimum audible angle task (Figure 2b),
although the difference was less marked, only about 50%. Average
thresholds for the two groups of young participants were 18 ⫾ 2.5°
and 12 ⫾ 0.7°, respectively (one-tailed unpaired t-test, t58 ⫽ 2.84,
p ⬍ .01). On the contrary, the two groups of children performed
the temporal task with similar precision: average thresholds for
the congenital blind children were 89 ⫾ 29 ms, not statistically
different from those of sighted children, 82 ⫾ 10 ms (one-tailed
unpaired t-test, t40 ⫽ 0.66, p ⫽ .37). The performance of

Figure 2. Geometric mean for blind (gray bars) and sighted (black bars) children for the three tasks: (a) space
bisection, (b) minimum audible angle, and (c) temporal bisection. Thresholds are higher for congenitally blind
than those of sighted children in both the spatial tasks especially in the space bisection, while there are no
differences between the two groups in the temporal bisection.
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congenitally blind children was severely impaired only in the
spatial tasks.
Unexpectedly, we also found that sighted children performed
the space bisection task with better precision, that is, lower thresholds, than the minimum audible angle task (one-tailed unpaired
t-test, t79 ⫽ 6.66, p ⬍ .001) suggesting that different mechanisms
might be involved in the processing of the two spatial tasks.
Figure 3 shows individual thresholds of congenitally blind children (filled gray symbols) and average thresholds (geometric
mean: black symbols) of the sighted control group in the space
bisection (Figure 3a) and in the minimum audible angle task
(Figure 3b). Four blind children performed both tasks at chance
level, to which we assigned an arbitrary threshold of 25°, half the
total separation of the speakers. The performance of sighted children clearly improves with age in both of the spatial tasks. In the
space bisection task there is a reduction of the thresholds of ⬃3°
of visual angle, with 9-year-old sighted children performing the
task with a standard deviation of 6.5 ⫾ 0.6° of visual angle, and
12-year-old sighted children with a standard deviation of 3.9 ⫾
0.6° of visual angle (see Figure 3a). A linear regression model
confirmed a strong correlation between thresholds and age (adj.
R2 ⫽ 0.32; p ⫽ .001). As expected, we did not find the same
improvement in precision for the same task in the group of blind
children (adj. R2 ⫽ 0.07; p ⫽ .25).
Interestingly, we reported a similar pattern of results also for the
minimum audible angle task: the average thresholds of the sighted
children decrease from 13.9 ⫾ 1° in the 8-year-olds to the 8 ⫾ 1°
in the 13-year-olds, but again thresholds did not change with age
in the group of congenitally blind children (Figure 3b). A linear
regression model on individual data revealed a correlation between
thresholds and age in the sighted (adj. R2 ⫽ 0.18; p ⬍ .001) but not
in the blind group of children (adj. R2 ⫽ 0; p ⫽ .45). Maybe the
lack of correlation in blind children simply reflected the smaller
sample size and age range of this group.
Figure 3 also reports the average thresholds (geometric mean:
empty gray circles) measured in the young adults (n ⫽ 6, mean age
23 years) and adults (n ⫽ 3, mean age 56 years) congenitally blind

and in the young adults (n ⫽ 15, mean age 23 years) and adults
(n ⫽ 12, mean age 41 years) sighted subjects in a previous
experiment conducted in our laboratory. Black and gray arrows
falling outside the axis indicate geometric average thresholds for
sighted and blind adults, respectively, and black and gray arrows
falling inside the axis indicate geometric average thresholds for the
sighted and blind children. In the space bisection task, the average
thresholds for all the blind participants are far higher than those of
young and adult sighted participants. Conversely, in the minimum
audible angle, the performance of blind participants was impaired
only at the youngest ages.
Summarizing, congenitally blind individuals of all ages showed
a severe deficit in understanding and evaluating spatial relations
between sounds. Their performance was strongly impaired compared with the sighted participants.
Figure 3c plots bisection thresholds against minimal audible
angle for congenitally blind children. The two measures clearly
correlate with each other (adj. R2 ⫽ 0.91; p ⬍ .001), suggesting
common mechanisms. However, the correlation cannot be explained by age, because the partial correlation coefficient with age
factored out remained high (r ⫽ .96). Interestingly, reanalyzing the
data of Gori, Sandini, Martinoli, & Burr (2010), we found no
similar correlation between the thresholds of the two spatial tasks
in blind adults (adj. R2 ⫽ 0; p ⫽ .43).

Discussion
The results reported here are broadly in line with those of Gori
et al. (2014), confirming that like adults, congenitally blind children have difficulties in processing spatial relationships between
sounds (spatial bisection task). Unlike adults, however, the blind
children were also significantly worse than sighted controls in the
simpler minimal audible angle task, but the difference was much
less: 50% rather than 400%. These results are in line with electrophysiological studies showing that early visual deprivation (by
dark rearing) causes disordered development of auditory spatial

Figure 3. Individual thresholds. (a) Thresholds for space bisection as a function of age. Each gray filled symbol
represents an individual blind child (the inverted triangle represents the 11-year-old child with low residual
vision). Gray empty circles represent the geometric means of congenitally blind adults from Gori et al. (2014),
and black symbols represent the geometric means of sighted participants. Arrows show average thresholds for
each group of subjects: black and gray external arrows for sighted and blind adults and black and gray internal
arrows for the sighted and blind children. Average thresholds for all the blind participants are far higher than
those of young and adult sighted participants. (b) Thresholds for minimum audible angle, as a function of age.
Conventions as for (a). (c) Space bisection thresholds plotted against minimum audible angle, for the congenitally blind (symbol code as above). The black dashed line shows the linear fit to the data (give numbers here).
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maps in the superior colliculus of cats and ferrets (King, 1999;
King & Carlile, 1993; King, Schnupp, & Thompson, 1998).
Interestingly, performance in the two tasks were highly correlated in the congenitally blind children, but not in adults. This
suggests that there may be a generalized auditory spatial deficit in
the developing individual, which changes into a distinctive deficit
restricted to complex auditory spatial configuration in the adult
age. The correlation could not be explained by chronological age,
suggesting differential development in these children.
Ashmead et al. (1998) reported that blind children localized
sound sources well, better than typical controls. However, the
population of children tested in their study also comprised children
who became blind at relatively old ages, and also many children
with light perception or even pattern vision and they ranged in age
from 6 to 20 years. In our study, we have only tested young
congenitally blind children to clarify the importance of visual
exposure in the first period of life for auditory spatial perception
and to explore possible difference localization abilities between
children and adults.
These results may seem to contrast with studies reporting higher
precision and accuracy for blind individuals in localization of
single sound sources (Lessard et al., 1998; Roder et al., 1999).
However, in our previous study (Gori et al., 2014) we confirmed
that in simple localization tasks blind adults were no worse than
sighted controls. The current study suggests that younger blind
children also show deficits in minimal audible angle, but this is not
at odds with the literature.
How can we explain the poorer thresholds in the blind? Elsewhere we have argued that a fundamental role for cross-sensory
interactions is cross-sensory calibration (Burr & Gori, 2012; Gori,
Del Viva, Sandini, & Burr, 2008; Gori, Sandini, et al., 2012; Gori
et al., 2010). In the case of vision and audition, there is considerable evidence that for spatial localization, the visual system calibrates audition. This was first shown by Knudsen and Knudsen
(1989) by rearing young owls with distorting prisms: auditory
localization became aligned with the distorted visual sense, and the
effect persisted for some time even after removal of the prisms.
Auditory spatial mislocalization has also been demonstrated in
humans, after adapting for relatively short periods to nonaligned
audio-visual stimuli (Recanzone, 1998; Zwiers et al., 2003).
A clear prediction of the cross-sensory calibration hypothesis is
that when the perceptual system responsible for the calibration is
compromised (in this case, vision), this will impact on the system
to be calibrated (auditory space perception). Thus, despite the fact
that blind adults often show enhanced sensory capacities in other
modalities (Doucet et al., 2005; Goldreich & Kanics, 2003; Lessard et al., 1998; Roder et al., 1999), if the auditory spatial map is
not well calibrated we may expect it to be compromised, both in
children and in adults. We show that thresholds are considerably
compromised, particularly for spatial bisection, where it is necessary to build up a spatial representation of three distinct stimuli
over the course of the trial, and determine their spatial relationships. It is interesting that in the younger age group, even the
simple spatial discrimination was compromised compared with the
sighted group, but the deficit was far less than for the bisection.
That this difference disappears in adulthood suggests that, while
cross-sensory calibration from vision is paramount, even in the
absence of vision some improvement in auditory spatial representation is possible, at least for the more simple tasks.
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The results of this study fit well with other research from our
group. We have previously shown specific deficits in blind children, deficits in haptically judging the orientation of stimuli, but
not their size (Gori et al., 2010). Again, this was a direct prediction
of a developmental study showing that in young children, the
haptic system dominates visuo-haptic size perception while vision
dominates visuo-haptic orientation perception (Gori et al., 2008).
Conversely, we showed that patients suffering from cerebral palsy,
with compromised haptic perception, showed poorer thresholds for
visual size, but not orientation judgments (Gori, Tinelli, Sandini,
Cioni, & Burr, 2012).
A developmental study by Gori et al. (2012) reported auditory
dominance in children for temporal discrimination, and visual
dominance for spatial discrimination, rather than audio-visual integration (as is observed in adults: (Alais & Burr, 2004)). We
attributed the dominance to sensory calibration, which precludes
multisensory integration. The idea that the visual modality is the
best candidate for cross-sensory calibration in the spatial domain is
also supported by the phenomenon of the “ventriloquist effect”
(Mateeff, Hohnsbein, & Noack, 1985; Warren, Welch, & McCarthy, 1981), in which the capture of sound by vision has been
explained by sensory cue integration, where the cue is weighted on
the statistical reliability (Alais & Burr, 2004).
Although unsighted children were significantly worse than
sighted children in both the spatial tasks, they showed similar
performance in the temporal bisection task. This is an interesting
control experiment, as it shows that the spatial deficit did not result
from a difficulty in understanding the task. It also shows that the
auditory deficits in the blind are specific to spatial localization, not
to all aspects of audition. Audition is more precise than vision in
temporal judgments, in both adults (Burr, Banks, & Morrone,
2009) and children (Gori, Sandini, et al., 2012), so should not
suffer from lack of vision. This result agrees with many other
studies showing that several auditory skills, including pitch discrimination and auditory memory, are not disrupted in the blind,
and may even be enhanced (Gougoux et al., 2004; Röder, Rösler,
& Neville, 2001).
A good deal of previous research has reported haptic spatial
deficits in congenitally blind children. For example, Millar (1976)
reported severe impairment in blind children from 6 –11 years of
age in mental rotation tests. Moreover, Puspitawati et al. (2014)
reported that blind children younger than 10 years of age had
difficulties in understanding part-whole relationship in haptic perception, with local strategies predominating over holistic strategies. Results from our study confirm the spatial deficit in congenital blind children reporting, for the first time, a strong impairment
also in the auditory modality.
One possible explanation for the poorer performance on the
spatial tasks, particularly spatial bisection (which requires integration of information over 1 s) may be that the blind have compromised spatial memory. This hypothesis receives support from
previous research reporting difficulties in blind adults in the simultaneous processing of multiple representations (Puspitawati et
al., 2014) and in blind children in spatial recalling (Millar, 1976).
However, it is unlikely that the blind suffer from a generalized lack
of sensory memory, as they showed no compromise in the temporal bisection task. Nevertheless, the notion of spatial memory in
the blind is a very interesting issue that deserves further investigation.
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While the visual system handles multiple sources of information
and represents object position in external frames of reference, the
auditory system probably does not use landmarks or marked
boundaries. Thus visual information might provide a contextual
frame of reference to encode stimuli in allocentric (relative to
external objects), rather than egocentric (relative to the observer),
coordinates (Pasqualotto & Proulx, 2012). This hypothesis is supported by the fact that blind individuals fail to estimate spatial
relationship between objects (Postma, Zuidhoek, Noordzij, & Kappers, 2008; Vecchi, Tinti, & Cornoldi, 2004). For example, their
spatial perception seems to be based on route knowledge rather
than absolute representation (Bigelow, 2001). Moreover, they do
not remap tactile stimuli into external frames of references modulated by visual input (Röder, Rösler, & Spence, 2004). The spatial
tasks that we used in our study required estimation of spatial
relations between sounds. In particular, to perform the space
bisection task subjects have to evaluate the location of a sound
source in an external reference frame characterized by the two
standard sounds. The minimum audible angle task, on the contrary,
does not necessarily require an external frame of reference, because participants only had to report which sound was located
more to the right, for which they could use their body as a
reference. Possibly, during the development, blind individuals
learn how to compensate for a lacking allocentric localization by
substituting with an egocentric frame.
Clarifying the effects of visual deprivation on spatial abilities is
obviously of benefit in understanding and eventually helping blind
people function well in the world. Our study furnishes new evidence that cross-sensory calibration is important for normal perceptual development, and encourages new technological approaches for aiding the blind.
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