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SUMMARY

Congenitally blind infants are not only deprived of visual input but also of visual influences on the intact
senses. The important role that vision plays in the early development of multisensory spatial perception’™”
(e.g., in crossmodal calibration®'° and in the formation of multisensory spatial representations of the body
and the world'+?) raises the possibility that impairments in spatial perception are at the heart of the wide range
of difficulties that visually impaired infants show across spatial,®'? motor,'®'” and social domains.?'®'° But
investigations of early development are needed to clarify how visually impaired infants’ spatial hearing and
touch support their emerging ability to make sense of their body and the outside world. We compared sighted
(S) and severely visually impaired (SVI) infants’ responses to auditory and tactile stimuli presented on their
hands. No statistically reliable differences in the direction or latency of responses to auditory stimuli
emerged, but significant group differences emerged in responses to tactile and audiotactile stimuli. The visu-
ally impaired infants showed attenuated audiotactile spatial integration and interference, weighted more
tactile than auditory cues when the two were presented in conflict, and showed a more limited influence of
representations of the external layout of the body on tactile spatial perception.20 These findings uncover a
distinct phenotype of multisensory spatial perception in early postnatal visual deprivation. Importantly, evi-
dence of audiotactile spatial integration in visually impaired infants, albeit to a lesser degree than in sighted

infants, signals the potential of multisensory rehabilitation methods in early development.

RESULTS AND DISCUSSION

The methods used to study perceptual abilities in human infancy
are overwhelmingly vision-centric,®'*? but several techniques
are now emerging for examining auditory, tactile, and audiotac-
tile localization in human infancy.>*2° Capitalizing on these new
techniques, we presented auditory and tactile stimuli (via two
audiotactile devices; see STAR Methods) to the hands of ten
infants with severe visual impairment (SVI, six males, median =
23.5 months, range = 5-35 months), and ten sighted infants
(S, five males, median age = 27.0 months, age range = 8-
31 months). Our visually impaired group comprised children
with peripheral visual pathologies (e.g., retinal dystrophies or
ocular malformation; see Table S2 for clinical details), rather
than pathologies of the central visual system (e.g., optic radia-
tion, visual cortex, and visual association cortex). The sighted
and visually impaired infants were matched on age and sex.
The four stimulus conditions described in Figure 1 (A-D) were
presented in a series of trials. On each trial, a stimulus from one
of the four conditions was presented for 1 s, and we recorded
movements of the eyes/head and hands/arms made in the
following 8 s post-stimulus onset. No task instructions were

given to the participants. Responses directed toward or located
at one of the two stimulus locations were classified as orienting
responses. The orienting responses observed and included in
our analyses were movements of the head and eyes toward
one of the hands, and movements of one of the hands or one
of the arms, including exploratory movements of the fingers
and more gross withdrawal movements of the arm; we did not
observe any bimanual orienting responses where one hand
was moved to a stimulus site on the other). We recorded the
numbers and percentages of orienting responses made to the
stimulated and unstimulated hands, and the latency (reaction
time in seconds, RT) of the orienting responses to the stimulated
hand.

The tactile-only and auditory-only conditions provide indica-
tions of unisensory localization in these modalities. The audiotac-
tile-congruent and -incongruent conditions allowed us to derive
multisensory gain and interference measures by comparison
with the tactile-only and auditory-only conditions. The posture
manipulations (Figure 1) probe the influence of representations
ofthe body’s typical layout in external space on stimulus localiza-
tion.?*2® The sighted and visually impaired groups completed
a mean total of 41.1 (SD = 4.2) and 38.7 (SD = 2.9) trials,
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respectively (see STAR Methods and supplemental information;
Table S3 provides details of trials completed per condition).

Auditory localization

A generalized linear mixed-effects model (GLMM), including age
in months as a covariate, was fitted to the orienting responses in
the auditory-only condition. Orienting response was a binary var-
iable in which “1” coded an orienting response to the stimulated
limb (either a hand/arm response with the limb on which the audi-
tory stimulus had been presented, or an eye/head response
directed toward the limb on which the auditory stimulus had
been presented). “0” coded an orienting response to the unsti-
mulated limb (i.e., a hand/arm response with the other limb or
an eye/head response directed toward the other limb). A linear
mixed-effects model (LMM) was fitted to the RTs of the orienting
responses to the stimulated limb. No significant effects or inter-
actions of group (SVI/S), posture (crossed/uncrossed), or age in
months were observed (Table 1; Figure 2).

The absence of a reliable effect of group on auditory localiza-
tion suggests that the visually impaired infants’ auditory localiza-
tion abilities were comparable to those of the sighted infants in
speed and accuracy. This result is commensurate with demon-
strations that auditory localization does not require visual cali-
bration to develop,®’ but it conflicts with findings of sound local-
ization deficits in blind children and adolescents.””"" There are
several potential explanations of this discrepancy. Observations
of auditory localization deficits were made in studies where blind
children and adolescents were required to localize external audi-
tory objects rather than auditory locations on the body, and it is
at least possible that visual impairment has differential effects on
representations of bodily and external space. Another possibility
is that the visually impaired infants studied here benefitted from
the relatively simple testing scenario we used. Indeed, blind
adult participants can actually perform better than sighted
adults when localization tasks are simple,”® lending weight to
this explanation.
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Figure 1. Experimental conditions

All panels (A-D) show example stimuli across un-
crossed- and crossed-hands posture conditions.
The sawtooth lines indicate the vibrotactile stimuli,
and the musical notes indicate the auditory stimuli
(for more details, see STAR Methods and sup-
plemental information). (A) Tactile-only condition
(a vibrotactile stimulus presented to one hand), (B)
auditory-only condition (an auditory stimulus pre-
sented to one hand), (C) audiotactile-congruent
condition (auditory and tactile stimuli presented
simultaneously to one hand), and (D) audiotactile-
incongruent condition (auditory and tactile stimuli
presented simultaneously on different hands).

Tactile localization and body
representations

Sighted adults show crossed limb deficits
in tactile localization because they incor-
rectly assign tactile stimuli to the hand
resting on the side of space where the
stimulus would typically occur when the
limbs are in a canonical posture.?%?° In
similar tasks, congenitally blind adults show no such deficit, indi-
cating that this extra-somatosensory influence of body represen-
tations on tactile perception develops from visual experience.?
Studies of typically developing infants, and the effects of removing
congenital cataracts in infancy, show that the critical influence of
vision occurs after 4-5 months of age.”"'® We therefore predicted
that the sighted infants older than 4 months of age would show a
greater crossed-hands deficit than visually impaired infants.

A GLMM, including age in months as a covariate, and group
(SVI/S) and posture (crossed/uncrossed) as fixed effects, was
fitted to the orienting responses in the tactile-only condition
(the same binary code was used as for the GLMM reported
above), and a similar LMM was fitted to the RTs of the orienting
responses to the stimulated hand. These models revealed ef-
fects of group (SVI/S) and posture (crossed/uncrossed), and an
interaction of group x posture (Table 1). Post hoc comparisons
(see supplemental information) revealed that the sighted infants
showed slower and less accurate responses in the crossed-
hands condition, but that the visually impaired infants did not
(Figure 2), with the interaction driven by groupwise differences
in the crossed hands condition. The visually impaired infants
matched the best performance of the sighted infants across
both postures. Because eye/head orienting necessarily involves
an external visual frame of reference, we conducted additional
analyses that confirmed the effects and interactions when only
the hand/arm responses were included.

Thus, representations of the canonical posture of the body in
external space do not influence visually impaired infants’ re-
sponses to touch, at least not to the same extent as seen in
sighted infants. This finding confirms that vision plays an impor-
tant role in the influence of body representations on tactile
perception during infancy and indicates that visually impaired in-
fants perceive and respond to tactile events differently to how
sighted infants do. One explanation for these findings is that
visually impaired infants may place greater weight on somato-
topic locations, and possibly anatomical features (e.g., whether

Crossed-hands
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Table 1. Results of the generalized mixed-effects models

Auditory localization

Tactile localization

Multisensory gain

Crossmodal conflict

Stimulus response ~
group(SVI/S) * posture
(uncrossed/crossed) *
age in months +

Stimulus response ~
group(SVI/S) * posture
(uncrossed / crossed) *
age in months +

Stimulus response ~
group(SVI/S) * posture
(uncrossed/crossed) *
condition(tactile only/
auditory only/audiotactile
congruent) * age in

Stimulus response ~
group(SVI/S) * posture
(uncrossed/crossed) *
condition(tactile only/
auditory only/audiotactile
incongruent) * age in

(1|participant) (1|participant) months + (1|participant) months + (1|participant)
Effect x2(d) p %2 (df) p ¥2(df) p x2(d) P
Generalized linear mixed models (GLMMs) of the orienting responses to the stimulus
Condition - - 36.922 (2) <0.001* 15.719 (2) <0.001*
Group 0.005 (1) 0.945 7.026 (1) 0.008* 2.026 (1) 0.155 2.600 (1) 0.107
Posture 0.044 (1) 0.834 9.036 (1) 0.003* 4.879 (1) 0.027* 6.063 (1) 0.014*
Age (m) 0.436 (1) 0.509 0.067 (1) 0.796 0.003 (1) 0.957 0.013 (1) 0.910
Condition*group - - - - 7.104 (2) 0.029* 44.419 (2) <0.001*
Condition*posture - - - - 6.036 (2) 0.049* 4.988 (2) 0.083
Group*posture 0.035 (1) 0.851 6.350 (1) 0.012* 7.250 (1) 0.007* 9.546 (1) 0.002*
Condition*age (m) - - - - 0.003 (2) 0.999 0.063 (2) 0.969
Group*age (m) 0.034 (1) 0.855 0.179 (1) 0.672 0.653 (1) 0.613 0.093 (1) 0.760
Posture*age (m) 0.045 (1) 0.832 1.073 (1) 0.300 0.094 (1) 0.760 0.746 (1) 0.388
Condition*group*posture - - - 5.104 (2) 0.078 4.942 (2) 0.085
Condition*group*age (m) - - - 0.273 (2) 0.872 2.064 (2) 0.356
Condition*posture*age (m) - - - 1.412 (2) 0.494 0.466 (2) 0.792
Group*posture*age (m) 0.226 (1) 0.634 0.867 (1) 0.352 0.112 (1) 0.738 0.127 (1) 0.721
Group*posture*condition*age (m) - - - - 1.361 (2) 0.506 2.237 (2) 0.327
Linear mixed models (LMMs) of the RTs of orienting responses made to the stimulus
Condition - - - - 982.427 (2) <0.001* 371.883 (2) <0.001*
Group 0.089 (1) 0.765 12.697 (1) <0.001* 0.000 (1) 0.985 28.006 (1) <0.001*
Posture 0.280 (1) 0.597 17.162 (1) <0.001* 6.380 (1) 0.012* 13.407 (1) <0.001*
Age (m) 0.010 (1) 0.922 0.000 (1) 0.986 0.002 (1) 0.966 0.006 (1) 0.940
Condition*group - - - - 154.177 (2) <0.001* 218.572 (2) <0.001*
Condition*posture - - - - 48.307 (2) <0.001* 18.606 (2) <0.001*
Group*posture 0.001 (1) 0.980 53.597 (1) <0.001* 12.600 (1) <0.001* 29.063 (1) <0.001*
Condition*age (m) - - - - 1.046 (2) 0.593 1.778 (2) 0.411
Group*age (m) 0.947 (1) 0.331 2.116 (1) 0.146 2.562 (1) 0.109 2.451 (1) 0.117
Posture*age (m) 0.286 (1) 0.593 2.433 (1) 0.119 0.082 (1) 0.774 0.073 (1) 0.788
Condition*group*posture - - - - 40.711 (2) <0.001* 12.632 (2) 0.002*
Condition*group*age (m) - - - - 1.800 (2) 0.406 0.935 (2) 0.626
Condition*posture*age (m) - - - - 0.237 (2) 0.897 0.116 (2) 0.944

(Continued on next page)
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0.847

0.331 (2)

0.164

0.921 (2)

Top: GLMMs applied on orienting responses. Bottom: LMMs used on RTs. *p < 0.05. See also Figures S1 and S2 and Table S1.

Group*posture*condition*age (m)
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the limb is the left or right limb, or a hand or foot),>° when orient-
ing to bodily locations.

Multisensory integration

Sighted adults integrate visual, auditory, and tactile cues in
order to accurately and efficiently represent and interact with ob-
jects and social partners.®"*> Multisensory integration can be
measured behaviorally by looking for enhancements in the accu-
racy and speed of responses under multisensory conditions
compared to unisensory conditions (superadditivity®>>%). To do
this, we fitted a GLMM to the orienting responses in the tactile-
only, auditory-only, and audiotactile-congruent conditions (the
same binary code was used as for the GLMMs reported above),
including age in months as a covariate, and group (SVI/S), posture
(crossed/uncrossed), and condition (tactile-only/auditory-only/
audiotactile-congruent) as fixed effects. A similar LMM was fit to
the RTs of the orienting responses to the stimulated hand. The
models revealed effects of posture and condition, and interac-
tions of group X posture, group x condition, posture x condition,
and group X posture x condition (The three-way interaction was
found in the RT analysis only). Post hoc tests (see supplemental
information) indicated that the interactions were driven by the ef-
fectsinthe tactile-only condition already discussed above. Impor-
tantly, the effect of condition was driven by faster and more accu-
rate responses in the audiotactile-congruent condition compared
to both the tactile-only and auditory-only conditions.

We next examined RT data across sensory conditions for
multisensory redundancy gains (see Figure 3, STAR Methods,
and supplemental information). This technique quantifies the
reduction in response times due to multisensory integration by
comparing RT cumulative distribution functions between the
audiotactile-congruent condition and the “race model”*® (the
sum of the cumulative distribution functions of RTs in the two uni-
sensory conditions, A+T; Figure 3). The race model assumes that
if the two sensory channels are independent, the response in
the audiotactile-congruent condition will be as fast as the
fastest of the response times across the unisensory conditions.
Comparing the audiotactile-congruent condition to the race
model established that while both groups showed multisensory
redundancy gains for both crossed and uncrossed postures in
the audiotactile-congruent condition, the gain was stronger in
the sighted group (Figure 3; supplemental information).

Previous studies have shown that multisensory integration for
audiovisual localization is evident in the first year of life.*® Here,
we show that both sighted and visually impaired infants integrate
spatially redundant tactile and auditory cues to speed their per-
formance rather than processing these cues independently.
Since both groups’ gain was observed across both postures,
we can conclude that both groups could code relations between
auditory and tactile cues in a common spatial frame of reference
that was not tied to somatotopic coordinates or the familiar
(canonical) positions of the limbs.*® Importantly, the visually
impaired infants showed less gain overall, indicating that visual
experience is required for the typical development of audiotactile
spatial integration.

Resolving crossmodal spatial conflict
Comparing sighted and visually impaired infants’ sensory orient-
ing responses under conditions of audiotactile spatial conflict
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Figure 2. Percentages of orienting responses to the stimulus and mean RTs

(A) The percentages of sighted (S) and visually impaired (SVI) infants’ head and manual orienting responses, which were made toward the stimulated hand across
stimulus conditions and posture conditions. In the audiotactile-incongruent condition, the data are plotted as the percentage of orienting responses directed to
the auditory stimulus. Therefore, in this condition, the percentages of orienting responses directed to the tactile stimulus are 100 minus the percentage values
displayed. Small circles and vertical lines respectively represent single participant means and 95% confidence intervals (i.e., +1.96 SE) ordered with increasing
ages (see Table S2). The transparent bars represent the group means.

(B) The RTs of responses to the stimulated hand. In the audiotactile-incongruent condition, the reported RTs are of responses to either the tactile or the auditory
stimulus. Small circles and vertical lines respectively represent single participant means and 95% confidence intervals (i.e., +1.96 SE). The transparent bars
represent the group means. Only trials with a defined orienting response were included (see also Table S3).

See also Figures S1 and S2 and Tables S4 and S5.

can provide clues to the relative weightings given to hearingand  response was coded “1” if the participant responded with or to-
touch and reveal the nature of crossmodal interactions in spatial ~ ward the auditory stimulus location. A similar LMM was fit to the
perception in visual impairment. A GLMM, including age in RTs of the first orienting response made (whether to auditory,
months as a covariate, and group (SVI/S), posture (crossed/un-  tactile, or audiotactile stimuli; see STAR Methods and supple-
crossed), and condition (tactile-only/auditory-only/audiotactile-  mental information).

incongruent) as fixed factors, was fitted to the infants’ orienting The analyses revealed main effects of group (RT analysis only),
responses. The same binary code was used as for the GLMMs  condition and posture, and interactions of condition x posture
reported above, but in the audiotactile-incongruent condition (RT analysis only), group X posture, and group X condition.
where stimuli were presented on both hands, an orienting The three-way interaction of group X condition X posture was
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Figure 3. Comparisons of multisensory redundancy gains in severely visually impaired (SVI) and sighted (S) infants.

(A and B) Mean cumulative distribution functions (CDFs) of motor reaction times for the sighted and visually impaired infants across uncrossed-hands (A) and
crossed-hands (B) postures. For each posture, CDFs are presented for responses to auditory-only (red), tactile-only (green), and audiotactile-congruent (cyan)
stimuli, and A+T (violet) and CDFa,t = CDFaA+CDF. Error bars represent + SE intervals.

(C and D) Tests of redundancy gains (i.e., CDF s, — CDFat > 0), are presented for each posture (C: uncrossed; D: crossed), group (blue: sighted infants, S; orange:
infants with severe visual impairment, SVI), and centile (10%-90%). Error bars represent + SE intervals. Blue and yellow asterisks indicate redundancy gains in the
S and SVI infants, respectively (p < 0.05 after Bonferroni correction for n = 9 comparisons). Red asterisks indicate significant differences in redundancy gains
between S and SVI infants (p < 0.05 after Bonferroni correction for n = 9 comparisons). Only trials with a defined orienting response were included.

See also Figure S3.

significant in the RT (LMM) analysis only. Post hoc comparisons
revealed that the interactions, including posture, were driven by
the effects in the tactile-only condition discussed above. The
condition X group interactions were explained by different ori-
enting preferences in the groups: the visually impaired infants
showed a significant preference to orient to the tactile stimulus,
whereas the sighted infants preferred the auditory stimulus.
Furthermore, only the sighted infants showed a significant slow-
ing in the incongruent audiotactile condition compared to the
unisensory conditions (further analyses in the supplemental
information).

Thus, when a touch is presented on the one hand and a sound
on the other, visually impaired infants tended to orient toward the
touch and sighted infants to the sound. Interestingly, we only
observed crossmodal interference in making an orienting
response in sighted infants. The visually impaired infants’ re-
sponses (primarily to the touches) were not disturbed by the con-
current presence of a sound on the other hand. Reduced distrac-
tor effects are also seen in blind adults across both multisensory

6 Current Biology 37, 1-9, November 22, 2021

and unisensory perceptual tasks.>” Our findings indicate that
enhanced crossmodal selective attention skills that blind adults
show in multisensory tasks may have their origin in infancy. It
is also possible that early behavioral patterns of preference
and performance that we have observed in visually impaired in-
fants may be a developmental precursor to a more general selec-
tive attention advantage in blind adults, even in unisensory tasks.
For instance, the selection of tactile in preference to auditory
stimuli in early infancy may lead to the attenuated integration
of auditory and tactile space reported above. This develop-
mental process could in turn limit the extent to which visually
impaired infants/children learn to integrate information across
spatial arrays in multisensory space, leading to downstream ad-
vantages in selective spatial attention both crossmodally and
within individual senses.

The sensory phenotype of visual impairment in infancy
Congenital visual deprivation has influences far beyond vision it-
self and means that visually impaired individuals grow up with
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qualitatively different and, in some circumstances, impoverished
spatial representations in their intact senses.*® Here, we show
how the absence of visuospatial experience affects develop-
ment in the first years of life. We have found that visually impaired
infants, compared to their sighted peers, show (1) faster and
more accurate localization of tactile stimuli on the hands when
their hands were crossed, suggesting prioritization of the
anatomical location of touches and relative neglect of the canon-
ical layout of the body; (2) significantly reduced audiotactile gain
in orienting accuracy and response speed, indicating an attenu-
ated spatial integration of auditory and tactile stimuli; (3) greater
weight given to tactile orienting under conditions of audiotactile
spatial conflict; and (4) reduced interference under audiotactile
spatial conflict. We found no statistically reliable differences
in auditory localization between sighted and visually impaired
infants.

How do these various features of the sensory phenotype of vi-
sual impairment arise developmentally? We speculate that, in
typical development, the rich input that vision provides concern-
ing both the world close at hand and the world at a distance
provides a sensory spatial framework that greatly impacts how
auditotactile perception develops. The absence of this rich vi-
suospatial framework can explain several aspects of the pheno-
type observed here in visually impaired infants: (1) attenuated
multisensory spatial integration may arise from the absence of
a common visuospatial framework within which to integrate
auditory and tactile cues, (2) greater emphasis on anatomical
or somatotopic coordinates in touch localization may arise
from the absence of visuospatial input concerning the body,
and (3) a greater weighting placed on tactile over auditory spatial
locations may arise from there being, without vision, a more
limited sensory framework within which to orient to the world
at a distance. There is also the possibility that some of the fea-
tures of spatial perception in visual deprivation resulted indirectly
from multisensory differences rather than directly from the
absence of vision. We have already argued that attenuated multi-
sensory integration of auditory and tactile space might limit inter-
ference from auditory distractors. There is also the possibility
that the bias to respond to tactile compared to auditory stimuli
might also lead both to the attenuated multisensory integration
of auditory and tactile space and to the greater weight placed
on somatotopic/anatomical coordinates and features.®® Indeed,
other perceptual differences in visual impairment not studied
here may also play a role. For instance, if visual deprivation
affects the perceived timing or spatial position of auditory or
tactile stimuli,®® this might reduce redundancy gains. Longitudi-
nal studies with infant participants are needed to generate a
full causal model’® describing how visual impairment affects
the early development of the sensory phenotype of visual
impairment.

The wide-ranging sensory differences we have observed in
visually impaired infants help explain some of the behavioral fea-
tures of blind and visually impaired infants and may also bear
important implications for developing early intervention tech-
niques. Visually impaired and blind infants do not reach for ob-
jects that produce sounds until the end of the first year, while
sighted infants start around 5-6 months.*"*? The greater weight
given to the tactile modality may explain the impairments
observed in many exploratory behaviors they show. However,

¢ CellP’ress

the comparable performance of the visually impaired infants in
auditory localization shows that proximal auditory spatial cues
on the body are readily utilized in early life. It may be possible
to build on this to encourage greater exploration of extra-bodily
auditory space. We also found that visually impaired infants
could integrate auditory and tactile cues, even when the tactile
and auditory cues were presented in a conflict between external
and anatomical locations (i.e., in the crossed-hands posture).
These findings are encouraging in that they show that multisen-
sory integration is available as a tool to shape the functioning of
the intact senses in early life.'? Such approaches may help visu-
ally impaired infants make better use of auditory and multisen-
sory space to help them link the tactile world of the body to the
outside world of objects and people.
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Materials availability
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Data and code availability
The datasets generated during this study are available on Zenodo at: https://zenodo.org/record/5355402

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Participants

Ten sighted infants (5 males, median age = 27.0 months, age range = 8-31 months) and 10 visually impaired infants (6 males, median =
23.5 months, range = 5-35 months) took part in this study. Five additional participants (2 sighted and 3 visually impaired infants) were
tested, but their data were not included because they completed fewer than 10 trials. Informed consent was obtained from the in-
fants’ parents before commencing the study. The testing took place only if the infant was awake and in an alert and content state.
Ethical approval was gained from the Ethics Committee of ASL 3 Genova and from the Ethics Committee of Pavia Area, Fondazione
IRCCS Policlinico San Matteo, Pavia (ltaly).

Clinical details of the visually impaired participants

Full clinical details are provided in Table S2 (Supplemental Information). Grating acuity was measured with Teller acuity cards (as is
appropriate to pre-verbal children and infants). The Teller acuity cards are a widely-used standardized test for measuring visual acuity
in infants and young children that exploits the natural preference of infants to look toward patterns rather than a blank, homogeneous
area. During the procedure, the infant is either held or seated alone at the correct distance from the acuity cards, facing the tester. The
tester attracts the infant’s attention and when they look straight ahead a card is held up. The cards display a grating on one side and a
homogeneous area on the other. Based on a variety of the infant’s cues including fixation, eye movements, pointing, touching, and/or
verbalization, the tester makes a decision as to whether the infant can see the grating. Coarser or finer gratings are then presented
and repeated until the tester can select the finest grating that the infant can see, which then provides an indication of their acuity.

In general, it is difficult to evaluate the exact visual abilities of such young participants. Severely Visually Impaired participants have,
in the best case, minimal visual perceptual abilities at very short distances. For example, at close proximity, they may be able to
recognizing the gratings used in the Teller acuity cards or may be able to discriminate the objects of very different dimensions on
the basis of their raw contours. In other cases there may be only sporadic perception of lightness in different/sparse parts of the visual
field (e.g., due to missing areas of the retina, there may be an extended part of the visual field in which they are totally blind). However,
a precise evaluation of the visual field is practically impossible when participants are of the ages studied here.

None of the participants had a history of prenatal infections, fetal distress during delivery, any other perinatal distress, or any meta-
bolic disorders. None of the participants demonstrated any cognitive impairment, and all had good general health status and were
classified as normal in a clinical neurological examination. None of the participants were epileptic. All participants demonstrated a
normal psychomotor development level based on a clinical evaluation and on the Reynell-Zinkin Scale which is specifically
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developed for visually impaired infants aged 0-4 years. Cerebral visual impairment was excluded based on anamnesis, clinical and
instrumental visual function assessment and neurological examination. Only one SVI participant was born pre-term, a female partic-
ipant of 29 months of ages. Given that this participant has passed the age at which preterm infants are typically seen and expected to
have caught up developmentally (24 months) we did not make any age correction. Moreover, this participant showed patterns of
response direction and latency which are in line with the SVI group average.

METHOD DETAILS

Design

Four different stimulus conditions (Tactile only trials, Auditory only trials, Audiotactile congruent trials, and Audiotactile incongruent
trials, see Figure 1) were presented across 6 blocks of trials. The first set of 3 blocks and the last set of 3 blocks were identical except
that the first 3 were presented to infants with their hands uncrossed and the last 3 blocks were presented with the infants’ hands
crossed. Auditory only, Audiotactile congruent and Audiotactile incongruent trials were presented interleaved in blocks 1, 2, 4,
and 5 according to a pseudorandom order shown in Table S1, with the only constraint being that the same hand was not stimulated
with the same sensory cue (auditory/tactile) on more than 2 consecutive trials. Tactile only trials were presented separately in
blocks 3 and 6 (also in a pseudorandomized order, with the only constraint being that the same hand was not stimulated on more
than 2 consecutive trials). Each stimulus condition was presented on a maximum of 12 trials in total (6 in each posture), and therefore
a maximum of 48 trials was presented in total (24 in each posture). The order of blocks and trials was kept constant across
participants.

Apparatus and materials

The child was seated on the lap of a parent, who was seated on a chair. A digital video camera located 80 cm in front of the chair,
facing the infant’s frontal midline, recorded the movements of the participant’s body (e.g., movements of the hands, arms and head).
Video data were recorded at 25 frames per second for offline coding. The auditory and vibrotactile stimuli were delivered by two
custom-built serial-controlled audiotactile stimulators®® that the experimenter placed in the infant’s palms, securing them in place
with a cohesive bandage. The vibrotactile stimulus was a continuous pure tone (112 Hz). The sound was a 926 Hz pure tone pulsed
atafrequency of 5 Hz. Each stimulus event lasted for 1000 ms, followed by 8000 ms to allow sufficient time for the infant to react to the
stimulus. Stimulus-linked signals were sent to a serial-controlled visual stimulator*® placed far behind the infant and out of their view
to signal the onset and offset of the auditory and vibrotactile stimuli to the behavioral coder via the video recording. This enabled the
infants’ behavior to be observed and coded in a stimulus-locked manner. This visual signal did not indicate which hand the stimulus
was presented to in order to ensure that the behavioral coders were unaware of stimulus location. We verified that the pulsed auditory
tones delivered to speakers on the hands did not have any tactile effect: in a pilot detection experiment with 3 child participants, we
presented an auditory stimulus on one hand over a set of trials. Headphones playing with white noise prevented the children from
hearing the sounds. Orientation responses toward the stimulated hand occurred at chance level, demonstrating that orienting re-
sponses toward auditory stimuli in the main experiment were not elicited by tactile stimulation arising from the speakers.

Procedure

The experiment was conducted by 2 operators, E1 and E2. E1 faced the infant participant, interacted with them, and manipulated
their arms gently into crossed and uncrossed postures. E2 observed and triggered the stimuli once the infant was in the correct
posture via a MATLAB program. For each trial, E1 played a game with the infant “bouncing” their hands into the correct position
and saying “1,2,3, bu.” The hands were placed in the allocated posture just before “bu,” and the “bu” also functioned as a cue
for E2 to trigger a stimulus. After each trial, the operators marked it as good or bad. If the trial was marked as bad (e.g., if the infant’s
hand moved their hand out of position before the stimulus was delivered), it was repeated (an average of 3 trials per participant were
repeated, SD = 2.0). Following the delivery of the stimulus, E1 gently held the infant’s arms in the assigned posture until the infant
either moved their hands, or 8000 ms had elapsed, at which point the trial was terminated. In the 8000 ms period following each stim-
ulus, E1 oriented their face to the floor in order not to distract the infant. If the infant became fussy, they were entertained with musical
toys until they were sufficiently settled to continue with the study. The study continued for as long as the infant and parent were willing
to cooperate or until all trials had been completed.

Observational coding

The direction, latency, and type of the infants’ first orienting responses to the stimuli (auditory, tactile and audiotactile trials) on each
trial were coded from the video records by two raters naive to the purpose of the study. Both of the raters were also unaware of the
side of stimulus presentation but were provided with stimulus onset and offset information. The following coding scheme was used,
based on previous approaches.®** During the 8000 ms period following the stimulus on each trial, lateral eye movements (saccades),
lateral head movements, and unilateral hand/arm movements were all coded as orienting responses. Where infants made bilateral,
symmetrical arm movements, these were coded as null responses and the trial was terminated. The hand/arm movements which
were coded as orienting responses, included fine movements (i.e., flexions and extensions of the elbow, wrist and finger joints)
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and gross withdrawal movements (the arm and hand-pulled back toward the infant’s trunk). Bilateral coordination responses (i.e.,
where the contralateral hand moved toward the other hand), were a coding category, but no such movements were observed in either

group.
QUANTIFICATION AND STATISTICAL ANALYSIS

Inter-observer reliability

The ratings provided by the two independent observers were compared and examined for agreement using Cohen’s Kappa“® and
weighted Kappa,“® which yields an estimate of agreement between two sets of nominal scores. The agreement was “almost per-
fect.”*” Unweighted and weighted Kappa agreements for response side (Left versus Right versus Null) were 0.933 (95% Cls:
0.928-.943) and 0.938 (95% Cls: 0.923-.947), respectively. Unweighted and weighted Kappa agreements for response modality
(Arm/hand versus Eye/head versus Null) were 0.946 (95% Cls: 0.939-.953) and 0.942 (95% Cls: 0.925-.962), respectively. In order
to optimize the statistical power of the data submitted to analysis, the raters first attempted to come to an agreement on trials where
there were divergent ratings for the side and modality of response. This yielded improved reliability across raters. Unweighted and
weighted Kappa agreements for response side (Left versus Right versus Null) were 0.975 (95% Cls: 0.962-.989) and 0.983 (95% Cls:
0.983-.983), respectively. Unweighted and weighted Kappa agreements for response modality (Arm/hand versus Eye/head versus
Null) were 0.988 (95% Cls: 0.979-.998) and 0.995 (95% Cls: 0.995-.995), respectively.

Following agreement of the response direction and response modality ratings described above, the observers’ ratings for the
RTs of the agreed orienting responses were compared. The ratings of the RTs of orienting responses across the two observers
were highly correlated, r(798) = 0.963, p = <.001 (95% Cls = 0.957-.967). The average disagreement in RT ratings between the coders
was computed as the mean of the signed difference between RT estimated by rater 1 and by rater 2, corresponding to 0.04 s (95%
Cls = -.32-+.30 s), in other words 1 video frame (video was recorded at 25 frames per second).

Description of data and measures

The sighted infants completed a mean of 45.5 trials (SD = 3.0) from a maximum of 48 trials (in total, the group completed 455 trials
from a maximum of 480 trials). The visually impaired infants completed a mean of 44.9 trials (SD = 3.8) from a maximum of 48 trials (in
total, the group completed 449 trials from a maximum of 480 trials). Trials on which the infant did not demonstrate an orienting
response or where the observers could not agree on whether there had been a direction orienting response or in which direction
were designated as null trials and excluded from further analysis.

The sighted infants contributed a mean of 41.1 trials (SD = 4.2) in which they made an orienting response (in total, the group contrib-
uted 411 trials from a maximum of 455 trials completed). The visually impaired infants contributed a mean of 38.7 trials (SD = 2.9) in
which they made a directional orienting response (in total, the group contributed 387 trials from a maximum of 449 trials completed).
The mean difference between the numbers of trials contributed by sighted and visually impaired groups was non-significant,
1(17.240) = 1.235, p = 0.234.

Arm/hand responses represent the majority of responses in both the sighted group (M = 60.8%; SE = 2.5) and the visually impaired
group (M =61.9%; SE = 2.0). Eye/head responses accounted for 20.5% (SE = 1.7) of orienting responses in the sighted group, and
17.5% (SE = 1.8) of responses in the visually impaired group. Also, both groups contributed a number of trials in which they oriented
simultaneously with both eye/head and hand/arm (S mean = 2.3%, SE = 0.8; SVI mean = 6.1%, SE = 0.8) and trials in which they did
not show an orientation response (S mean = 5.1%, SE = 3.2; SVI mean = 5.3%, SE = 3.0). The number of trials on which infants
contributed orienting responses of different kinds also did not differ between groups: arm/hand responses, t(17.667) = 0.122,
p = . 904; eye/head responses, t(17.810) = 1.363, p = 0.190; simultaneous eye/head and hand/arm responses, t(16.873) = 0.941,
p = 0.360.

It is important to note that, commensurate with previous findings using similar stimulus presentations in these age groups,*** the
RTs of the infants’ orienting responses to stimuli presented on their hands (Figure 2) were longer than would be expected in response
to the kinds of stimuli typically presented to these age groups — auditory or visual targets usually in extrapersonal space (e.g., Neil and
colleagues,®® find infant group mean saccadic response latencies ranging from 278 to 1078 ms). Given the longer reaction times
observed here, we recorded all responses within 8 s of stimulus onset. However, given the possible spurious effects arising from
long latency responses, all analyses were conducted excluding responses with RTs longer than 4 s (3.635% and 2.834% of contrib-
uted trials in sighted and visually impaired infants, respectively, with no difference comparing the number of such trials between
groups t(17.5) = 1.022, p = 0.32). The analyses excluding responses that occurred after 4 s latency (see Figure S5) provided consis-
tent results with the analyses of all responses reported in the main manuscript.

We calculated percentages of the infants’ orienting responses which were directed to the stimuli in all groups and conditions (see
Figure 2). In our analyses of responses in Tactile only trials we were particularly interested in the effect of a non-anatomical frame of
reference on orienting responses. And because eye/head orienting involves an external frame of reference by necessity, we conduct-
ed additional analyses to confirm effects and interactions when only the hand/arm responses were included (and eye/head re-
sponses excluded). In the Audiotactile incongruent condition, because auditory and tactile stimuli were presented on separate
hands, we used the auditory stimulus as a reference and calculated the percentage of orienting responses directed to the auditory
stimulus (though note that because all other responses were to the tactile stimulus, the percentage responses to the tactile stimulus in
the Audiotactile incongruent condition are 100% minus the percentage of responses to the auditory stimulus).
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(Generalized) linear mixed model analyses

Only trials with an agreement between raters and with a defined orienting response were considered in inferential statistical analyses.
All analyses were conducted using R.*® Results were deemed significant when p < .05. Where multiple comparisons were used to
follow up significant interactions, a Bonferroni correction was applied.

The direction of infants’ orienting responses was expressed as a binary variable for each trial on which and orienting response
occurred. “1” coded an orienting response to the stimulated limb (either a hand/arm response with the limb on which the auditory
stimulus had been presented, or an eye/head response directed toward the limb on which the auditory stimulus had been presented).
“0” coded an orienting response to the unstimulated limb (i.e., a hand/arm response with the other limb or an eye/head response
directed toward the other limb). We applied a series of generalized linear mixed models (GLMMs) to these data using a logistic
link function. The model fitting was undertaken using the gimer function of the Ime4 package.’® For the latency analyses, a series
of linear mixed models (LMMs) were fitted to the RTs of trials where the infants oriented to the hand in which the stimulus was
delivered (in the Audiotactile incongruent condition, this was either hand). The model fitting was undertaken using the Imer function
of the Ime4 package. For the GLMMs and the LMMs predictors were evaluated using Type Il Wald x° tests as implemented in
the Anova function of the car package.’® We included random intercepts in all models, allowing for individual differences in baseline
performance, but did not have enough power to estimate participant-specific slopes.

Effects and interactions of Posture, Stimulus condition, Group, and Age (in months) were evaluated in the GLMMs and LMMs. Sig-
nificant fixed effects were further investigated with the emmeans function of the emmeans package®' by obtaining estimated mar-
ginal means (EMMs) and computing their contrasts. Effect sizes were estimated using the eff_size function of the emmeans package,
using the sigma and the edf estimated by every single model.

The following models were fitted to the orienting responses and latency to investigate: i) Auditory localization, ii) Tactile localization,
iii) Multisensory gain, and iv) Crossmodal conflict. Note that in the analysis of tactile localization only hand/arm responses were
included. According to Wilkinson’s notation,** the models fitted, were:

i) Auditory localization (Auditory only condition): Stimulus response/RT ~Group(SVI/S)*Posture(Uncrossed/Crossed)*Age in

months + (1|participant);

i) Tactile localization (Tactile only condition): Stimulus response/RT ~Group(SVI/S)*Posture(Uncrossed/Crossed)*Age in
months + (1|participant). For 2 way interactions, the correction was applied against all meaningful contrasts, i.e., with each level
of one factor, pairwise comparisons were drawn between for each level of the other factor. So when considering the Group x
Posture interaction, for each group we compared postures (in emmeans: list(pairwise~posture|group), n = 2 comparisons), and
for each posture we compared groups (in emmeans: list(pairwise~group|posture), n = 2 comparisons);

i) Multisensory gain (Tactile only, Auditory only, and Audiotactile congruent conditions): Stimulus response/RT ~Group(SVI/S)*
Posture(Uncrossed/Crossed)*Condition(Tactile only/Auditory only/Audiotactile congruent)*Age in months + (1|participant). For
the 3 way Group x Posture x Condition interaction, the correction was applied against all meaningful contrasts, i.e., within each
level of two factors, the pairwise comparisons were drawn between all levels of the third. So for each group and condition we
compared postures (in emmeans: list(pairwise~posture|group*condition), n = 6 comparisons), for each condition and posture
we compared groups (in emmeans: list(pairwise~group |condition*posture), n = 6 comparisons), and for each posture and
group we compared conditions (in emmeans: list(pairwise~condition|posture*group), n = 12 comparisons).

iv) Crossmodal spatial conflict (Tactile only, Auditory only, and Audiotactile incongruent conditions): Stimulus response/RT
~Group(SVI/S)*Posture(Uncrossed/Crossed)*Condition(Tactile only/Auditory only/Audiotactile incongruent)*Age in months +
(1|participant). For the 3 way Group x Posture x Condition interaction, the correction was applied against all meaningful con-
trasts, i.e., within each level of two factors, the pairwise comparisons were drawn between all levels of the third. So, for each
group and condition we compared postures (in emmeans: list(pairwise~posture|group*condition), n = 6 comparisons), for
each condition and posture we compared groups (in emmeans: list(pairwise~group|condition*posture), n = 6 comparisons),
and for each posture and group we compared conditions (in emmeans: list(pairwise~condition|posture*group), n = 12 com-
parisons).

Due to limitations in the data which can be gathered from these participant groups (particularly the number of trials that will be
tolerated by infants of these ages), we were able to gather fewer trials per condition than would normally be optimal for fitting of
the linear mixed models which we have used here. It is therefore important for the reader to take care in interpreting the findings
of these models, particularly the absence of effects. We have correspondingly placed clear qualifications on our interpretation of
the absence of effects throughout this article.

Race model analyses
A multisensory gain in participants’ responses to bimodal stimuli (compared to the unimodal stimuli) can be determined by examining
whether RTs in the bimodal condition are faster than predicted by the race model, in which responses arise from the independent
processing of the unisensory signals.®*

As undertaken by** we compared performance in the Audiotactile condition to the upper bound predicted by the race model. This
was done by comparing RTs for a range of deciles (10, 20, 30, 40, 50, 60, 70, 80 and 90%) of the cumulative distribution functions
(CDFs) for the Audiotactile condition and the race model (the race model’s CDF is the sum of the Auditory only and tactile only CDFs).
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We then compared the difference in RTs between the audiotactile CDF and the race model CDF (i.e., multisensory gain) for each
decile against zero using one-sample one-tailed t tests (p values were corrected for nine tests for each group using the Bonferroni
method). We then performed two-tails t tests to compare the multisensory gains of sighted and visually impaired groups for each
decile (p values were corrected for nine tests for each group using the Bonferroni method).

Data were analyzed at group level and when a reaction time bin comprised multiple values from the same participant, the within-
participant average was considered. Welch t tests across groups were used as we did not assume variance homogeneity
across groups. Specifically, t tests were performed using the t.tets function of R, which automatically corrects degrees of freedom
to account for possible non-homogeneous variances between compared samples.
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Figure S1. Auditory and tactile localisation. Related to Figure 2 and Table 1. The Auditory
only (left) and the Tactile only (right) conditions were considered separately. (A) The
percentages of infants’ head and manual orienting responses were made towards the
stimulated hand across stimulus conditions, posture conditions and groups (S = Sighted infants;
SVI = Infants with Severe Visual Impairment). (B) The RTs of responses to the stimulated hand.
Small circles and vertical lines represent single subject means and 95% confidence intervals
i.e., +/-1.96 SE. Single subject data points are ordered left to right with increasing age in
months. Transparent bars represent the group means. Black horizontal lines represent
significant post hoc comparisons (p<.05) following significant 2 way interactions.
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Figure S2. Audiotactile spatial integration and interference. Related to Figure 2 and Table 1. Investigations of multisensory
integration (A) and crossmodal conflict (B) via comparisons of infants’ head and manual orienting responses made towards the
stimulated hand (Al and B1) and orienting response reaction times (A2 and B2) across stimulus conditions, postures and groups (S
= Sighted infants; SVI = Infants with Severe Visual Impairment). In the audiotactile incongruent condition, the data is plotted as the
percentage of orienting responses directed to the auditory stimulus. Therefore, the percentage of orienting responses directed to the
tactile stimulus is 100 minus the percentage values displayed in this condition. Small circles and vertical lines represent single
subject means and 95% confidence intervals i.e., +/-1.96 SE. Single subject data points are ordered left to right with increasing age
in months. Transparent bars represent the group means. Post hoc comparisons performed to explore the 3 way interactions are
shown by black horizontal lines for significant comparisons (p<.05) while grey horizontal lines signal trends (p <.09).
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Figure S3. Comparisons of multisensory interference effects in Severely Visually
Impaired (SVI) and Sighted (S) infants via comparisons of the extent of “inverted”
redundancy gains. Related to Figure 3. An inverted race model is considered, testing reaction
times in incongruent trials against the maximum of unimodal reaction times. This analysis tests
if the presentation of spatially conflicting auditory and tactile cues slowed responses down
significantly compared to the slowest motor reaction times in the summed cumulative
distribution functions (CDFs) of the two unisensory conditions. A and B. For each posture (A:
Uncrossed; B: Crossed), CDFs are presented for responses to Auditory only (red), Tactile only
(green), Audiotactile incongruent (cyan) stimuli, and inverted RM prediction (IRM). C and D.
Tests of inverse redundancy gains, for each Posture (C: Uncrossed; D: Crossed), Group (blue:
S; orange: SVI), and percentile (10%-90%). Blue and yellow asterisks indicate inverse
redundancy gains in the S and SVI infants, respectively (p < .05 after Bonferroni correction for n
= 9 comparisons). Red asterisks indicate significant differences in inverse redundancy gains
between S and SVI infants (p < .05 after Bonferroni correction for n = 9 comparisons). This
analysis indicates that the sighted infants’ RTs were slowed more in the audiotactile incongruent
condition than could be expected by the slowest (longest) reaction times in the unisensory
conditions. There was a significantly greater inverse redundancy gain in the sighted compared
to the SVI group.



Trial  Stimulus Left hand Right hand
no. condition
Blocks 1, 2 (Uncrossed-hands), & 1 AT congruent AT
4, 5 (Crossed-hands) 2 AT congruent AT
3 AT incongruent A T
4 AT congruent AT
5 A only A
6 AT incongruent T A
7 AT incongruent A T
8 A only A
9 A only A
Blocks 3 (Uncrossed-hands) & 1 T only T
6 (Crossed-hands) 2 T only T
3 T only T
4 T only T
5 T only T
6 T only T

Table S1. Detailed order of trials presented to each infant participant. Related to Figure 1.
There were 6 blocks of trials, with blocks 4, 5, and 6 a repetition of blocks 1, 2, and 3, but in a
crossed hands posture. Stimulus conditions were: i) Auditory only trials (“A only”), where a single
auditory stimulus was presented to either the left or the right hand, ii) Congruent audiotactile trials
(“AT congruent”), where auditory and tactile stimuli were presented to a single hand
simultaneously, iii) Incongruent Audiotactile trials (“AT incongruent”), where auditory and tactile
stimuli were presented across separate hands simultaneously, and iv) Tactile only trials (“T only”),
where a single tactile stimulus was presented to either the left or the right hand. The presentation
of stimuli in left and right hands are detailed in the last two columns (A = Auditory stimulus, T =

Tactile stimulus, AT = Audiotactile stimulus).



Neuro-ophthalmological Class of
Group Age (m) Gender pathology Grating acuity impairment
Severely Nystagmus and roving eye 1.7 cy/deg
Visua”y Male movements SVl
impaired Male Inherited retinal dystrophy ggr?:r:s;i((:)::gantvery CB
VI ' i i
(SVI) (Leber’s Congenital Amaurosis) tlose distance (complete)
Microphthalmia in left eye with 2.40 cy/deg (light
15 Female bilateral ocular coloboma and perception only in left ~ SVI
catarct eye)
17 Female  Oculocutaneous albinism 4.7 cyldeg MVI/SVI
Microphthalmia in right eye with
20 Male bilateral large chorioretinal and iris  2.20 cy/deg SVI
coloboma
Sporadic light CB
27 Male Bilateral optic nerve hypoplasia perception at very let
close distance (complete)
28 Male Bilateral optic nerve hypoplasia 1.3 cy/deg SVi
Retinal detachment in bilateral _Srgﬁerf:(::igrlaow Vision; _
29 Female  stage5 ret|nopthy of.prematunty perception at close CB (Partial)
(ocular prosthesis in right eye) i
istance
32 Male Inherited retinal dystrophy 4.7 cyldeg MVI/SVI
Inherited retinal dystrophy
35 Female (achromatopsia) 2.4 cyldeg SvI
Sighted 8 Male - - -
S) 20 Male - - -
21 Female - - -
25 Male - - -
27 Female - - -
27 Male - - -
27 Female - - -
27 Female - - -
28 Female - - -
31 Male - - -

Table S2. Details of the participants including clinical details of the visually impaired
participants. Related to Figure 2. Participants’ genders and age in months are presented. The
data points in Figures. 2, S1 and S2 are presented in order of age in months. In the severely
visually impaired (SVI) group neuro-ophthalmological pathologies, grating acuities (assessed via
Teller acuity cards where possible) and class of impairment are reported (CB = Congenitally blind,;
MVI = Moderate visual impairment; SVI = Severe Visual Impairment).



Total Disagreement Null Analyzed

Stimulus completed Eye& RT>
Group condition Posture trials Side  Modality Both None Eye Hand hand 4s
Sighted Uncrossed-
) oo 60 2 1 1 5 10 38 3 0
A only C q
rossed- 48 3 2 1 5 11 22 4 0
hands
Uncrossed- g, 0o 0 101 7 a7 0
AT hands
congruent -
g Crossed 57 0 0 0 2 10 38 7 0
hands
Uncrossed- ¢, 10 3 3 15 32 6 6
AT hands
incongruent -
g Crossed 50 10 1 2 17 25 4 11
hands
Uncrossed- o, 1 0 2 2 14 35 6 0
hands
T only C g
rossed- 60 0 0 1 3 10 42 4 0
hands
S_everely Uncrossed- 60 1 0 1 1 10 a1 6 0
Visually A onl hands
Impaired A 0Nty i
(SVI) E;‘r’lzssed 47 o 1 11 12 27 5 0
Uncrossed- o, 0 0 8 4 13 30 5 0
AT hands
congruent -
g Crossed 53 0o 0 3 6 8 33 3 0
hands
Uncrossed- o, 1 0 3 3 10 40 3 5
AT hands
incongruent R
g Crossed 49 3 0 3 2 9 28 4 6
hands
Uncrossed- ¢, 0o 0 2 6 6 41 5 0
hands
T only q
Crossed- 60 0 2 6 2 10 38 2 0
hands

Table S3. Details of trials completed and trials submitted to analyses across groups and
conditions. Related to Figure 2. For each group, condition and posture, this table reports the
number of: total completed trials; trials in which there was an inter-rater disagreement about
side or modality (these were not included in analyses); trials which were coded as a null
response due to a movement of both hands or an absence of motion within 8 seconds (these
were not included in analyses; a marginally significant effect of group on the numbers of null
trials was recorded, t(156.6) = 1.973, p = .05.); trials submitted to analysis, i.e. trials in which an
orienting response was agreed between coders, subdivided across orienting responses of the
eye (or head), of the hand, or both; trials where the response was made at a latency > 4
seconds (these were included in the analyses reported in the paper, but we determined that
their exclusion did not modify the pattern of findings



Orienting Direction (GLMM) Reaction Time (LMM)

Contrast list 1 Group z p d z p d

Uncrossed - . . .

Crossed Sighted 3.712 <.001 1.950 6.296 <.001 2.882
SVI 173 .863 .093 .606 .553 .273

Orienting Direction (GLMM) Reaction Time (LMM)

Contrast list 2 Posture z p d z p d

Sohted - Uncrossed  -.145 885 -078 096 924 044
Crossed -.665 <.001* -1.935 -5.643 <.001* -2.565

Table S4. Results of the contrasts investigating tactile localization and body
representation analyses for both generalised linear mixed models (GLMMs) applied to
the direction of infants orienting responses (Left columns) and linear mixed models
(LMMs) applied to reaction times (RTs; Right columns). Related to Figure 2. For the 2 way
interaction of Group x Posture, the Bonferroni correction was applied considering contrasts of
interest, i.e., for each level of one factor, the pairwise comparisons were made between all
levels of the other factor. For each group (S/SVI) we compared postures (contrast list 1, in
emmeans: list(pairwise~posture|group), n = 2 comparisons); for each posture we compared
groups (contrast list 2, in emmeans: list(pairwise~group|posture), n = 2 comparisons). * =
significant comparisons.



MULTISENSORY INTEGRATION MODELS

Orienting Direction (GLMM)

Reaction Time (LMM)

Qontrast Group Condition z p d z p d

list 1

Uncrossed . .

- Crossed Sighted Auditory .156 .876 .078 -.448 .656 -.205
Blind Auditory -.026 .979 -.012 .678 .500 .306
Sighted Congruent 1.237 .216 1.519 2.688 .009* 1.230
Blind Congruent -1.074 .283 -.823 424 672 192
Sighted Tactile 4.358 <.001* 1.900 -9.828 <.001* -4.498
Blind Tactile -.088 .930 -.040 .095 .925 .043

Orienting Direction (GLMM)  Reaction Time (LMM)

Contrast Condition Posture z p d z p d

list 2

Sighted —

V:guaﬁly Auditory Uncrossed  .137 891 061 472 641 453

impaired
Congruent Uncrossed  1.934 .053+ 2.272 -2.877 .008* -2.765
Tactile Uncrossed  .274 .784 121 -.079 .938 -.076
Auditory Crossed -.057 .954 -.029 1.003 .326 .964
Congruent  Crossed -.083 .934 -.070 -3.958 .001* -3.804
Tactile Crossed -4.096 <.001* -1.819 4.647 <.001* 4.465

Orienting Direction (GLMM)  Reaction Time (LMM)

Contrast

list 3 Posture Group z p d z p d

Auditory - ), ossed  Sighted 2707 020  -3.087 14726 <00l*  6.741

Congruent

Auditory -, rossed  Sighted 016 1.000 007 594 1.000 272

Tactile

?gg‘tﬂre“e“t' Uncrossed  Sighted 2722 019 3.094  -14132 <001*  -6.469

Auditory - o csed Sighted 2422  .046* 1645 17.861 <.001*  8.176

Congruent

?;gt'itgy' Crossed Sighted 3.767  <001* 1.829  -8.786  <.001*  -4.022

%Qt%re“em " Crossed Sighted 5442  <.001* 3.474  -26.647 <.001*  -12.197

Auditory - o crossed  Blind 2667 052+  -1.895 7.806  <.001*  3.523

Congruent



Auditory -

. Uncrossed Blind 157 1.000 .067 -.570 1.000 -.257
Tactile
congruent- ;. 1ossed  Blind 2756 054+ 1753 8375  <001*  -3.780
Tactile
Auditory - o osed Blind 2350 056+  -1.687 7.552  <.001*  3.408
Congruent
Auditory - ¢ osed Blind .083 1.000 .039 -1.153 758 -520
Tactile
congruent- o~ oosed Blind 2427  .046* 1726  -8.705  <001*  -3.928
Tactile
CROSSMODAL CONFLICT MODELS
Orienting Direction (GLMM)  Reaction Time (LMM)
(_:ontrast Group Condition z p d z p d
list 1
Uncrossed . .
- Crossed Sighted Auditory -.270 787 -.059 -.355 .723 -.163
Blind Auditory 442 .658 .089 .538 592 .243
Sighted Incongruent -2.626 .009* -.530 -2.867 .005* -1.312
Blind Incongruent .837 .403 .175 1.533 .129 .692
Sighted Tactile -7.286 <.001* -1.383 -7.796 <.001* -3.568
Blind Tactile .070 .944 .014 .075 .940 .034
Orienting Direction (GLMM)  Reaction Time (LMM)
Contrast Condition Posture z p d z p d
list 2
Sighted — .
Visualy  Audiory  Uncrossed 512 611 146 496 623 360
impaired
Incongruent Uncrossed  7.999 <.001* 2.291 8.113 <.001* 5.882
Tactile Uncrossed .035 972 .010 -.083 .934 -.060
Auditory Crossed .956 .343 .294 1.055 .299 .765
Incongruent  Crossed 9.932 <.001* 2.996 1.877 <.001* 7.886
Tactile Crossed 4912 <.001* 1.407 4.886 <.001* 3.542
Orienting Direction (GLMM)  Reaction Time (LMM)
Contrast
list 3 Posture Group z p d z p d
Auditory - ;. rossed  Sighted 13200 <.001* -2.598 -14.666 <.001*  -6.713

Incongruent



Auditory -

h Uncrossed  Sighted .306 1.000 .060 AT2 1.000 .216
Tactile
INCONATUENT Uncrossed  Sighted 13.783  <001* 2.658 15138 <001*  6.929
Auditory - o esed Sighted -13.864 <.001* -3.069 -17.178 <.001*  -7.863
Incongruent
é\;gt'itl‘;ry * Crossed Sighted 5965  <.001* -1.265 -6.969  <.001*  -3.190
'_”{?;’;ﬁ;”em Crossed  Sighted 9.035  <001* 1.804 1209  <001*  4.673
Auditory - ossed  Blind 2369 054+ 453  -1.638 275 -.691
Incongruent
Auditory -\ ossed  Blind -.398 1.000 -.076 -.452 1.000 -.204
Tactile
Incongruent ;- ossed  Blind 1.925 164 377 1.687 291 687
- Tactile
Auditory - o csed Blind 1688 276 367  -1.644 313 -742
Incongruent
Auditory -~ cced Blind 731 1.000 -152 -.914 1.000 -.413
Tactile
Incongruent  ~ oceq Blind 1.017 928 216 729 1000  .329
- Tactile

Table S5. Results of the contrasts carried out for multisensory integration analyses (top),
and crossmodal conflict analyses (bottom) for both generalised linear mixed models
(GLMMs) applied to the direction of infants orienting responses (Left columns) and linear
mixed models (LMMs) applied to reaction times (RTs; Right columns). Related to Figure
2. For the 3 way interaction of Group x Posture x Condition, the Bonferroni correction was
applied considering contrasts of interest, i.e., for each level of two factors, pairwise comparisons
were made between all levels of the third. For each group and condition we compared postures
(contrast lists 1, in emmeans: list(pairwise~posture|group*condition), n = 6 comparisons); for
each condition and posture we compared groups (contrast lists 2, in emmeans:
list(pairwise~group|condition*posture), n = 6 comparisons); for each posture and group we
compared conditions (contrast lists 3, in emmeans: list(pairwise~condition|posture*group), n =
12 comparisons). * = significant comparisons (p<.05), while + = trends (p<.09).
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