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Several studies have shown the presence of significant distortions in tactile perception
across different body parts in healthy individuals. These distortions are flexible and
perceptual, as revealed by studies that have temporarily altered the visual experience of
the body leading to changes in perceived tactile distances. Further, evidence suggests that
cortical areas help to mitigate these distortions by rescaling the distorted body represen-
tations into an object-centred frame and preserving tactile size constancy. This rescaling
implies that the brain possesses a representation of the physical size of the stimulated
body part. However, it remains unclear whether long-term visual deprivation could affect
tactile size constancy and body distortions. To answer this question, we asked blind and
sighted individuals to estimate tactile distances between pairs of touched points delivered
on the dorsum of their hands and fingers. The results showed that, regardless of visual
experience, both groups of participants showed typical hand distortions, suggesting that
even a lack of visual information since birth does not influence the spatial representation
of tactile stimulation. On a more theoretical level, these data reveal that tactile size con-
stancy is a stable principle of the system and develops even in the absence of visual input.
© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

vision, in that vision either guides reaching, grasping as well
as communicative behaviours or helps adjust them (e.g., the

In our daily life, our hands play a crucial role in virtually
everything: from the moment we wake up and pull the blan-
kets off our body, wave “goodbye’ to our family before driving
to work, to the evening in which we use our hands to cook and
eat. All these manual gestures are commonly accompanied by
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trajectory of a reaching movement, Goodale & Keith
Humphrey, 1998; Stone & Gonzalez, 2015; Ryan et al., 2024).
The extreme use we make of our hands and the tight
relationship between hands and vision suggests that our
knowledge about the size and shape of our hands should be
highly accurate. However, there is converging evidence that

0010-9452/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http:/
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this might not be the case, leaving the debate still open. As
revealed by different studies, the perception of our body size
and shape is highly distorted (Fuentes, Longo, & Haggard,
2013; Sadibolova, Ferre, Linkenauger, & Longo, 2019; Longo,
2017; Di Vita, Boccia, Palermo, & Guariglia, 2016; for a re-
view, see Longo, 2022), and the magnitude and direction of
these distortions are dependent upon the most reliable source
of sensory information available during the task. For example,
when participants are asked to estimate the position of their
fingers in external space (without visual feedback, thus
relying on proprioceptive information), they perceive their
hands to be wider and their fingers to be shorter than their
actual size (Coelho, Zaninelli, & Gonzalez, 2017; Longo,
Mattioni, & Ganea, 2015; Longo & Haggard, 2011). Moreover,
changes in the spatial position of the fingers relative to one
another affect body representations (Tame, Bumpus, et al.,
2017). Similarly, when participants are asked to judge the
distance between two tactile points applied to their hand and
fingers (thus relying on tactile information), the magnitude of
their overestimation accords to the tactile distance anisot-
ropy, by which stimuli applied in the transverse direction (i.e.,
along the width of the hand) are perceived as longer than the
same physical distances applied along the longitudinal di-
rection (i.e., length of the hand, Longo & Haggard, 2011).

Interestingly, when estimates have to be made visually, the
performance appears more accurate. For example, partici-
pants are highly accurate when asked to match images of
body parts to the size and shape of their own body (i.e., tem-
plate matching task, Longo & Haggard, 2010; though see
Giurgola, Bolognini, & Nava, 2020), as well as when asked to
indicate specific locations on their hand (Longo, 2014). In
particular, in the study by Longo (2014), the role of vision was
assessed by asking participants to localise landmarks placed
on their hand using a stick under visual or haptic (i.e., blind-
folded) feedback. Using Procrustes alignment, real hand vs
estimated hand landmarks configurations were compared,
showing that, irrespective of visual feedback, participants
displayed similar patterns of hand distortions, suggesting that
distortions reflect stable features of body representation that
do not depend upon vision, though may be affected by gaze
direction (Medina, Tame, & Longo, 2018). However, it should
be noted that vision did not abolish the presence of distortions
but nevertheless altered them in magnitude. Indeed, partici-
pants in the sighted condition perceived their fingers as
shorter, which is in line with other studies showing a reduc-
tion in the perceived tactile distance on the hand when non-
informative vision is present (Longo & Sadibolova, 2013).
These findings are in line with the notion that vision could
play a modulatory role in somatosensory processing, for
instance, by enhancing tactile perception and acuity (Kennett,
Taylor-Clarke, & Haggard, 2001; Merz, Meyerhoff, Frings, &
Spence, 2020), improving inter-hemispheric integration
(Tame, Carr, et al., 2017), as well as influencing the perceived
location of touch on the skin (i.e., this perception depends
partly on the position of the eyes in the head, Harrar & Harris,
2010).

Importantly, though, the studies conducted to investigate
the role of vision in hand distortions have only temporarily
visually deprived participants, leaving open the question as to
whether the effects observed could be due to the

consequences of short-term deprivation, which commonly
leads to rapid plastic changes in somatosensory representa-
tions and to a functional enhancement of tactile processing
(Facchini & Aglioti, 2003; Weisser, Stilla, Peltier, Hu, & Sathian,
2005). If this were the case, one would expect that once par-
ticipants regain their typical visual experience, the alterations
in hand representation would gradually revert to their original
state, reflecting the dynamic nature of sensorimotor plas-
ticity. Nevertheless, evidence that simply blindfolding par-
ticipants drives immediate changes in hand distortions is
suggestive of the flexibility of bodily representations and that
vision strongly contributes to triggering such plastic
responses.

A way to assess the genuine relationship between vision
and bodily distortions, without the confound of the effects of
short-term deprivation, is to test blind individuals. In partic-
ular, the assessment of distortions in congenitally blind in-
dividuals (i.e., individuals who have never experienced any
patterned vision since birth) can be the key to understanding
the contribution of visual experience in the construction of
the human body representations and its perceptual distor-
tions. In particular, the assessment of hand distortions in
blind individuals can aid in providing clues to important as-
pects/features of the complexity of bodily distortions phe-
nomenon, namely their origin, mechanisms and functional
role.

For instance, certain body parts engage in more precise and
complex actions than others, such as the hands with respect
to the trunk, legs, and feet. This, in turn, requires these body
parts to have higher tactile sensitivity, which translates into
having smaller receptive fields on the skin and larger repre-
sentations at a cortical level. In agreement with the common
view of cortical reorganisation, studies have shown that the
brain of blind individuals seems to be subjected to massive
cortical reorganisations (Singh, Phillips, Merabet, & Sinha,
2018; Siuda-Krzywicka et al, 2016), which includes, for
example, the expansion of the somatosensory cortex, partic-
ularly finger representations (Burton, Sinclair, & McLaren,
2004), and the reorganization of the somatosensory thalamic
regions and their functional connectivity with visual cortical
regions in order to process high-level tactile language infor-
mation (Lin et al., 2022). Nevertheless, the debate about the
concept of cortical reorganisation is still contentious. Recent
studies (e.g., Fine & Park, 2018; Makin & Krakauer, 2023; Muret
& Makin, 2021) propose the term ‘remapping’ (instead of
reorganisation) as more appropriate, as it conceptualises the
change as a consequence of potentiation of pre-existing ar-
chitecture that already has the appropriate representational
and computational capability prior to damage or sensory loss.
Importantly, this perspective speaks against cortical reor-
ganisation, and in favour of fixed and pre-existing inputs,
which get ‘unmasked’ due to sensory deprivation. Thus, the
assignment of brain function to a specific cortical structure is
defined and hardwired at birth, with little plasticity preserved
in extremely short periods of time in early development.

On a perceptual level, behavioural studies have revealed
the presence of body distortions, a general bias to over-
estimate body width compared to length/height (Longo, 2022).
In typical development, the distribution of tactile sensitivity
comes at a cost of tactile size constancy (Tame, Limbu,
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Harlow, Parikh, & Longo, 2022), so that objects feel larger if the
body part touching them has large receptive fields and feel
smaller if touched by body parts with low-density receptive
fields. Studies conducted in the past twenty years have sug-
gested that if individuals had to gather information about
tactile size solely from tactile receptive fields, their actions
would be highly inaccurate (i.e., reaching towards an object).
Indeed, individuals experience tactile size quite accurately,
and their perception of change in tactile size is only a fraction
(around 30%) of what would be expected if estimates had to be
made according to tactile receptive fields (Taylor-Clarke,
Jacobsen, & Haggard, 2004). Thus, it has been suggested that
the perceptual system must use a compensatory mechanism
in order to decrease tactile size discrepancies across body
parts to achieve tactile size constancy. In particular, vision
seems to play an important role in maintaining such con-
stancy, by which it rescales tactile information on the object(s)
placed in external space and ensures that the representation
of the object (the body in this case) retains its actual (visual)
size.

This specific account suggests that blind individuals—and
especially congenitally blind who only had the possibility to
know their own and other people's bodies through
touch—might retain a more “homuncular” representation of
their body, i.e., an overestimation of body size. In particular,
this hypothesis applies to the hand, as blind individuals make
large use of this specific body part in everyday life (Paterson,
2016); on the contrary, there appears to be no reason for
“unseen” body parts (e.g., the back) to have different tactile
receptive fields than sighted. Furthermore, blind individuals
present enhanced tactile acuity, which has been found across
blindness, irrespective of blindness onset (congenital or ac-
quired later in development) and experience using Braille
reading (Goldreich & Kanics, 2003). This superiority in tactile
acuity could play a compensatory role, potentially leading the
blind to present even larger distortions than the sighted (i.e.,
larger hand representation).

2. Aims and predictions

To observe the role of vision in the construction of hand
representation and its distortions, here we tested congenitally
and late blind, each age-matched with two groups of sighted
controls, on a two-point tactile distance estimation task, in
which participants were asked to report the perceived dis-
tance between two touches applied on their hand dorsum and
fingers. We reasoned that if hand distortions are a fixed
characteristic of body representations, then all participants,
irrespective of visual experience, should display them in a
similar fashion. On the contrary, if body distortions are the
result of compensatory mechanisms, in which vision plays a
role, then blind individuals should display larger distortions
compared to sighted controls. In particular, studies have evi-
denced that some spatial abilities, such as the spatial
remapping of touch, not only emerges in childhood (Pagel,
Heed, & Roder, 2009), but depends upon visual input, so that
even in the case of restoring of vision caused by cataract at the
age of 2, the lack of automatic remapping of touch can be
observed in adulthood (Ley, Bottari, Shenoy, Kekunnaya, &

Roder, 2013; Senna, Piller, Ben-Zion, et al., 2022; Senna,
Piller, Gori, et al., 2022).

3. Methods and materials
3.1 Participants

Thirty-six Italian blind participants with varying experience
with blindness onset participated in the study (20 males and
16 females, mean age + SD = 47.3 + 13.2). We recruited eigh-
teen late individuals (8 males and 10 females; mean age +
SD = 51 + 14.4) and eighteen congenital blind individuals (12
males and 6 females; mean age + SD = 44 + 11.3). In addition,
thirty-six sighted participants (21 males and 15 females; mean
age + SD =47, + 13) were chosen as a control group matched to
participants by visual deprivation, age, gender and educa-
tional level (see Table 1). The sample size was chosen a priori
and calculated for a matched pairs t-test (.5 effect size, o .05
and power .80, N = 34). The study was approved by the Ethical
Committee of the University of Milano-Bicocca (Protocol
Number: 558). All participants took part in the study volun-
tarily and gave their informed consent before participating.

3.2. Stimuli & procedure

Stimuli and procedure were similar to those used in previous
studies using a similar paradigm (Longo & Golubova, 2017;
Tame, Tucciarelli, Sadibolova, Sereno, & Longo, 2021). The
task aims to investigate the body's shape by measuring
perceived tactile distance in different orientations on a single
skin surface (e.g., the back of the hand and fingers). Partici-
pants sat with their left hands on a table, with the dorsum
facing up, their hands flat, and their fingers completely
straight. Sighted participants performed the task blindfolded.

We applied tactile stimulation—using a 60gr von Frey fila-
ment—on the dorsum and fingers of the participant's left
hand. Using a von Frey hair ensures that the amount of
pressure applied at each location is kept constant across
stimulations. Tactile stimulation was delivered manually by
the experimenter in a pre-marked location on the partici-
pants' left hand: using a felt-tip pen to facilitate coding, a 3x3
grid was centred and drawn on the dorsum using a plastic
template and pairs of points drawn on the first and second
phalanxes of the participants' fingers (excluding the thumb).
The distance between adjacent locations in the grid was 2 cm,
while the eight points drawn on the phalanges were 2.5 cm,
equidistant from each other. To ensure that the landmarks
were placed in the same position for all participants, the top
central hole of the grid was positioned 2 cm below the knuckle
of the middle finger in the direction of the wrist. The grid was
aligned with the proximo-distal axis of the middle finger,
following an imaginary line connecting the fingertip and the
knuckle of the middle finger. The pairs of points on the fingers
were drawn using a pre-formed shape positioned on each
finger's first and second phalanges (excluding the thumb)
using the centre of the knuckle as a reference point (see
Fig. 1C).

A photograph showing the participant's actual hand, with
the grid and pairs of dots drawn, was taken at the beginning of
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Table 1 — Blind participants’ characteristics. The participant ID code is divided into two groups of participants with different
blindness onset: C stands for Congenital blind, and L stands for Late blind.

Participants Gender Age (years) Cause of blindness (etiology) Onset blindness in years Handedness
C_01 F 56 Congenital Glaucoma At birth Right
C_02 M 55 Problems during pregnancy At birth Right
C_03 F 29 Traumatic event At birth Right
C_04 M 37 Retinitis pigmentosa At birth Right
C_05 M 41 Congenital Glaucoma At birth Left
C_06 M 64 Retinitis pigmentosa At birth Right
C_07 M 36 Retinitis pigmentosa At birth Left
C_08 F 34 Traumatic event At birth Right
C_09 M 23 Unknown At birth Right
Cc_10 M 61 Congenital Glaucoma At birth Right
C.11 M 40 Retinitis pigmentosa At birth Left
C_12 M 46 Retinitis pigmentosa At birth Right
C_13 F 37 Retinopathy of Premature (RoP) At birth Right
C_14 M 35 Traumatic event At birth Right
C_15 M 50 Microphthalmia At birth Right
C_16 F 49 Unknown At birth Right
Cc_17 F 41 Retinitis pigmentosa At birth Right
C_18 M 54 Congenital Glaucoma At birth Left
L_01 F 34 Bilateral Retinoblastoma 32 Right
L_02 M 38 Retinoblastoma 34 Right
L_03 F 34 Neurofibromatosis 18 Right
L_04 M 52 Unknown 38 Right
L_05 M 57 Rheumatoid arthritis 37 Right
L_06 F 44 Glaucoma 24 Right
L_07 F 53 Usher syndrome 42 Right
L_08 F 66 Optic nerve atrophy 50 Right
L_09 M 22 Neurofibromatosis 16 Right
L_10 M 67 Unknown 62 Right
L 11 M 57 Unknown 41 Right
L 12 F 27 Traumatic event 11 Right
L_13 M 65 Unknown 49 Right
L 14 M 58 Unknown 46 Right
L_15 F 62 Unknown 42 Right
L_16 F 70 Traumatic event 55 Right
L_17 F 54 Retinitis pigmentosa 48 Right
L_18 F 55 Retinitis pigmentosa 40 Ambidextrous

each test; this allowed measurement of true hand proportions
(see Fig. 1A). Pixel coordinates of each landmark were coded
offline using the ruler function on Photoshop (Adobe Inc.
2019). Before starting the task, participants familiarized
themselves with actual distances by touching a raised surface
with their hand that reproduced distances of 1, 2, 5, 10 and
15 cm (see Fig. 1B).

There were eight blocks counterbalanced (i.e., in ABBA
sequence) throughout the Experiment: four blocks with 72
trials each, for a total of 288 trials for the dorsum, and four
blocks with 56 trials each, for a total of 224 trials for the
fingers. In each block there were 36 combinations of the 9
points for the dorsum and 28 possible combinations of the 8
points for the fingers, crossed with two orders of stimula-
tion, presented randomly. These combinations represent
the only possible pairs of the 9 and 8 stimulus positions (see
Table 2).

In each trial, two pairs of touches defining different tactile
distances were applied in sequence, either to two grid points
drawn on the dorsum (i.e., dorsum block) or to two points
drawn on the fingers (i.e., fingers block). Each location was
stimulated for approximately 1 s with a 1-s inter-stimulus

interval. Participants were instructed to verbally identify the
perceived distances in centimetres between two pairs of
tactilely stimulated locations, taking their time and trying to
be as precise as possible but also avoiding spending too much
time thinking about responses. They were told to indicate
whatever distance felt most intuitive: they could respond to
0 cm if they felt that the same point was stimulated twice,
even though, in reality, two different points were always
stimulated in each trial. Short breaks were allowed between
blocks.

In this kind of task, participants have generally been
asked to base their responses on their subjective feelings of
body size, body location, or stimulus size (i.e., apparent
perspective). This raises the possibility of a dissociation
between participants' subjective feelings and their actual
beliefs (i.e., objective perspective) (Tame, Linkenauger, &
Longo, 2018). This type of instruction, focusing on the par-
ticipant's subjective experience, is known as an ‘apparent’
instruction (Carlson, 1977). Apparent instructions are
thought to direct the observers to base their judgments on
more perceptual sources of spatial information (Predebon,
1992).
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Fig. 1 — A) Photo of the participant's left hand prior to the start of the Experiment. The grid, with nine landmarks, was
positioned on the dorsum. The landmarks were enumerated from the upper-right corner of the grid (landmark 1) to the
lower left corner (landmark 9). B) Plastic templates are used to draw the grid on the dorsum and the pairs of points on the
phalanges, and plastic templates are used to familiarise participants with different lengths before starting the task. C)
Example of tactile stimulation delivered with 60gr von Frey filaments.

Table 2 — Random block design: trials combination.

Dorsum (A-B; B-A)

36 possible combinations
of the 9 points
= 72 trials per block

4 blocks = 288 trials in tot.

Fingers (A-B, B-A)

28 possible combinations of the 8
points =

56 trials per block

4 blocks = 224 trials in tot

3.3.  Statistical analysis

Data analyses followed three-step procedures, including
Multidimensional Scaling (MDS), Procrustes analysis and
stretch analysis, which is described in turn below. Previous
reports extensively described these procedures using a similar
approach (Longo & Golubova, 2017; Tame et al., 2021).

3.3.1. MDS

MDS is a method for reconstructing the latent spatial struc-
ture underlying a set of items given a matrix of pairwise dis-
tances, or dissimilarities, between items (Cox & Cox, 2008;
Longo & Golubova, 2017; Saporta, 1999; Shepard, 1980). It al-
lows us to obtain bidimensional maps (dorsum and fingers)
that describe the internal geometry of the tactile space. Using
participants' judgments of the perceived distance between
pairs of touched landmarks, we applied MDS to the resulting
matrix to construct perceptual maps of the representation of
the dorsum and fingers of the hand, separately. This approach

produces an overall map of the geometry of tactile space for
the hand dorsum and another for the fingers' dorsum (Fig. 2A),
that can be compared with the actual configuration of the
hand and fingers skin's surface. Multidimensional scaling was
applied to the distance matrices for each participant using the
‘cmdscale’ command in MATLAB (Mathworks, Natick, MA).
The output of MDS is a set of eigenvalues for each dimension
and coordinates for each landmark in each dimension. As
there are 9 for the hand and 8 for the finger's landmarks, MDS
attempts to position the landmarks in 9 or 8-dimensional
space, respectively, such that the distances between them
are as proportional as possible to the perceived distances.

3.3.2. Procrustes analysis

Procrustes alignment superimposes two spatial configura-
tions of homologous landmarks by translating, scaling, and
rotating them to be as closely aligned as possible (Goodall,
1991; Rohlf & Slice, 1990). We used Procrustes alignment in
two ways: at first, to quantify dissimilarity in shape and as a
visualisation tool. If two configurations have exactly the same
structure, they will be placed on top of each other, applying
Procrustes alignment, resulting in a Procrustes distance of
zero. On the other hand, two configurations with no shared
spatial structure will have a Procrustes distance of one,
assuming that size normalisation yields a total sum of
squared variance of one inside each configuration. Then, we
used Procrustes alignment to display the different configura-
tions. Considering that we had to compare several hand and
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Fig. 2 — Perceptual hand representation of the spatial configuration of the skin surface. A) Generalised Procrustes alignment
of the actual configuration of points on the hand (black dots and lines) and perceptual configurations (blue dots and lines for
blind participants and red dots and lines for sighted participants). The light dots are data from individual participants, while
the dark dots represent the average shape; B) Mean Procrustes distance of the perceptual configurations for each participant
and idealised grid stretched by different amounts. A stretch of 1 indicates a square grid; stretches greater than 1 indicate a
stretch in the mediolateral axis, while stretches less than 1 indicate a stretch in the proximo-distal axis. Blue and red lines,

depending on the group, represent values for each participant.

finger maps, we used generalized Procrustes analysis (GPA)
using Shape (a MATLAB toolbox from Dr Simon Preston, freely
available for download [https://www.maths.nottingham.ac.
uk/personal/spp/shape.php] based on an algorithm origi-
nating from Gower, 1975; Ten Berge, 1977). Indeed, GPA is
designed to align and compare multiple shapes by removing
differences in translation, rotation, and scaling. This makes it
well-suited for group-level shape analysis across multiple
subjects. Specifically, in the Shape MATLAB toolbox, it can
input shape data from multiple subjects, from which toolbox
will compute an average shape while minimizing individual
differences due to position, orientation, and size.

3.3.3.  Stretch estimation

Moreover, we estimated the overall stretch difference be-
tween the actual and estimated configurations in the
medio-lateral axis for the hand and fingers (Tame et al.,
2021). The procedure was the same one used in a previous
study (Longo & Golubova, 2017) as we multiplied the x-co-
ordinates of a 3x3 square grid (for the hand) and a 2x4 grid
(for the fingers) by a stretch parameter to generate grids of
varying levels of stretch. When the stretch parameter was
equal to 1, the grid was perfectly square. When it was
greater than 1, the grid was stretched in the medio-lateral
axis. When it was less than 1, the grid was stretched in

the proximo-distal axis. For each participant and

configuration (i.e.,, hand and fingers), we determined the
value of the stretch parameter that minimized the dissim-
ilarity in shape (i.e., that minimized the Procrustes distance)
between the stretched grid and the participant's perceptual
configuration. Values between .33 and 3 were tested by
exhaustive search with a resolution of .0005 units in natural
logarithm space. Note that for this and other tests involving
ratios, the calculation of means and all statistical tests were
conducted on log-transformed values, which were con-
verted back to ratios to report mean values.

Finally, the participant distances provided by the subjects
for each stimulated landmark were compared with the actual
distances obtained through the pre-formed grid on the back,
where each point was 2 cm apart, and the pairs of points
drawn on the phalanges, which were 2.5 cm apart. We
calculated the overestimation values of the fingers, and two-
tailed t-tests were used for all planned comparisons.

4. Results

As shown in Fig. 2A, we were able to reconstruct the two-
dimensional perceptual maps that show a good fit to the
participants' actual skin shape for the dorsum of the hand and
the fingers. The reconstructed configurations were similar
across groups.
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Fig. 2B shows the mean Procrustes distance for values of the
stretch parameter between .33 and 3. The best-fitting stretch
parameters were significantly greater than 1 for the dorsum and
fingers regardless of the visual experiences [Blind-dorsum:
M = 1.26, t (35) = 4.14, p < .0001, dz = .7; Sighted-dorsum:
M = 1.32, t(35) = 6.9, p<.0001, dz = 1.15; Blind-fingers: M = 1.73,
t(35) = 8.53, p < .0001, dz = 1.42; Sighted-fingers: M = 1.7,
t(35) = 4.78, p < .0001, dz = .8], indicating a substantial bias to
overestimate distances in the medio-lateral compared to the
proximo-distal hand axis. A direct comparison between sighted
and blind participants did not reveal any differences across
groups [Dorsum: Sighted vs. Blind, t(35) = .98, p = .33, dz = .2;
Fingers: Sighted vs. Blind, t(35) = - .86, p=.39, dz = .05].

Our results for the blind group are in accordance with
previous studies on sighted individuals (Longo et al., 2015;
Longo & Golubova, 2017; Longo & Haggard, 2010; Tame,
Bumpus, et al.,, 2017; Tame et al., 2022), as we found the
same amount of overall underestimation of fingers' length. As
shown in Fig. 3, averaging across the four fingers, a clear un-
derestimation of the participants' estimated finger length
compared to the actual length emerged for both the blind
(M+SE = 1.79 + .138, (35) = 5.16, p < .0001, dz = .86) and the
sighted (M + SE = 1.95 + .142, t(35) = 3.91, p < .0001, dz = .65)
individuals. However, we did not find any difference between
the two groups across all four fingers’ length (t(35) = .776,
p=.44). Fig. 2A shows maps that are clearly distorted following
the typical pattern reported by previous literature (Longo &
Golubova, 2017; Longo & Haggard, 2011; Tame, Bumpus,
et al., 2017), regardless of visual experiences. Indeed, all par-
ticipants showed similar anisotropies, i.e., a bias to over-
estimate the distance between touches oriented with the
mediolateral hand axis compared to the proximo-distal axis.

Similarly, blind and sighted participants showed a related
underestimation of finger length for each tactually stimulated
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landmark during the task compared to the actual length
(2.5 cm), i.e., overall, the perceived distance between pairs of
points on the participants' fingers was judged to be shorter
than the actual distance by both groups (all comparisons
p < .0001). Moreover, this underestimation did not differ be-
tween sighted and blind individuals, showing that both groups
of participants have a similar pattern in perceiving finger
lengths (see Fig. 3). A repeated measures ANOVA showed a
main effect of Fingers (F(3,210) = 7.63, p<.0001, 0 = .006), due to
higher underestimation of the little finger compared to the ring
finger [Little: M = —27.77, SE = 4.2; Ring: M = —21.63, SE = 4.24;
t(70) = —3.67, p=.002, dz = 1.5], as well as higher underestima-
tion of the index compared to the ring finger [Index: —28.21,
SE = 3.9; Ring: M = —21.63, SE = 4.24; t(70) = 3.96, p=.001,
dz = 1.62[. Finally, the index finger also showed higher under-
estimation than the middle finger [Index: —28.21, SE = 3.9; Mid-
dle: —23.63, SE = 3.9; t(70) = 3.01, p=.02, dz = 1.2]. No interaction
effect [F(3,210) = 1.32, p=.27, n* = .001]. No differences between
groups were found [F(1,70) = .62, p=.43, n> = .008].

Finally, we found no differences in the overestimation of
spacing across pairs of knuckles between blind and sighted
participants, suggesting that the degree of visual experi-
ences does not affect the perceived finger space between
groups (see Fig. 4). A repeated measure ANOVA showed a
main effect of Pairs of knuckles [F(2,140) = 10.43, p<.0001,
n? = .02], due to higher overestimation of the space across
index/middle compared to ring/little [index/middle: M = 60.16,
SE = 8.13; ring/little: M = 41.75, SE = 6.4; t(70) = 3.5, p=.002,
dz = 2.61] irrespectively of distal and proximal distance, as
well as higher overestimation of space across middle/ring
compared to ring/little [middle/ring: M = 64, SE = 9; ring/
little: M = 41.75, SE = 6.4; t(70) = 4.01, p=.0004, dz = 2.88]
irrespectively of distal and proximal distance. We also
found a main effect of Distances [F(1,70) = 21.54, p<.0001,

Vision:

B Blind
- Sighted

Index Middle

Ring Little

Finger lengths

Fig. 3 — Percent overestimation [i.e., 100 x (judged length—actual length (2.5 cm))/actual length (2.5 cm)] of finger length. Clear
underestimation was observed for both sighted and blind participants. No significant differences were found between
subjective judged distances between blind and sighted participants. No differences were found between subjectively judged
lengths between blind and sighted participants. Positive values indicate the degree of overestimation, negative values
indicate the degree of underestimation, and zero indicates correct reports.
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Fig. 4 — Percent overestimation [i.e., 100 x (apparent distance—objective distance)/objective distance] of spacing across pairs
of knuckles. Clear overestimation was observed for both sighted and blind participants, but no differences were found
between these two groups. Positive values indicate the degree of overestimation, negative values indicate the degree of

underestimation, and zero indicates correct reports.

n? = .005] due to higher overestimation when participants
had to estimate proximal distances than distal distances
[Distal: M = 50.4, SE = 7.02; Proximal: M = 60.2, SE = 7.6;
t(70) = - 4.64, p<.0001, dz = 1.34]. No interaction effects were
found at all, and no differences between groups were found
[F(1,70) = 1, p=.32, n* = .01].

5. Discussion

In the present study, we investigated the role of vision in body
representation by testing blind and sighted individuals with
different degrees of visual experiences and blindness onset
(i.e., congenitally vs. late) on a tactile distance estimation task
on the hand and fingers dorsum. We found the typical dis-
tortions observed in previous studies (Longo et al., 2015; Longo
& Golubova, 2017; Longo & Haggard, 2010, 2011; Tame,
Bumpus, et al., 2017; Tame et al., 2022) across all partici-
pants, irrespective of their visual experiences (note that no
differences were also found between late and congenital
participants). Blind and sighted participants showed an
overestimation of the distances between touches orientated
with the mediolateral hand and finger axis, but no significant
differences in this bias (both in overestimation and underes-
timation direction) were found between the groups.
According to previous literature, vision appears to play a
crucial role in the formation of body perception and seems to be
the most reliable sensory modality when it comes to acquiring
information on the spatial position of body parts (de Vignemont,
Ehrsson, & Haggard, 2005; Marino, Stucchi, Nava, Haggard, &
Maravita, 2010; Pavani, Spence, & Driver, 2000). Nevertheless,
in our study, it seems that vision does not strongly influence the
represented spatial configuration of the skin surface of the hand
and fingers. This might suggest that hand distortions, and by

extension, body representation, might be a structural feature
unaffected by changes due to visual deprivation. For example,
studies on congenitally amputated individuals (e.g., congenital
limb aplasia) have revealed that the feeling of the own body (i.e.,
body representation) might be partially innate (Brugger et al,,
2000; Melzack, 1997). Indeed, some congenital amputees report
experiencing the presence of their limbs while having no sensory
experience with them (Price, 2006). These examples are in line
with a general idea of a body model, by which the internal rep-
resentation of our body and its parts are hardwired.

Avariation in sensory input, e.g. the presence or absence of
access to the visual channel, would therefore appear to have
no decisive influence on the spatial representation of the body
to the extent that variations can be detected (Coelho et al.,
2017; Longo, 2014; Shahzad et al., 2025). The persistence of
similar distortions of body representation (e.g., of the hand) in
blind and sighted individuals may indicate that the funda-
mental architecture of body ownership may be hardwired and
linked to multisensory integration, where different cross-
modal signals from one's body contribute to this sensation.
Indeed, somatosensory and proprioceptive systems provide
continuous feedback about the body's position and move-
ment. These inputs might be sufficient to maintain an accu-
rate body representation even without visual information. For
example, haptic feedback and proprioception can compensate
for the lack of visual input, ensuring that the body schema
remains intact, suggesting the use of an anatomically rather
than externally anchored reference system for tactile locali-
zation (Rincon-Gonzalez, Naufel, Santos, & Helms Tillery,
2012). Furthermore, the existence of similar finger distor-
tions for blind and sighted individuals reinforces the proposal
that fingers are predominantly represented in anatomical
coordinates through a somatotopic representation or finger
schema, which is used independently of visual experience
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(Haggard, Kitadono, Press, & Taylor-Clarke, 2006; Roder,
Focker, Hotting, & Spence, 2008). This also aligns with previ-
ous studies showing an identical perception of Aristotle's
Mlusion between blind and sighted individuals (Benedetti,
1985; Nava, Steiger, & Roder, 2014).

Our results appear in contrast with studies suggesting that
vision distorts tactile size constancy, a mechanism that could
account for body distortions. Indeed, as shown by Longo and
Sadibolova (2013), when participants were induced to believe
(through the mirror box illusion) that they were seeing their
stimulated left while, although they see a reflection of their
right hand, their estimates of the perceived size of touch were
reduced when they were allowed to see. On the contrary, the
estimates were more accurate when participants looked at an
object or the contralateral hand.

While this study seems to strongly suggest that vision plays
a crucial role in modulating tactile size constancy, it could be
claimed that the method cannot be fully comparable to the
visual deprivation approach. In other words, in the study by
Longo and Sadibolova (2013), participants were not deprived of
vision; rather, their vision was temporarily altered. This might
suggest that temporary alterations of vision can distort the
tactile percept; however, long-term visual deprivation might
stabilise tactile size constancy mechanisms.

In a recent intriguing report, Shahzad et al. (2024) investi-
gated how visual experience can shape body representation
by testing tactile distance perception on the ventral and dorsal
part of the forearm, wrist and hand in blind and sighted par-
ticipants. Although they found a reduced magnitude on the
forearm tactile distance estimation for the blind participants,
no difference was found between the groups for the other
body parts tested, namely wrist and hand. Their findings are
compatible with our results, suggesting that although visual
experiences may contribute in some way to body represen-
tation (e.g., forearm), they are not in themselves a key element
influencing whole-body tactile representation. Notably, the
blind individuals showed a bias similar to that observed in the
sighted participants for overestimating tactile distances on
the limbs medial—lateral axis, suggesting that visual experi-
ence does not critically contribute to the tactile body shape
distortions. In line with their results, we also found that visual
deprivation does not appear to lead to changes in hand and
fingers anisotropy, although visual experience could play an
important role in shaping other specific body areas (e.g. fore-
arm in the study by Shahzad et al.,, 2024).

In general, the stability of body representation despite vi-
sual deprivation has significant implications for our under-
standing of sensory processing and neural plasticity. It
suggests that the brain's representation of the body is a robust
feature maintained through multisensory integration and
neural plasticity. Future studies investigating the specific
neural mechanisms underlying this stability could provide
deeper insights into how the brain integrates sensory infor-
mation to maintain a coherent body schema.

CRediT authorship contribution statement

Michelle Giraud: Writing — review & editing, Writing — original
draft, Investigation, Formal analysis, Conceptualization. Luigi

Tame: Writing — review & editing, Methodology, Formal
analysis, Conceptualization. Elena Nava: Writing — review &
editing, Writing — original draft, Supervision, Methodology,
Conceptualization.

Scientific transparency statement

DATA: All raw and processed data supporting this research
are publicly available: https://osf.io/7fp5c/?view_only=752ec
52043f749e9a9b4f2326a63dceO.

CODE: All analysis code supporting this research is publicly
available: https://osf.io/7fp5c/?view_only=752ec52043f749e9a
9b4f2326a63dce0.

MATERIALS: This research did not make use of any materials
to generate or acquire data.

DESIGN: This article reports, for all studies, how the author(s)
determined all sample sizes, all data exclusions, all data in-
clusion and exclusion criteria, and whether inclusion and
exclusion criteria were established prior to data analysis.
PRE-REGISTRATION: No part of the study procedures was pre-
registered in a time-stamped, institutional registry prior to the
research being conducted. No part of the analysis plans was
pre-registered in a time-stamped, institutional registry prior
to the research being conducted.

For full details, see the Scientific Transparency Report in the
supplementary data to the online version of this article.

Declaration of competing interest

The authors declare no conflict of interest.

Acknowledgements

We are grateful to all blind participants who voluntarily took
part in this study.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cortex.2025.03.003.

REFERENCES

Benedetti, F. (1985). Processing of tactile spatial information with
crossed fingers. Journal of Experimental Psychology. Human
Perception and Performance, 11(4), 517—525. https://doi.org/
10.1037/0096-1523.11.4.517

Brugger, P., Kollias, S. S., Miiri, R. M., Crelier, G., Hepp-
Reymond, M.-C., & Regard, M. (2000). Beyond re-membering:
Phantom sensations of congenitally absent limbs. Proceedings
of the National Academy of Sciences, 97(11), 6167—6172. https://
doi.org/10.1073/pnas.100510697

Burton, H., Sinclair, R. J., & McLaren, D. G. (2004). Cortical activity
to vibrotactile stimulation: An fMRI study in blind and sighted
individuals. Human Brain Mapping, 23(4), 210—228. https://
doi.org/10.1002/hbm.20064


https://osf.io/7fp5c/?view_only=752ec52043f749e9a9b4f2326a63dce0
https://osf.io/7fp5c/?view_only=752ec52043f749e9a9b4f2326a63dce0
https://osf.io/7fp5c/?view_only=752ec52043f749e9a9b4f2326a63dce0
https://osf.io/7fp5c/?view_only=752ec52043f749e9a9b4f2326a63dce0
https://osf.io/7fp5c/?view_only=752ec52043f749e9a9b4f2326a63dce0
https://osf.io/7fp5c/?view_only=752ec52043f749e9a9b4f2326a63dce0
https://doi.org/10.1016/j.cortex.2025.03.003
https://doi.org/10.1037/0096-1523.11.4.517
https://doi.org/10.1037/0096-1523.11.4.517
https://doi.org/10.1073/pnas.100510697
https://doi.org/10.1073/pnas.100510697
https://doi.org/10.1002/hbm.20064
https://doi.org/10.1002/hbm.20064
https://doi.org/10.1016/j.cortex.2025.03.003
https://doi.org/10.1016/j.cortex.2025.03.003

CORTEX 186 (2025) 24—34 33

Carlson, V. (1977). Instructions and perceptual constancy
judgments. In W. Epstein (Ed.), Stability and constancy in visual
perception: Mechanisms and processes (pp. 217—254).

Coelho, L. A., Zaninelli, G., & Gonzalez, C. L. R. (2017). A kinematic
examination of hand perception. Psychological Research, 81(6),
1224—1231. https://doi.org/10.1007/s00426-016-0815-9

Cox, M. A. A, & Cox, T. F. (2008). Multidimensional scaling. In
Handbook of data visualization (pp. 315—347). Springer Berlin
Heidelberg. https://doi.org/10.1007/978-3-540-33037-0_14.

de Vignemont, F., Ehrsson, H. H., & Haggard, P. (2005). Bodily
illusions modulate tactile perception. Current Biology, 15(14),
1286—1290. https://doi.org/10.1016/j.cub.2005.06.067

Di Vita, A., Boccia, M., Palermo, L., & Guariglia, C. (2016). To move
or not to move, that is the question! Body schema and non-
action oriented body representations: An fMRI meta-analytic
study. Neuroscience and Biobehavioral Reviews, 68, 37—46.
https://doi.org/10.1016/j.neubiorev.2016.05.005

Facchini, S., & Aglioti, S. M. (2003). Short term light deprivation
increases tactile spatial acuity in humans. Neurology, 60(12),
1998-1999. https://doi.org/10.1212/
01.WNL.0000068026.15208.D0

Fine, I., & Park, J.-M. (2018). Blindness and human brain plasticity.
Annual Review of Vision Science, 4(1), 337—356. https://doi.org/
10.1146/annurev-vision-102016-061241

Fuentes, C. T., Longo, M. R., & Haggard, P. (2013). Body image
distortions in healthy adults. Acta Psychologica, 144(2),
344-351. https://doi.org/10.1016/j.actpsy.2013.06.012

Giurgola, S., Bolognini, N., & Nava, E. (2020). Perceptual
representation of own hand size in early childhood and
adulthood. Scientific Reports, 10(1), 5378. https://doi.org/
10.1038/s41598-020-62206-5

Goldreich, D., & Kanics, I. M. (2003). Tactile acuity is enhanced in
blindness. The Journal of Neuroscience, 23(8), 3439—3445. https://
doi.org/10.1523/JNEUROSCI.23-08-03439.2003

Goodale, M. A., & Keith Humphrey, G. (1998). The objects of action
and perception. Cognition, 67(1—2), 181—207. https://doi.org/
10.1016/5S0010-0277(98)00017-1

Goodall, C. (1991). Procrustes methods in the statistical analysis of
shape. Journal of the Royal Statistical Society Series B: Statistical
Methodology, 53(2), 285—321. https://doi.org/10.1111/j.2517-
6161.1991.tb01825.x

Haggard, P., Kitadono, K., Press, C., & Taylor-Clarke, M. (2006). The
brain's fingers and hands. Experimental Brain Research, 172(1),
94—102. https://doi.org/10.1007/s00221-005-0311-8

Harrar, V., & Harris, L. R. (2010). Touch used to guide action is
partially coded in a visual reference frame. Experimental Brain
Research, 203(3), 615—620. https://doi.org/10.1007/s00221-010-
2252-0

Kennett, S., Taylor-Clarke, M., & Haggard, P. (2001).
Noninformative vision improves the spatial resolution of
touch in humans. Current Biology, 11(15), 1188—1191. https://
doi.org/10.1016/S0960-9822(01)00327-X

Ley, P, Bottari, D., Shenoy, B. H., Kekunnaya, R., & Roder, B. (2013).
Partial recovery of visual—spatial remapping of touch after
restoring vision in a congenitally blind man. Neuropsychologia,
51(6), 1119—1123. https://doi.org/10.1016/
j.neuropsychologia.2013.03.004

Lin, J., Zhang, L., Guo, R,, Jiao, S., Song, X., Feng, S, et al. (2022).
The influence of visual deprivation on the development of the
thalamocortical network: Evidence from congenitally blind
children and adults. Neuroimage, 264, Article 119722. https://
doi.org/10.1016/j.neuroimage.2022.119722

Longo, M. R. (2014). The effects of immediate vision on implicit
hand maps. Experimental Brain Research, 232(4), 1241—1247.
https://doi.org/10.1007/s00221-014-3840-1

Longo, M. R. (2017). Distorted body representations in healthy
cognition. The Quarterly Journal of Experimental Psychology: QJEP,
70(3), 378—388. https://doi.org/10.1080/17470218.2016.1143956

Longo, M. R. (2022). Distortion of mental body representations.
Trends in Cognitive Sciences, 26(3), 241—254. https://doi.org/
10.1016/j.tics.2021.11.005

Longo, M. R., & Golubova, O. (2017). Mapping the internal
geometry of tactile space. Journal of Experimental Psychology.
Human Perception and Performance, 43(10), 1815—1827. https://
doi.org/10.1037/xhp0000434

Longo, M. R,, & Haggard, P. (2010). An implicit body representation
underlying human position sense. Proceedings of the National
Academy of Sciences, 107(26), 11727—11732. https://doi.org/
10.1073/pnas.1003483107

Longo, M. R., & Haggard, P. (2011). Weber's illusion and body
shape: Anisotropy of tactile size perception on the hand.
Journal of Experimental Psychology. Human Perception and
Performance, 37(3), 720—726. https://doi.org/10.1037/a0021921

Longo, M. R., Mattioni, S., & Ganea, N. (2015). Perceptual and
conceptual distortions of implicit hand maps. Frontiers in
Human Neuroscience, 9. https://doi.org/10.3389/
fnhum.2015.00656

Longo, M. R., & Sadibolova, R. (2013). Seeing the body distorts
tactile size perception. Cognition, 126(3), 475—481. https://
doi.org/10.1016/j.cognition.2012.11.013

Makin, T. R., & Krakauer, J. W. (2023). Against cortical
reorganisation. ELife, 12. https://doi.org/10.7554/
elife.84716

Marino, B. F. M., Stucchi, N., Nava, E., Haggard, P., & Maravita, A.
(2010). Distorting the visual size of the hand affects hand pre-
shaping during grasping. Experimental Brain Research, 202(2),
499-505. https://doi.org/10.1007/s00221-009-2143-4

Medina, S., Tame, L., & Longo, M. R. (2018). Tactile localization
biases are modulated by gaze direction. Experimental Brain
Research, 236(1), 31—42. https://doi.org/10.1007/s00221-017-
5105-2

Melzack, R. (1997). Phantom limbs in people with congenital limb
deficiency or amputation in early childhood. Brain: a Journal of
Neurology, 120(9), 1603—1620. https://doi.org/10.1093/brain/
120.9.1603

Merz, S., Meyerhoff, H. S., Frings, C., & Spence, C. (2020).
Representational momentum in vision and touch: Visual
motion information biases tactile spatial localization.
Attention, Perception, & Psychophysics, 82(5), 2618—2629. https://
doi.org/10.3758/s13414-020-01989-1

Muret, D., & Makin, T. R. (2021). The homeostatic homunculus:
Rethinking deprivation-triggered reorganisation. Current
Opinion in Neurobiology, 67, 115—122. https://doi.org/10.1016/
j.conb.2020.08.008

Nava, E., Steiger, T., & Roder, B. (2014). Both developmental and
adult vision shape body representations. Scientific Reports, 4(1),
6622. https://doi.org/10.1038/srep06622

Pagel, B., Heed, T., & Roder, B. (2009). Change of reference frame
for tactile localization during child development.
Developmental Science, 12(6), 929—937. https://doi.org/10.1111/
j.1467-7687.2009.00845.x

Paterson, M. (2016). ‘Seeing with the hands’: Descartes, blindness,
and vision. In Seeing with the hands. Edinburgh University
Press. https://doi.org/10.3366/edinburgh/
9781474405317.003.0002.

Pavani, F., Spence, C., & Driver, J. (2000). Visual capture of touch:
Out-of-the-Body experiences with rubber gloves. Psychological
Science, 11(5), 353—359. https://doi.org/10.1111/1467-9280.00270

Predebon, J. (1992). The role of instructions and familiar size in
absolute judgments of size and distance. Perception &
Psychophysics, 51(4), 344—354. https://doi.org/10.3758/
BF03211628

Price, E. H. (2006). A critical review of congenital phantom limb
cases and a developmental theory for the basis of body image.
Consciousness and Cognition, 15(2), 310—322. https://doi.org/
10.1016/j.concog.2005.07.003


http://refhub.elsevier.com/S0010-9452(25)00077-2/sref4
http://refhub.elsevier.com/S0010-9452(25)00077-2/sref4
http://refhub.elsevier.com/S0010-9452(25)00077-2/sref4
http://refhub.elsevier.com/S0010-9452(25)00077-2/sref4
https://doi.org/10.1007/s00426-016-0815-9
https://doi.org/10.1007/978-3-540-33037-0_14
https://doi.org/10.1016/j.cub.2005.06.067
https://doi.org/10.1016/j.neubiorev.2016.05.005
https://doi.org/10.1212/01.WNL.0000068026.15208.D0
https://doi.org/10.1212/01.WNL.0000068026.15208.D0
https://doi.org/10.1146/annurev-vision-102016-061241
https://doi.org/10.1146/annurev-vision-102016-061241
https://doi.org/10.1016/j.actpsy.2013.06.012
https://doi.org/10.1038/s41598-020-62206-5
https://doi.org/10.1038/s41598-020-62206-5
https://doi.org/10.1523/JNEUROSCI.23-08-03439.2003
https://doi.org/10.1523/JNEUROSCI.23-08-03439.2003
https://doi.org/10.1016/S0010-0277(98)00017-1
https://doi.org/10.1016/S0010-0277(98)00017-1
https://doi.org/10.1111/j.2517-6161.1991.tb01825.x
https://doi.org/10.1111/j.2517-6161.1991.tb01825.x
https://doi.org/10.1007/s00221-005-0311-8
https://doi.org/10.1007/s00221-010-2252-0
https://doi.org/10.1007/s00221-010-2252-0
https://doi.org/10.1016/S0960-9822(01)00327-X
https://doi.org/10.1016/S0960-9822(01)00327-X
https://doi.org/10.1016/j.neuropsychologia.2013.03.004
https://doi.org/10.1016/j.neuropsychologia.2013.03.004
https://doi.org/10.1016/j.neuroimage.2022.119722
https://doi.org/10.1016/j.neuroimage.2022.119722
https://doi.org/10.1007/s00221-014-3840-1
https://doi.org/10.1080/17470218.2016.1143956
https://doi.org/10.1016/j.tics.2021.11.005
https://doi.org/10.1016/j.tics.2021.11.005
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1073/pnas.1003483107
https://doi.org/10.1073/pnas.1003483107
https://doi.org/10.1037/a0021921
https://doi.org/10.3389/fnhum.2015.00656
https://doi.org/10.3389/fnhum.2015.00656
https://doi.org/10.1016/j.cognition.2012.11.013
https://doi.org/10.1016/j.cognition.2012.11.013
https://doi.org/10.7554/eLife.84716
https://doi.org/10.7554/eLife.84716
https://doi.org/10.1007/s00221-009-2143-4
https://doi.org/10.1007/s00221-017-5105-2
https://doi.org/10.1007/s00221-017-5105-2
https://doi.org/10.1093/brain/120.9.1603
https://doi.org/10.1093/brain/120.9.1603
https://doi.org/10.3758/s13414-020-01989-1
https://doi.org/10.3758/s13414-020-01989-1
https://doi.org/10.1016/j.conb.2020.08.008
https://doi.org/10.1016/j.conb.2020.08.008
https://doi.org/10.1038/srep06622
https://doi.org/10.1111/j.1467-7687.2009.00845.x
https://doi.org/10.1111/j.1467-7687.2009.00845.x
https://doi.org/10.3366/edinburgh/9781474405317.003.0002
https://doi.org/10.3366/edinburgh/9781474405317.003.0002
https://doi.org/10.1111/1467-9280.00270
https://doi.org/10.3758/BF03211628
https://doi.org/10.3758/BF03211628
https://doi.org/10.1016/j.concog.2005.07.003
https://doi.org/10.1016/j.concog.2005.07.003
https://doi.org/10.1016/j.cortex.2025.03.003
https://doi.org/10.1016/j.cortex.2025.03.003

34 CORTEX 186 (2025) 24—34

Roder, B., Focker, J., Hotting, K., & Spence, C. (2008). Spatial
coordinate systems for tactile spatial attention depend on
developmental vision: Evidence from event-related potentials
in sighted and congenitally blind adult humans. European
Journal of Neuroscience, 28(3), 475—483. https://doi.org/10.1111/
j.1460-9568.2008.06352.x

Rincon-Gonzalez, L., Naufel, S. N,, Santos, V. J., & Helms Tillery, S.
(2012). Interactions between tactile and proprioceptive
representations in haptics. Journal of Motor Behavior, 44(6),
391—-401. https://doi.org/10.1080/00222895.2012.746281

Rohlf, F.]., & Slice, D. (1990). Extensions of the Procrustes method
for the optimal superimposition of landmarks. Systematic
Zoology, 39(1), 40. https://doi.org/10.2307/2992207

Ryan, C. P., Ciotti, S., Balestrucci, P., Bicchi, A., Lacquaniti, F.,
Bianchi, M., et al. (2024). The relativity of reaching: Motion of
the touched surface alters the trajectory of hand movements.
IScience, 27(6), Article 109871. https://doi.org/10.1016/
j.1sci.2024.109871

Sadibolova, R., Ferre, E. R, Linkenauger, S. A., & Longo, M. R.
(2019). Distortions of perceived volume and length of body
parts. Cortex; a Journal Devoted To the Study of the Nervous System
and Behavior, 111, 74—86. https://doi.org/10.1016/
j.cortex.2018.10.016

Saporta, G. (1999). The analysis of proximity data. B. S. Everitt and
S. Rabe-hesketh, arnold, London, 1997. No. Of pages: ix+178.
Price: £35. ISBN 0-340-67776-7. Statistics in Medicine, 18(4),
491-492. https://doi.org/10.1002/(SICI)1097-0258(19990228)
18:4<491::AID-SIM57>3.0.CO;2-T

Senna, I, Piller, S., Ben-Zion, 1., & Ernst, M. O. (2022a).
Recalibrating vision-for-action requires years after sight
restoration from congenital cataracts. ELife, 11. https://doi.org/
10.7554/eLife.78734

Senna, I, Piller, S., Gori, M., & Ernst, M. (2022b). The power of
vision: Calibration of auditory space after sight restoration
from congenital cataracts. Proceedings of the Royal Society B:
Biological Sciences, (1984), 289. https://doi.org/10.1098/
rspb.2022.0768

Shahzad, I., Occelli, V., Giraudet, E., Azanén, E., Longo, M.,
Moruaux, A., et al. (2024). How visual experience shapes body
representation. https://doi.org/10.31234/osf.io/j726r.

Shahzad, I, Occelli, V., Giraudet, E., Azandn, E., Longo, M. R,,
Mouraux, A., et al. (2025). How visual experience shapes body

representation. Cognition, 254, Article 105980. https://doi.org/
10.1016/j.cognition.2024.105980

Shepard, R. N. (1980). Multidimensional scaling, tree-fitting, and
clustering. Science, 210(4468), 390—398. https://doi.org/10.1126/
science.210.4468.390

Singh, A. K., Phillips, F., Merabet, L. B., & Sinha, P. (2018). Why does
the cortex reorganize after sensory loss? Trends in Cognitive
Sciences, 22(7), 569—582. https://doi.org/10.1016/j.tics.2018.04.004

Siuda-Krzywicka, K., Bola, L., Paplinska, M., Sumera, E.,
Jednorég, K., Marchewka, A., et al. (2016). Massive cortical
reorganization in sighted Braille readers. ELife, 5. https://
doi.org/10.7554/eLife.10762

Stone, K. D., & Gonzalez, C. L. R. (2015). The contributions of
vision and haptics to reaching and grasping. Frontiers in
Psychology, 6. https://doi.org/10.3389/fpsyg.2015.01403

Tame, L., Bumpus, N., Linkenauger, S. A., & Longo, M. R. (2017a).
Distorted body representations are robust to differences in
experimental instructions. Attention, Perception, &
Psychophysics, 79(4), 1204—1216. https://doi.org/10.3758/s13414-
017-1301-1

Tame, L., Carr, A., & Longo, M. R. (2017b). Vision of the body
improves inter-hemispheric integration of tactile-motor
responses. Acta Psychologica, 175, 21—-27. https://doi.org/
10.1016/j.actpsy.2017.02.007

Tame, L., Limbu, S., Harlow, R., Parikh, M., & Longo, M. R. (2022).
Size constancy mechanisms: Empirical evidence from touch.
Vision, 6(3), 40. https://doi.org/10.3390/vision6030040

Tame, L., Linkenauger, S. A., & Longo, M. R. (2018). Dissociation of
feeling and belief in the rubber hand illusion. Plos One, 13(10),
Article e0206367. https://doi.org/10.1371/journal.pone.0206367

Tame, L., Tucciarelli, R., Sadibolova, R., Sereno, M. 1., &
Longo, M. R. (2021). Reconstructing neural representations of
tactile space. Neuroimage, 229, Article 117730. https://doi.org/
10.1016/j.neuroimage.2021.117730

Taylor-Clarke, M., Jacobsen, P., & Haggard, P. (2004). Keeping the
world a constant size: Object constancy in human touch.
Nature Neuroscience, 7(3), 219—220. https://doi.org/10.1038/
nnl199

Weisser, V., Stilla, R., Peltier, S., Hu, X., & Sathian, K. (2005). Short-
term visual deprivation alters neural processing of tactile
form. Experimental Brain Research, 166(3—4), 572—582. https://
doi.org/10.1007/s00221-005-2397-4


https://doi.org/10.1111/j.1460-9568.2008.06352.x
https://doi.org/10.1111/j.1460-9568.2008.06352.x
https://doi.org/10.1080/00222895.2012.746281
https://doi.org/10.2307/2992207
https://doi.org/10.1016/j.isci.2024.109871
https://doi.org/10.1016/j.isci.2024.109871
https://doi.org/10.1016/j.cortex.2018.10.016
https://doi.org/10.1016/j.cortex.2018.10.016
https://doi.org/10.1002/(SICI)1097-0258(19990228)18:4<491::AID-SIM57>3.0.CO;2-T
https://doi.org/10.1002/(SICI)1097-0258(19990228)18:4<491::AID-SIM57>3.0.CO;2-T
https://doi.org/10.7554/eLife.78734
https://doi.org/10.7554/eLife.78734
https://doi.org/10.1098/rspb.2022.0768
https://doi.org/10.1098/rspb.2022.0768
https://doi.org/10.31234/osf.io/j726r
https://doi.org/10.1016/j.cognition.2024.105980
https://doi.org/10.1016/j.cognition.2024.105980
https://doi.org/10.1126/science.210.4468.390
https://doi.org/10.1126/science.210.4468.390
https://doi.org/10.1016/j.tics.2018.04.004
https://doi.org/10.7554/eLife.10762
https://doi.org/10.7554/eLife.10762
https://doi.org/10.3389/fpsyg.2015.01403
https://doi.org/10.3758/s13414-017-1301-1
https://doi.org/10.3758/s13414-017-1301-1
https://doi.org/10.1016/j.actpsy.2017.02.007
https://doi.org/10.1016/j.actpsy.2017.02.007
https://doi.org/10.3390/vision6030040
https://doi.org/10.1371/journal.pone.0206367
https://doi.org/10.1016/j.neuroimage.2021.117730
https://doi.org/10.1016/j.neuroimage.2021.117730
https://doi.org/10.1038/nn1199
https://doi.org/10.1038/nn1199
https://doi.org/10.1007/s00221-005-2397-4
https://doi.org/10.1007/s00221-005-2397-4
https://doi.org/10.1016/j.cortex.2025.03.003
https://doi.org/10.1016/j.cortex.2025.03.003

