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Abstract

Significance It is important to know whether early- versus late- onset vision loss are associated
with differences in the estimation of distances of sound sources within the environment. People with
vision loss rely heavily on auditory cues for path planning, safe navigation, avoiding collisions and
activities of daily living. This is the first study of its kind.

Purpose Loss of vision can lead to substantial changes in auditory abilities. However, it is unclear
whether differences in sound distance estimation exist in people with early-onset compared to late-
onset partial vision loss, and to normal vision. We investigated distance estimates for a range of sound
sources and auditory environments in groups of participants with early- or late-onset partial visual
loss, and sighted controls.

Methods Fifty -two participants heard static sounds with virtual distances ranging from 1.2m to
13.8m within a simulated room. The room simulated either anechoic (no echoes) or reverberant
environments. Stimuli were speech, music, or noise. Single sounds were presented and participants
reported the estimated distance of the sound source. Each participant took part in 480 trials.

Results ANOVA showed significant main effects of visual status (P<0.05) environment
(reverberant vs anechoic, P<0.05) and also of the stimulus (P<0.05). Significant differences (P<0.05)
were shown in the estimation of distances of sound sources between early-onset VI participants and
sighted controls for closer distances for all conditions except the anechoic speech condition, and at
middle distances for all conditions except the reverberant speech and music conditions. Late-onset VI

participants and sighted controls showed similar performance (P>0.05).

Conclusions  The findings suggest that early-onset partial vision loss results in significant changes
in judged auditory distance in different environments, especially for close and middle distances. Late-

onset partial visual loss has less of an impact on the ability to estimate the distance of sound sources.



The findings are consistent with a theoretical framework, the Perceptual Restructuring Hypothesis,

that was recently proposed to account for the effects of vision loss on audition.
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Loss of vision (full or partial) can have a substantial effect on auditory spatial abilities 3. For some
tasks, these changes lead to an enhanced auditory performance, as has been observed for blind
individuals performing azimuthal localization *°, echolocation ®® or distance discrimination tasks .
For other tasks, auditory performance may be significantly degraded, as has been reported for blind
individuals performing bisection ! or elevation >3 tasks. These findings would have important
clinical implications for people with vision loss, as they rely on auditory cues for various activities
including path planning, orientation and obtaining spatial information about objects in the
environment. As an explanation regarding why certain auditory abilities are enhanced while others
become degraded, the Perceptual Restructuring Hypothesis, has been proposed. This comprises a
framework of nine principles derived from a broad range of evidence from within the literature *°. As
an example, the principle “P2. Discrimination. The ability to discriminate small changes in sounds is
improved by blindness” was based on published evidence that auditory discrimination abilities
improve following complete vision loss >**>, Principle P9 in the framework informed existing
evidence that age of onset of vision loss was a critical factor that affected changes in sensory
abilities: “P9. Age of onset. Changes in auditory ability are greater the earlier in life that vision is
lost.” 1518 However, to date the majority of the studies in the literature investigating the effects of
age of onset of visual loss have focused only on fully blind individuals (for a review, see 3). Very little
evidence exists on whether the same principles apply for people with partial vision loss, and no data
exists on absolute distance judgement task. The current study investigated whether early versus late
onset of partial visual impairment (V1) affects performance for an absolute distance judgement task.

Some studies of fully blind participants are described briefly for various tasks before studies of

participants with VI are presented.

Voss, Lassonde, Gougoux, Fortin, Guillemot, Lepore 1° tested fully blind participants with
either early onset visual loss (who lost their vision before 11 years of age), late onset loss (who lost
vision after 16 years of age) and sighted controls for a minimum-audible-angle discrimination task.

Sounds were presented either in front of the interaural plane, or behind it. The performance



(percentage of correct responses) for the front of the interaural plane was significantly higher for the
early-onset group than for the late-onset and sighted groups both of whom performed similarly. For
sounds presented behind the interaural plane, the early- and late-onset groups performed similarly,

and this was significantly better than sighted controls.

Wanet, Veraart *°

examined a spatial localization for judging the distance of tones in near
space in early- and late-onset blind groups, and sighted controls. Performance was impaired for the
early-blind group only. Gougoux, Lepore, Lassonde, Voss, Zatorre, Belin % investigated frequency-
change discrimination for early-onset, late-onset, and normally sighted participants. Early-blind
participants showed significantly better performance than the other two groups. Wan, Wood,
Reutens, Wilson 8 also reported enhanced performance for early- compared to late-onset blind
participants for frequency discrimination and pitch-timbre categorization tasks. Taken together,
these studies show differences in auditory spatial abilities and in frequency discrimination between
those with early- and late-onset complete visual loss. Although late-onset loss is sometimes

associated with changes in auditory spatial abilities, more often similar performance is reported

when late-onset blind and sighted controls are compared.

The term VI (as used in the current study, which is also sometimes referred to as low vision)
encompasses a range of conditions involving partial visual loss in which some vision is preserved 2%,
It is distinct from full visual loss, which involves full blindness or light perception only 12?7, Studies
that have examined people with VI have reported auditory abilities that are either significantly
enhanced, degraded or show no differences when compared to sighted controls. Poorer azimuth
judgements by individuals with VI was reported by Lessard, Pare, Lepore, Lassonde *. For spatial
auditory judgements, a shift in perceived sound location towards the center of an array of
loudspeakers was observed compared to sighted controls?3. Data from our lab has shown a greater

severity of VI was associated with an increase in judged sound source distances (Kolarik et al) %, and

also participants with VI disrupted the relationship between judged room size and sound source



distance 2. On the other hand, other studies have reported an enhancement in auditory abilities in
individuals with VI including auditory azimuth judgments 2%, dynamic sound localization ?°, and self-
reported enhanced abilities to locate the position of the speaker during a conversation and to be
able to follow as it switched from person to person in a conversation.?? Other studies have shown no
difference between VI and sighted controls for auditory abilities such as distance discrimination °

and static sound localization %°.

There are currently no studies that have examined absolute distance judgments in early- and
late-onset partial vision impairment. The aim of the current study was to investigate whether age of
onset (before 10 years and after) affected absolute auditory distance judgements in people with VI.
As previous studies reported that fully blind individuals with late-onset visual loss made spatial

judgements similar to those for sighted controls for various tasks %20

, it was hypothesized here that
performance of judged distance would be greater for early-onset VI participants when compared to

late-onset VI participants.

Materials and methods
Data collection used the same methods as reported by Kolarik, Raman, Moore, Cirstea,

Gopalakrishnan, Pardhan 2.

Participants

In total, 52 participants took part in the experiment. They were recruited from Sankara Nethralaya
Eye Hospital in Chennai in India. To avoid confounding effects of age, they were chosen to be aged 33
years or less. Participants were categorized into three groups: normally sighted controls (18
participants, 13 female, mean age 21 yrs, range 20-25 yrs), early-onset VI (24 participants, 10 female,
mean age 23 yrs, range 18-31 yrs), and late-onset VI (10 participants, 2 female, mean age 23 yrs, range

18-33 yrs). The criteria for early- and late-onset VI, respectively, were for vision loss to occur before



(early) or after (late) 10 years of age, similar to criteria used in the literature for fully blind individuals;
Voss, Lassonde, Gougoux, Fortin, Guillemot, Lepore 1° defined early-onset as before 11 years of age.
The late-onset VI group was relatively small as generally there is a low incidence of people with late
onset VI who are younger than 33 years. However, similar group sizes have been used in other studies
of VI, e.g. >?°. Group characteristics are shown in Table 1. Analyses of age across the three groups
using one-way ANOVA, and visual acuity across the VI groups using an independent samples t-test,

showed no significant differences (P > 0.05).

All participants were screened to ensure that they had normal or near-normal hearing, using
procedures described by the British Society of Audiology 3°. Pure-tone average (PTA) better-ear
hearing thresholds across 0.5, 1, 2, 4, 6, and 8 kHz were less than or equal to 25 dB HL. The
experimental procedure and possible consequences were described to all participants, who then
provided informed consent. The tenets of the Declaration of Helsinki were followed throughout
testing. Ethical approval was given by the Anglia Ruskin University Ethics Panel as well as Sankara

Netharalya Ethical Board.

TABLE 1. Details of participants with VI, including cause of visual loss, age of onset of visual loss
group, age at testing, age of onset of visual loss, duration of visual loss, and better-eye visual
acuity. LogMAR is the Logarithm of the Minimum Angle of Resolution.

Cause of vision loss, visual loss Age Age of onset Duration of Better-eye
onset group (yrs) of visual loss visual loss ( yrs) visual acuity
(yrs) (LogMAR)
Hypoplastic Disc, early 25 Birth 25 0.40
Neuritis, early 23 1 22 0.40
Stargardt's, early 24 6 18 0.50
Bietti's crystalline dystrophy,
early 31 4 months 31 0.50
Retinitis Pigmentosa, early 21 Birth 21 0.60
Retinitis Pigmentosa, early 20 Birth 20 0.60

Cone rod dystrophy, early 18 Birth 18 0.70



Stargardt's, early
Retinitis Pigmentosa, early

Familial Exudative
Vitreoretinopathy, early

Nystagmus, early
Amblyopia, early
Stargardt's, early
Stargardt's, early
Hypoplastic Disc, early
Retinitis Pigmentosa, early
Stargardt's, early

Healed retinitis, early
Myopic maculopathy, early
Retinochoroidal Coloboma, early
Retinitis Pigmentosa, early
Cone rod dystrophy, early
Leber congenital amaurosis, early
Retinitis Pigmentosa, early
Retinitis Pigmentosa, late
Retinitis Pigmentosa, late
Marfan Syndrome, late
Stargardt's, late

Behcets, late
Vogt-Koyanagi-Harada, late
Retinitis Pigmentosa, late
Cone dystrophy, late
Retinitis Pigmentosa, late
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31

26

22

20

18

21

23

24

18

23

23

29

23

20

18

22

24

20

19

20

33

26

27

25

18

18

20

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

Birth

12

17

10

28

16

20

14

10

11

17

31

26

22

20

18

21

23

24

18

23

23

29

23

16

18

22

24

10

10

11

0.70

0.70

0.80

0.90

0.90

1.00

1.00

1.00

1.10

1.10

1.10

1.18

1.18

1.28

1.28

1.28

1.28

0.40

0.60

0.70

0.70

0.78

0.78

0.90

1.00

1.10

1.28



Apparatus and stimuli

Participants were tested in a quiet room using Sennheiser HD219 headphones. Stimuli were produced

9,31-34

using techniques developed in previous experiments within a large simulated room 35 m (length)

x 30 m (width) x 10 m (height). An image-source model 3> was used to generate a simulated room that

was either anechoic ° or reverberant 3’

. The reverberation time T60 (i.e. the duration needed for the
sound level to reduce by 60 dB) was 700 ms, chosen to match prior work 3237, The image-source model
generates a room impulse response between a simulated sound source position and a receiver. By
convolving the room impulse response and a sound sample, stimuli were simulated at virtual distances
from the listener at 1 m height, 0° elevation and 0° azimuth. In the reverberant room, the virtual
position of the participant was in the near-left corner with the head at 30° relative to the longer wall,
as shown in Fig. 1 of Kolarik, Raman, Moore, Cirstea, Gopalakrishnan, Pardhan 8. Spatial rendering of
the stimuli was produced by convolution of the direct sound component with a non-individualized
head-related transfer function from a publicly available database .

The stimuli were speech, music, and broadband noise, as used in our previous work 23233,
Speech sounds were 1.5-s sentences spoken by a male in English, sampled at 22.05 kHz, taken
randomly from the Bench—Kowal-Bamford corpus 3. All our participants were English literate. The
music sound was a jazz trio lasting 7.3 s, sampled at 22.05 kHz “°. The noise was 90 ms broadband
(0.6—12 kHz) white noise, with rise/fall times of 10 ms, sampled at 44.1 kHz 1°. The simulated distances
tested were 1.22, 1.72, 2.44, 3.45, 4.88, 6.90, 9.75 and 13.79 m *!. The presentation level was 65 dB

SPL (unweighted) at a virtual distance of 1 m, and the level reduced as the simulated distance from

the listener became larger.

Procedure
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Participants were blindfolded throughout the experiment. They were told to imagine that they were
seated within a room with loudspeakers positioned directly in front of them at various distances.
Participants were instructed that they would hear a series of single sounds that would be played at a
range of distances and they should verbally report in metres and centimeters how far away the sound
was after each presented. Their responses were recorded by the experimenter. The sounds were
played in a pseudo-random order, in blocks of 80 trials. Within each block the stimulus type (speech,
music, or noise) and room condition (anechoic or reverberant) were held constant. Prior training and
feedback was provided. The response time was not limited. There were 480 trials in total over 6 blocks
(order randomized): 10 repetitions for each of the 8 simulated distances for each block and 3 stimulus

types x 2 room conditions. The experiment took 1 hour and 40 minutes.

Results

Music Noise
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Figure 1. Estimated source distance judgements for each virtual source distance, both plotted on a
logarithmic scale. Symbols show geometric mean data for normally sighted participants (green circles),
early-onset VI participants (blue triangles), and late-onset VI participants (red squares). Solid line
shows where the datapoints would lie if judgements were veridical. Data for speech, music, and noise
are shown in the left, middle and right panels, respectively. The upper and lower panels show data for
virtual reverberant and anechoic rooms, respectively. Error bars show *1 standard error across

participants.

Fig. 1 shows mean source distance judgements as a function of simulated source distance. In all
conditions, normally sighted controls gave the most veridical judgements for the closest virtual
sounds, and distance was systematic underestimated as the virtual distance increased. This has been
reported in the literature. In all conditions, the distances estimated by the normally sighted controls
were lower than for the two VI groups. Early-onset VI participants reported the furthest distance
estimates. The distance estimates of the late-onset VI group appeared to lie in between those of the
early-onset and normally sighted controls. Both early- and late-onset VI participants over-estimated
the distances of closer sound sources, consistent with previous findings for blind individuals 3.

To assess the significance of the effects described above, data were first averaged over close
(1.22-1.72 m), middle (2.44-4.88 m), and far (6.90-13.79 m) distances, following similar analyses in
previous reports 212842 A mixed-model ANOVA was performed with within-subjects factors of virtual
distance groups (three levels: close, middle and far), environment (two levels: anechoic and
reverberant), and stimulus (three levels: speech, music and noise). Visual status was a between-
subjects factor (three levels: sighted controls, early onset, late onset). The dependent variable was

judged distance.

The ANOVA showed main effects of visual status (F(2, 49) = 4.48, P = 0.016,

n’p = 0.16), reverberation (F(1, 49) = 11.60, P = 0.001, n?p = 0.19), distance (F(2, 98) =



563.65, P = 0.001, n?p = 0.92), and stimulus (F(2, 98) = 16.42, P = 0.001, n%p = 0.25).
Significant interactions between environment and visual status (F(2, 49) =4.12, P=0.02, n%p
=0.14), distance and visual status (F(4, 98) = 3.10, P = 0.02, n%p = 0.11), stimulus and
environment (F(2, 98) = 7.49, P = 0.001, n?p = 0.13), and stimulus and distance (F(4, 196) =
5.09, P = 0.001, n%p = 0.09) were shown. No other significant interactions were found (all P >
0.05). The significant interaction of distance and visual status reflects the finding that the
differences across groups were greater for closer distances than for those further away. Post
hoc t-tests with Bonferroni correction showed significant differences between the early-onset
VI and the sighted group for closer distances for all conditions except the anechoic speech
condition; at middle distances for all conditions except the reverberant speech and music
conditions (table 2). Although these conditions showed significant differences in the analysis,
these were not retained significant after Bonferroni correction. No significant differences
were observed for any of the far distances. There were also no significant differences
between the sighted controls and the late-onset VI group, or between the early-onset VI group

and the late-onset VI group.

Table 2. Post hoc analysis showing significant differences between early onset and sighted
controls for the different distances after Bonferroni correction. * denotes conditions that were
significant in the analysis (p<0.05) but did not retain significance after Bonferroni correction

was applied and therefore have been denoted as ns.

stimuli Near Mid Far
Speech - Reverb p=0.013 | ns* ns
Speech - Anechoic | ns* p=0108 | ns
Music - Reverb p=0067 | ns* ns

Music - Anechoic | p=0110 | p=0123 | ns
Noise - Reverb p=0.0035 | p=0097 | ns
Noise - Anechoic | p=0018 | p=0.0027 | ns




Discussion

The normally sighted controls generally gave the most veridical judgements for sounds presented at
close distances, and systematically underestimated distances as the virtual source distance increased.
This is consistent with reports in the literature for sound sources presented in real environments (for
reviews, see %), and suggests that the virtualization methods utilized were adequate in simulating
real-world environments.

It is appreciated that experimental conditions simulated in our experiment provided only
limited cues to support distance judgements. In particular, for the simulated anechoic environment
the only available cue was the sound level at the listener’s ears. Although there was a significant effect
of environment, the distance judgements were not markedly more veridical for the reverberant room
than for the anechoic condition, even though the additional cue of direct-to-reverberant ratio was
available for the former. This suggests that participants based their judgements largely on the level of
the sounds reaching their ears. However, as data suggests the mapping of sound level to distance
varied across groups, with differences across groups being greater for closer distances than further
distances.

These findings can be interpreted in terms of the possible role of visual experience in
calibrating auditory space. It has been shown that absolute judgments, particularly with limited
acoustic cues, tend to be less accurate than body-related judgements.*>*® For example Vercillo et al ¥°
showed that participants who were born blind performed much more poorly than sighted participants
when they were required to localize brief auditory stimuli with respect to external acoustic landmarks
or when they had to reproduce the spatial distance between two sounds. Such judgements require
the calibration of auditory space using an external reference frame, which probably is much more
accurate when visual information is available. In contrast, the blind participants performed similarly
to sighted controls when they had to localize sounds with respect to their own hand (body-centred
reference frame), or to judge the distances of sounds from their finger. Performance on these tasks

may be based on calibration using tactile/haptic information rather than using visual information.



Our experiment most likely required the use of an external reference frame. None of the
groups would have had much experience in judging the distance of sources that were 5 or more meters
away from them, so far space was probably poorly calibrated for all groups, and this could account for
the fact that differences across the groups were small (and not veridical) for the largest simulated
distances. However, the sighted group would have been able to use visual information to calibrate
auditory space for small to intermediate distances, and this could account for why, at these distances,
the judgements of the sighted group tended to be more veridical than the judgements of the two VI
groups, especially the early VI group.

Previous work has shown that early-onset blindness but not late-onset blindness leads to
significant changes in auditory abilities 112, The current results show that partial VI affects auditory
distance judgements. The data are consistent with the notion that vision is required to calibrate
auditory space, and that in general early-onset vision loss leads to significant changes in auditory
ability, in line with the Perceptual Restructuring Hypothesis. * (Principle P6 from the Perceptual
Restructuring Hypothesis states: Calibration requiring visual cues is important, and P9 states that Age
of onset is important, respectively). P6 was based on evidence around the importance of visual
calibration information for spatial tasks that relied heavily on accurate internal auditory

representations of the external world in fully blind individuals '3

, and the current results suggest
that this also applies to partial visual loss. The current results are also consistent with other theoretical
models, including the Crossmodal Calibration Hypothesis®, which proposes that cross-sensory
calibration occurs in the event of loss of a primary sense and that calibration is especially important
in the early years of life, and the Perceptual Deficiency Hypothesis*’*¢, which proposes that visual
signals calibrate auditory spatial information. In general, these hypotheses have previously proposed
explanations for the effects of full visual loss on the intact senses. Partial visual loss is distinct from full
visual loss in a number of ways, including abnormal orienting behaviours resulting from partial visual

loss, potential conflicts between auditory spatial maps obtained from peripheral vs. central vision, and

deafferented brain areas not being recruited by the auditory system®. Despite these differences



between full and partial visual loss, the current results suggest that the explanations for the effects of
partial visual loss derived from the Perceptual Restructuring, Crossmodal Calibration, and Perceptual
Deficiency hypotheses are also in line with the effects of partial sensory loss.

Further work is needed to investigate whether it is early onset vision loss per se that leads to
significant changes in auditory abilities, and/or whether the overall duration of vision loss is the
dominant factor. However, this would be difficult to assess, since early onset would lead to longer a
duration of vision loss in a group of people with a fixed age range. Previous work using fully blind
individuals showed that early age-of-onset but not duration of vision loss led to enhanced auditory
abilities 8. It is possible that a critical period in early development may play an important role in
crossmodal calibration of the senses 6, and in studies of fully blind individuals, the effects of age of
onset and/or duration of vision loss have been discussed in terms of the degree of crossmodal
plasticity and the recruitment of visual areas of the brain to process auditory cues in the event of vision

24950) -~ Changes in neural processing resulting from full blindness have been

loss (for reviews, see
reported to be dependent on whether blindness was early- or late-onset ¥°°2, The effects of VI on
crossmodal plasticity require further investigation, because existing (albeit partial) visual input may
limit the recruitment of visual areas of the brain for auditory processing. Further investigation could
also investigate the potential role of sex-related differences, or differences due to other demographic
factors such as education, on auditory distance judgements in VI individuals. Previous work has shown
sex-related differences in monaural vertical localization,>® and target localization in the presence of a

distractor sound,”* and further work is needed to explore whether such differences extend to

individuals with partial visual loss.

The effects of changing the criteria used to define early and late onset VI also warrant further
investigation. In the current experiments, a cutoff of age of onset of 10 years was used to define early
versus late onset loss, similar to the cutoff used in previous work investigating fully blind individuals
101825 Other studies have used an earlier cutoff age, such as 5 years 3%°°, In a study that measured

performance for both congenitally blind and early-blind individuals (age of onset between 1.4 and 13



years), Wan, Wood, Reutens, Wilson &

reported that for a frequency-discrimination task, the
congenitally blind group showed better performance than matched sighted controls to a greater
extent than the early-onset blind group, suggesting that loss of vision at birth may lead to greater
changes in auditory ability compared to early-onset loss of vision. However, this has not yet been

assessed for partially sighted individuals, and future work is needed to clarify exactly how changes in

auditory abilities are affected by age of onset for this group.

In summary, the results showed that distance judgements were significantly different
between early-onset VI participants and sighted controls for the close distances for all conditions
except the anechoic speech condition, and at middle distances for all conditions except the
reverberant speech and music conditions. This is the first study to report for absolute distance task.
No significant differences between the sighted controls and the late-onset VI group were observed.
Taken together, the results show that in general, early partial visual loss but not late onset visual loss

leads to significant changes in auditory distance judgements.

Acknowledgements

We thank the editors and two anonymous reviewers for their comments, that helped strengthen a
previous version of this manuscript. The experiments were supported by the Vision and Eye Research
Institute, School of Medicine at Anglia Ruskin University. We thank Dr Sarika Gopalakrishnan for some

of the earlier data collection.

References

1. Collignon O, Voss P, Lassonde M, Lepore F. Cross-modal plasticity for the spatial processing of
sounds in visually deprived subjects. Exp Brain Res 2009;192:343-58.

2. Voss P, Collignon O, Lassonde M, Lepore F. Adaptation to sensory loss. Wiley Interdiscip Rev

Cogn Sci 2010;1:308-28.
3. Voss P. Auditory spatial perception without vision. Front Psychol 2016;7:1960.



10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

Lessard N, Pare M, Lepore F, Lassonde M. Early-blind human subjects localize sound sources
better than sighted subjects. Nature 1998;395:278-80.

Voss P, Lepore F, Gougoux F, Zatorre RJ. Relevance of spectral cues for auditory spatial
processing in the occipital cortex of the blind. Front Psychol 2011;2:48.

Kolarik AJ, Scarfe AC, Moore BC, Pardhan S. Blindness enhances auditory obstacle
circumvention: Assessing echolocation, sensory substitution, and visual-based navigation.
PLOS One 2017;12:e0175750.

Schenkman BN, Nilsson ME. Human echolocation: Blind and sighted persons’ ability to detect
sounds recorded in the presence of a reflecting object. Perception 2010;39:483-501.
Schenkman BN, Nilsson ME. Human echolocation: Pitch versus loudness information.
Perception 2011;40:840-52.

Kolarik AJ, Cirstea S, Pardhan S. Evidence for enhanced discrimination of virtual auditory
distance among blind listeners using level and direct-to-reverberant cues. Exp Brain Res
2013;224:623-33.

Voss P, Lassonde M, Gougoux F, et al. Early- and late-onset blind individuals show supra-
normal auditory abilities in far-space. Curr Biol 2004;14:1734-8.

Gori M, Sandini G, Martinoli C, Burr DC. Impairment of auditory spatial localization in
congenitally blind human subjects. Brain 2014;137:288-93.

Zwiers M, Van Opstal A, Cruysberg J. A spatial hearing deficit in early-blind humans. J Neurosci
2001;21:141-5.

Lewald J. Vertical sound localization in blind humans. Neuropsychologia 2002;40:1868-72.
Collignon O, Renier L, Bruyer R, et al. Improved selective and divided spatial attention in early
blind subjects. Brain Res 2006;1075:175-82.

Kujala T, Lehtokoski A, Alho K, et al. Faster reaction times in the blind than sighted during
bimodal divided attention. Acta Psychologica 1997;96:75-82.

Gori M, Sandini G, Martinoli C, Burr D. Poor haptic orientation discrimination in nonsighted
children may reflect disruption of cross-sensory calibration. Curr Biol 2010;20:223-5.

Voss P, Gougoux F, Zatorre RJ, et al. Differential occipital responses in early- and late-blind
individuals during a sound-source discrimination task. Neurolmage 2008;40(2):746-58.

Wan CY, Wood AG, Reutens DC, Wilson SJ. Early but not late-blindness leads to enhanced
auditory perception. Neuropsychologia 2010;48:344-8.

Wanet M, Veraart C. Processing of auditory information by the blind in spatial localization
tasks. Atten Percept Psychophys 1985;38:91-6.

Gougoux F, Lepore F, Lassonde M, et al. Pitch discrimination in the early blind. Nature
2004;430:3009.

Kolarik AJ, Moore BC, Cirstea S, et al. Partial visual loss disrupts the relationship between
judged room size and sound source distance. Exp Brain Res 2022;240:81-96.

Kolarik AJ, Raman R, Moore BC, et al. Partial visual loss affects self-reports of hearing abilities
measured using a modified version of the Speech, Spatial, and Qualities of Hearing
Questionnaire. Front Psychol 2017;8:561.

Ahmad H, Setti W, Campus C, et al. The sound of scotoma: Audio space representation
reorganization in individuals with macular degeneration. Front Integr Neurosci 2019;13:44.
Hoover AE, Harris LR, Steeves JK. Sensory compensation in sound localization in people with
one eye. Exp Brain Res 2012;216:565-74.

Doucet ME, Guillemot JP, Lassonde M, et al. Blind subjects process auditory spectral cues
more efficiently than sighted individuals. Exp Brain Res 2005;160:194-202.

Finocchietti S, Cappagli G, Gori M. Encoding audio motion: Spatial impairment in early blind
individuals. Front Psychol 2015;6:1357.

Kupers R, Chebat DR, Madsen KH, et al. Neural correlates of virtual route recognition in
congenital blindness. Proc Natl Acad Sci USA 2010;107:12716-21.



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

Kolarik AJ, Raman R, Moore BC, et al. The accuracy of auditory spatial judgments in the visually
impaired is dependent on sound source distance. Sci Rep 2020;10:7169.

Cappagli G, Finocchietti S, Cocchi E, Gori M. The impact of early visual deprivation on spatial
hearing: A comparison between totally and partially visually deprived children. Front Psychol
2017;8:467.

British Society of Audiology. Pure-tone air-conduction and bone-conduction threshold
audiometry with and without masking. Reading, UK: British Society of Audiology; 2011.
Kolarik AJ, Cirstea S, Pardhan S, Moore BC. An assessment of virtual auditory distance
judgements among blind and sighted listeners. Proc Mtgs Acoust 2013;19:050043.

Kolarik AJ, Pardhan S, Cirstea S, Moore BC. Auditory spatial representations of the world are
compressed in blind humans. Exp Brain Res 2017;235:597-606.

Kolarik AJ, Pardhan S, Cirstea S, Moore BC. Using acoustic information to perceive room size:
Effects of blindness, room reverberation time, and stimulus. Perception 2013;42:985-90.
Kolarik AJ, Cirstea S, Pardhan S. Discrimination of virtual auditory distance using level and
direct-to-reverberant ratio cues. J Acoust Soc Am 2013;134:3395-8.

Lehmann EA, Johansson AM. Prediction of energy decay in room impulse responses simulated
with an image-source model. J Acoust Soc Am 2008;124(1):269-77.

Mershon DH, King LE. Intensity and reverberation as factors in the auditory perception of
egocentric distance. Atten Percept Psychophys 1975;18:409-15.

Zahorik P. Direct-to-reverberant energy ratio sensitivity. J Acoust Soc Am 2002;112:2110-7.
Gardner WG, Martin KD. HRTF measurements of a KEMAR. J Acoust Soc Am 1995;97:3907-8.
Bench J, Kowal A, Bamford J. The BKB (Bamford-Kowal-Bench) sentence lists for partially-
hearing children. Br J Audiol 1979;13(3):108-12.

Moore BC, Fiillgrabe C, Stone MA. Determination of preferred parameters for multichannel
compression using individually fitted simulated hearing aids and paired comparisons. Ear Hear
2011;32:556-68.

Zahorik P. Assessing auditory distance perception using virtual acoustics. J Acoust Soc Am
2002;111:1832-46.

Voss P, Tabry V, Zatorre RJ. Trade-off in the sound localization abilities of early blind
individuals between the horizontal and vertical planes. J Neurosci 2015;35:6051-6.

Kolarik AJ, Moore BC, Zahorik P, et al. Auditory distance perception in humans: A review of
cues, development, neuronal bases and effects of sensory loss. Atten Percept Psychophys
2016;78:373-95.

Zahorik P, Brungart DS, Bronkhorst AW. Auditory distance perception in humans: A summary
of past and present research. Acta Acust United Ac 2005;91:409-20.

Vercillo T, Tonelli A, Gori M. Early visual deprivation prompts the use of body-centered frames
of reference for auditory localization. Cognition 2018;170:263-9.

Hiig MX, Vergara RO, Tommasini FC, et al. Reaching measures and feedback effects in auditory
peripersonal space. Sci Rep 2019;9:9476.

Axelrod S. Effects of early blindness. New York: American Foundation for the Blind 1959.
Jones B. Spatial perception in the blind. Brit J Psychol 1975;66:461-72.

Voss P, Zatorre RJ. Organization and reorganization of sensory-deprived cortex. Curr Biol
2012;22:168-73.

Voss P. Brain (re) organization following visual loss. Wiley Interdiscip Rev Cogn Sci
2019;10:e1468.

Tao Q, Chan CC, Luo Y, et al. How does experience modulate auditory spatial processing in
individuals with blindness? Brain Topography 2013:1-14.

Collignon O, Dormal G, Albouy G, et al. Impact of blindness onset on the functional
organization and the connectivity of the occipital cortex. Brain 2013;136:2769-83.

Lewald J. Gender-specific hemispheric asymmetry in auditory space perception. Cognit Brain
Res 2004;19(1):92-9.



54.

55.

Lewald J, Hausmann M. Effects of sex and age on auditory spatial scene analysis. Hear Res

2013;299:46-52.
Lewald J. Opposing effects of head position on sound localization in blind and sighted human

subjects. Eur J Neurosci 2002;15:1219-24.



Figure legends

Figure 1. Estimated source distance judgements for each virtual source distance, both plotted on a
logarithmic scale. Symbols show geometric mean data for normally sighted participants (green circles),
early-onset VI participants (blue triangles), and late-onset VI participants (red squares). Solid lines
show where the datapoints would lie if judgements were veridical. Data for speech, music, and noise
are shown in the left, middle and right panels, respectively. The upper and lower panels show data for
virtual reverberant and anechoic rooms, respectively. Error bars show *1 standard error across

participants.



