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Tactile distance perception is influenced by stimulus orientation. On the hands or face, effects of orien-
tation may originate from the mostly oval shape of receptive fields (RF) of which the long axis aligns
with the proximodistal body axis. As tactile distance estimation relies on the number of RFs between
stimuli, their alignment leads to a distortion of perception with distances being perceived as shorter in
the proximodistal than the mediolateral body axis. It is however unknown, how physical manipulations
such as skin stretch affect distance perception. Participants judged which of two distances aligned with
the mediolateral or proximodistal axis on their dorsal dominant hand felt larger in two conditions: with-
out physical manipulation and with proximodistal skin stretch. Distances were perceived shorter in prox-
imodistal direction in both the nonstretch and the stretch condition, which was significantly pronounced
in the stretch condition. Skin stretch led to perception of tactile distances as smaller, possibly related to
the removal of afferent nerve endings and corresponding somatosensory RFs in the same external refer-
ence frame between the two touches. Though skin stretch is represented centrally, our results likely
show that no correctional top-down mechanism corrects for skin stretch when estimating tactile

distances.

Public Significance Statement

We show that skin stretch affects tactile distance perception on the back of the hand with tactile dis-
tances being perceived as shorter on stretched than on nonstretched skin. Most likely, no correc-
tional top-down mechanism corrects for skin stretch when estimating tactile distances.

Keywords: tactile distance perception, somatosensation, skin stretch

Supplemental materials: https://doi.org/10.1037/xhp0001063.supp

The repertoire of our somatosensory abilities defines many
ways in which we interact with the world. Our largest organ, the
skin, is equipped with manifold receptors and sensory afferents to
detect a broad spectrum of sensations, from the hazard of noxious
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heat to the pleasant feeling of gentle strokes (Lumpkin & Caterina,
2007). Moreover, the skin, together with muscles and joints, con-
tributes to the perception of self-movement and self-position (i.e.,
kinesthesia and statesthesia), which is essential for our ability to
maneuver our body and limbs in space and interact with our sur-
roundings with targeted movements (Proske & Gandevia, 2012).
As one of the many somatosensory capabilities, we are able to
determine the distance between multiple tactile stimuli (ten Don-
kelaar et al., 2020). Our perception of tactile distance, however, is
subject to a variety of illusions and distortions, depending on vari-
ous factors such as body part or stimulus orientation. Weber (Ross
& Murray, 1996) had already observed in the 19th century that
tactile stimuli felt further apart in body regions with low spatial
sensitivity of the skin compared to body regions with higher spa-
tial sensitivity. That means, the same tactile distance is perceived
as larger on a more sensitive skin area, such as the hand, than on a
less sensitive skin area, such as the back, an effect now known as
Weber’s illusion. Tactile distance perception also varies within the
same body part depending on the orientation of stimuli. Most of
the studies investigating this so called anisotropy have focused on
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the hands (Fiori & Longo, 2018; Green, 1982; Knight et al., 2014;
Longo, 2020; Longo & Haggard, 2011; Longo & Sadibolova,
2013), however, a distortion of tactile distance perception depend-
ing on stimulus orientation has also been found on the feet and
legs (Green, 1982; Manser-Smith et al., 2021; Stone et al., 2018),
the arms (Green, 1982; Knight et al., 2014) and the forehead (Fiori
& Longo, 2018; Longo et al., 2015, 2020; Mainka et al., 2021)
with tactile distances being perceived as larger when oriented in
the mediolateral than in the proximodistal body axis.

These findings can neurophysiologically be explained by the ge-
ometry and spatial organization of receptive fields (RF). Usually,
RFs relating to tactile afferents are shaped elliptically (Alloway
et al., 1989; Brown et al., 1975; Fuchs & Brown, 1984) and their
short axis is aligned with the mediolateral body axis (Brooks et al.,
1961; Mountcastle, 1957; Powell & Mountcastle, 1959). According
to the pixel model, tactile space can be seen as a two-dimensional
grid, whereby each RF represents one pixel. The estimation of dis-
tances between two tactile stimuli on the skin would involve the
count of pixels between the stimulated locations (Longo & Hag-
gard, 2011). Therefore, with more RFs aligned in the mediolateral
than in the proximodistal body axis, tactile distances are perceived
as larger in the mediolateral body axis—or shorter in the proximo-
distal body axis (see Figure 1).

Despite the large body of knowledge that has been acquired
around somatosensation in the past decades, there are still many
open questions. For example, it has been recognized that not only
‘classic’ somatosensory stimuli like touch or heat can elicit stimu-
lus responses, but also more ‘unorthodox’ physical stimuli like
skin stretch (Edin, 1992, 2004; Grill & Hallett, 1995; Hulliger
et al., 1979; Knibestol & Vallbo, 1970). Additionally, skin stretch
contributes to the perception of joint movement, which underlines
the importance of cutaneous afferents in kinesthesia (Collins et al.,
2005; Edin, 2001; Edin & Abbs, 1991; Moberg, 1983).

There is thus evidence that information about skin stretch is
coded in the somatosensory cortex. It is unknown, however,
whether and how this information is used to correct for changes in
the spatial relations between locations on the skin when it
stretches. One previous study investigated tactile size estimation
on the lips when the participants either smiled broadly (i.e.,
stretched lips) or pouted their mouth (i.e., crimped lips). Interest-
ingly, they found no evidence for size consistency in tactile dis-
tance estimation between those two conditions (Anstis &
Tassinary, 1983). Another intriguing piece of evidence comes
from a study of an achondroplastic patient who underwent surgical
elongation of her arms (Cimmino et al., 2013). Tactile distance
perception was measured both before and after her surgery by ask-
ing her to compare tactile distances on her arm and on her neck.
Before her surgery, her performance on this task was similar to
that of controls. In contrast, after the surgery, she showed a clear
bias to underestimate distances on the arm. This suggests that her
somatosensory cortex had not taken the surgically induced stretch
of the skin into account in judging distance. That is, two skin loca-
tions which are 5 cm apart after arm elongation, would have been
closer together before the surgery. If the somatosensory system
continues to use an outdated representation of the spatial layout of
the skin, the distances after elongation should underestimate true
distance, exactly as found. Interestingly, one year after her sur-
gery, her performance had shifted about halfway back to her pre-
surgery level. This suggests that metric changes as a result of skin

Figure 1
Tactile Distance Perception According to the Pixel Model
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Note. The elliptical shape of receptive fields influences the perception of

tactile distances. As more receptive fields lie between the two equally
apart tactile stimuli in the mediolateral axis (triangles) than in the proxi-
modistal axis (squares), the perceived distance is longer in the mediolat-
eral than in the proximodistal axis, an effect known as anisotropy. See the
online article for the color version of this figure.

stretch can be accounted for, but that this may involve an extended
process of long-term learning.

Surgical elongation of limbs is a highly unusual situation, which
may not be representative of the effects of skin stretch on tactile
processing. Given the clear effects of skin stretch on somatosen-
sory processing, described above, we aimed to investigate how
rapid changes in skin stretch influence tactile distance perception
with a two-alternative force-choice paradigm. Two possible out-
comes can be hypothesized: First, tactile distances might be per-
ceived similar in size before and after skin stretch, which would
imply that a top-down mechanism corrects for the amount the skin
was stretched. Second, tactile distances might be perceived as
smaller on the stretched skin compared to nonstretched skin, as
less afferent nerve endings and therefore fewer RFs are available
in the zone between the two touches due to the stretch. In this sce-
nario, no top-down correctional mechanism would apply.

Method

In the following text, we report how we determined our sample
size, all data exclusions, all inclusion/exclusion criteria, whether
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inclusion/exclusion criteria were established prior to data analysis,
all manipulations, and all measures used in the study.

Sample Size Calculation

To find an appropriate number of participants for the present
study, we conducted a power analysis using G*Power Version
3.1.9.6 (Faul et al., 2007) to test the difference between two de-
pendent means using a two-tailed ¢ test, an alpha of .05, and an
effect size (d, = .845) that was derived from a comparable study
investigating tactile distance perception (Longo, 2017). The analy-
sis indicated that a minimum sample of 14 participants was
required to achieve a power of .80.

Participants

In October 2019, 24 members of the Birkbeck community were
recruited for this study (nine women; age M = 35.0, SD = 12.3
years, range = 19.6-59.2 years). Inclusion criteria were the ability
to understand the experimental instructions in the English lan-
guage and being over 18 years of age. Exclusion criteria, which
were defined prior to execution of the study, were a history of neu-
rological diseases and skin conditions such as eczema or scars in
any of the assessment areas. Further, participants were excluded if
the R? for the model fit of the psychometric function in either ex-
perimental condition was less than .5, consistent with other studies
from our lab using this paradigm (Longo et al., 2015; Longo &
Morcom, 2016). R?> < .5 in one or both experimental conditions
led to the exclusion of four subjects after the initial analyses.
These excluded participants were replaced, bringing the final sam-
ple to 20 participants (seven women; age M = 33.94, SD * 11.77
years, range = 19.6-53.8 years). All but two participants were

Figure 2
Experimental Set Up

right-handed as assessed by the Edinburgh Handedness Inventory
(Oldfield, 1971; M = 71.84, SD = 39.05). The study was approved
by the Ethics Committee of the Department of Psychological Sci-
ences at Birkbeck, University of London and performed in accord-
ance with the Declaration of Helsinki. All participants gave
written informed consent prior to the study.

Procedure

The experimental procedure was conducted as previously
described by Longo and colleagues (Longo, 2017; Longo & Hag-
gard, 2011; Miller et al., 2014, 2016). One experimenter (Tina
Mainka) conducted the task in all participants on the dorsum of the
dominant hand. Participants sat in a chair during the experiment
and placed their dominant hand palm-down on a table in a position
that felt comfortable. Participants were blindfolded during the task.
Short breaks were allowed between blocks to avoid fatigue.

The participant’s hand was prepared in the following man-
ner: On the back of the hand, a line in the proximodistal hand
axis was drawn between the center of the participant’s wrist
and the knuckle of their middle finger. Perpendicular to this
line, a second line was drawn was drawn in the mediolateral
axis of the hand with the point of intersection being set approxi-
mately in the center of the dorsum of the hand. Then, four
marks representing the corners of a square with a side length of
approximately 2 cm were placed around the point of the inter-
secting lines (see Figure 2).

Participants were examined in the following two experimental
conditions: the nonstretch condition without any further manipula-
tion and the stretch condition. For the stretch condition, two strips
of common surgical tape (3M Durapore, Neuss, Germany; 2.5cm
width, approximately 20 cm to 25 cm long) were used to stretch the

Note.

Photographs of the hand were taken before and after each block. (A) Nonstretch

condition. A line in the proximodistal hand axis between the center of the participant’s wrist
and the knuckle of their middle finger and a line in the mediolateral hand axis with the point
of intersection in the center of the dorsum of the hand were drawn. Four dots representing
the corners of a square with a side length of approximately 2 cm were set around the point
of the intersecting lines. (B) Stretch condition. Two strips of surgical tape were applied in
parallel to stretch the skin of the dorsum of the hand in the proximodistal axis from the
wrist towards the elbow. Another short strip was placed in radioulnar direction above the
wrist to avoid loosening of the strips inducing the proximodistal skin stretch. See the online

article for the color version of this figure.
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skin of the dorsum of the hand in the proximodistal axis from the
wrist toward the elbow. They were applied in parallel to ensure that
the skin was stretched evenly from the radial to the ulnar side of the
hand. Another short strip of surgical tape (approximately 8cm) was
placed in radio-ulnar direction above the wrist to avoid loosening of
the strips inducing the skin stretch (see Figure 2B). The surgical
tape was renewed before each block in the stretch condition.

Custom made stimuli were used consisting of pairs of wooden
posts mounted in foamboard and separated by 20 mm, 30 mm, and
40mm, which is similar to those in previous studies of tactile dis-
tance perception (Calzolari et al., 2017; Fiori & Longo, 2018;
Knight et al., 2014; Longo, 2017; Longo & Haggard, 2011; Miller
et al., 2014, 2016). The tip of each post was an area of approxi-
mately Imm in diameter with round edges to avoid a pricking or
sharp feeling on the skin. The skin was touched simultaneously
with both wooden posts for approximately 1s using a moderate
level of pressure that allowed a perception of touch but was not
painful. On each trial, the participant was touched twice, once in
the mediolateral and once in the proximodistal axis of the hand.
After each trial, participants were asked to make an unspeeded
verbal two-alternative force-choice (2AFC) whether the first or the
second stimulus felt bigger. As described previously, we used five
different pairs of stimuli in order to create varying ratios for the
distances in the mediolateral and proximodistal hand axis (20/40
mm, 20/30 mm, 30/30 mm, 30/20 mm, 40/20 mm; Longo, 2017;
Longo & Haggard, 2011; Miller et al., 2014, 2016). In each trial,
one of these five stimulus pairs was presented. 10 repetitions per
stimulus pair were carried out per block (i.e., 50 trials per block),
whereby the order of the stimuli in the mediolateral and proximo-
distal axis was counterbalanced within these 10 repetitions. The
experiment comprised four blocks. Two blocks were conducted in
the stretch condition and two blocks in the nonstretch condition.
The order of blocks was counterbalanced in an ABBA fashion,
with the first condition counterbalanced across participants. Within
each block, trials were randomized for each participant.

Before and after each block, a photograph (2,268 pixels X
4,032 pixels) of the hand was taken from directly overhead to mea-
sure skin stretch. For size comparison, a ruler was placed beside
the hand (see Figure 2). The X- and Y-pixel-coordinates of each
of the 4 marks on the back of the hand and two points on the ruler
10cm apart were coded for each photograph using Preview (Ver-
sion 10.1, Apple Inc., Seattle, WA).

Analysis

We used Procrustes alignment (Bookstein, 2003; Goodall,
1991; Rohlf & Slice, 1990) to superimpose the spatial configura-
tions of the homologous corners of the square drawn on the dor-
sum of the hand in the nonstretch and stretch condition,
respectively, by translating, scaling and rotating them to be as
closely aligned to a reference shape as possible. As a first step, an
ideal square was chosen as reference shape (landmarks (x, y): 0, 1;
0,0; 1, 0; 1, 1). Second, the configurations were translated, so that
their centroids (i.e., the arithmetic mean position of all points in
the square) were in the same position. Third, the configurations
were scaled (i.e., normalized in size) so that the centroid size (i.e.,
the square root of the sum of squared distances between each land-
mark and the centroid) was equal to 1. Forth, the configurations
were rotated to receive the minimum sum of squared distances

between pairs of homologous corners. In the context of the present
study, we allowed mirror reflections of the configurations.

To quantify the skin stretch on the hand dorsum we found the
stretch applied to the nonstretch condition that minimized the Pro-
crustes distance with the stretch condition using a customized Mat-
lab script. A one-sample ¢ test was used to compare the mean
minimum Procrustes distances to a ratio of 1. For this and other
one-sample ¢ test, Cohen’s d was calculated as d = M difference/
SD. Note that the 7 test was carried out in log-space, but values
were transformed back for reporting means. A stretch of 1
describes a square grid. Stretches >1 indicate stretch in the proxi-
modistal hand axis, while stretches <1 indicate stretch in the
mediolateral hand axis. We also used generalized Procrustes align-
ment to visualize the actual configurations of the square-grid on
the hand dorsum in both the nonstretch and the stretch condition.

We calculated the distances between the two marks in the proxi-
modistal and mediolateral axis using the Pythagorean theorem,
respectively. Pixels were converted to cm. The distances in the
proximodistal and mediolateral hand axis before and after each
block were averaged. Then, Poisson’s ratio, describing the effect
that a material contracts in the direction perpendicular to the direc-
tion at which stretch is applied, was calculated for the skin
(V = -Emediolateral/ €proximodistal» Whereby € represents the strain in the
mediolateral and proximodistal axis, € = A length/original length).

As previously reported, the proportion of trials in which the
mediolateral stimulus was judged as larger than the proximodistal
stimulus was calculated for each of the five stimulus ratios (Longo,
2017). These proportions were then analyzed as a function of the
stimulus ratios and plotted using a logarithmic scale on the x-axis
to produce a symmetric distribution around a ratio of 1 (i.e., the ra-
tio at which the two stimuli have the same size). Cumulative Gaus-
sian functions were fit to the data from each participant using
maximum-likelihood estimation with the Palamedes toolbox for
MATLAB (Prins & Kingdom, 2018) in a customized MATLAB
script. We used a lapse rate of 0, meaning that the psychometric
functions used the entire range from 0 to 1.

These psychometric functions are controlled by two parameters,
the mean and the slope. The Gaussian’s mean indicates where it
crosses .5 on the y-axis and reflects the point of subjective equality
(PSE); that is, the ratio between the mediolateral and proximodis-
tal stimuli at which they are perceived as equally large. If we
assume a bias to perceive mediolateral as larger than proximodistal
distances, the PSE should be smaller than 1, as the proximodistal
stimulus would need to be larger than the mediolateral stimulus
for them to be perceived as the same size. Conversely, for a bias to
perceive proximodistal distances as larger than mediolateral dis-
tances, the PSE should be larger than 1. The slope, corresponding
to 1/SD, represents the steepness of the psychometric function,
whereby the steepness positively correlates with the precision of
judgements.

In order to assess anisotropy for each condition, one-sample
t-tests were used to compare mean PSEs to a ratio of 1. For com-
parison of anisotropy between the two conditions, a paired 7 test
was used to compare the mean PSEs. As the PSE is a ratio of two
distances, these values were log-transformed before conducting
the t-tests and transformed back to a ratio for reporting means. The
precision of judgements represented by the slope of the psychomet-
ric function was compared between both conditions using a paired
t test. For paired ¢ tests, Cohen’s d, was calculated as d, = T/\/ n.
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To investigate whether the induced skin stretch correlates with
the change in the PSE, we performed Pearson’s correlation for the
stretch parameter that minimized the Procrustes distance between
the stretch and nonstretch condition (as described in the preceding
text) and APSE (stretch—nonstretch condition) in log-space.

To determine whether nonsignificant results provide support for the
null hypothesis of no actual difference, we conducted Bayesian paired
t tests and Bayesian correlation using JASP (JASP Team, 2022).

Results

Generalized Procrustes superposition for the spatial configura-
tions of the homologous corners of the square drawn on the back
of the hand in the nonstretch and stretch condition, respectively, is
shown in Figure 3A. As expected, the minimum Procrustes dis-
tance was for stretches greater than 1, indicating significant skin
stretch in the proximodistal direction (mean stretch parameter =
1.20), #(19) = 10.77, p < .0001, d = 2.41 (see Figure 3B). Of note,
the Poisson’s ratio for the skin was .39 = .29.

Experimental results on a group level are shown in Figure 4.
Individual participant data is plotted in Figure 5 and Figure 1 in
the online supplemental material.

The R? values indicated good fit of the data to the Gaussian
functions in both conditions (nonstretch, M = .97, SD = .04,
stretch, M = .95, SD = .07). Clear anisotropy was seen for both
the nonstretch, mean PSE .88, #(19) = —4.51, p < .0001; Cohen’s
d = 1.01, and the stretch condition, mean PSE .69, #(19) = —9.26,
p < .0001; Cohen’s d = 2.07. Importantly, the magnitude of ani-
sotropy differed significantly between the nonstretch and the
stretch condition, #(19) = 6.13, p < .0001, dz = 1.37. Notably, the

Figure 3
Analysis of Experimental Skin Stretch
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PSE was smaller in the stretch than in the nonstretch condition in
each of the 20 participants (see Figure 5, left panel). The slope of
the psychometric function and therefore the precision of judge-
ments did not significantly differ between conditions, #(19) = 1.56,
p = .14, d. = .35; see Figure 5, right panel). Bayes factor (BF)
offered anecdotal evidence for the null hypothesis in favor over
the alternative hypothesis (BFy; = 1.519).

The amount of skin stretch represented by the stretch parameter
that minimized the Procrustes distance between the stretch vs. non-
stretch condition did not correlate significantly with the change in
the PSE between stretch and non-stretch condition (r = 0.22, p =
0.34). Bayesian correlation provided anecdotal evidence for the null
hypothesis compared to the alternative hypothesis (BFy; = 2.37).

Discussion

We explored the influence of skin stretch on tactile distance per-
ception with a two-alternative forced-choice paradigm on the back
of the hand in a sample of healthy participants. As shown previ-
ously, there was an anisotropy of tactile distance perception with
tactile distances being perceived as smaller in the proximodistal
axis (Fiori & Longo, 2018; Knight et al., 2014; Longo et al., 2015;
Longo & Haggard, 2011; Mainka et al., 2021). This anisotropy
was significantly pronounced after stretch of the skin along the
proximodistal direction. We therefore for the first time showed,
that skin stretch on the back of the hand leads to a perception of
tactile distances as smaller as on skin without applied strain.

The evaluation of distances between two tactile stimuli on the
skin is most likely a basic somatosensory feature that is computed
at a low cortical level of somatosensory processing (Calzolari

Procrustes Distance

5 67 1 1.5 2
Skin Stretch

(A) Generalized Procrustes superposition of the actual configuration of the square-

grid on the hand dorsum in both the nonstretch (blue dots, solid lines) and the stretch (or-
ange dots, dashed lines) condition. The dark dots represent the averaged shape, whereas
the light dots are individual participant’s data. (B) Mean Procrustes distance between the
grid on the back of the hand in the nonstretch and stretch condition which was mathe-
matically stretched in the proximodistal axis by various amounts. The shaded region
indicates one standard error of the mean. A stretch of 1 indicates no skin stretch, whereas
stretches >1 indicate a stretch in the proximodistal hand axis. The light gray vertical
lines indicate the stretch that minimized the Procrustes distance between the grid in the
nonstretch and the stretch condition for each individual participant, while the black verti-
cal line is the average for all participants. As we experimentally stretched the skin in the
proximodistal direction, each participant had a stretch >1. See the online article for the

color version of this figure.


https://doi.org/10.1037/xhp0001063.supp
https://doi.org/10.1037/xhp0001063.supp

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

SKIN STRETCH REDUCES ESTIMATED TACTILE DISTANCES 231

Figure 4
Experimental Results
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Note. Data from the curves fit to data are cumulative Gaussian func-
tions. The dashed vertical lines highlight the points of subjective equality
(PSE) for both conditions (i.e., the point at which the curve crosses 0.5).
For both conditions, the PSEs were smaller than 1, indicating clear anisot-
ropy (i.e., the distances in the mediolateral hand axis were perceived as
larger than in the proximodistal axis). The magnitude of anisotropy was
greater in the stretch condition (*p < .0001). Error bars indicate one
standard error.

et al., 2017). In fact, a study combining a behavioral paradigm and
functional MRI has recently shown that the internal geometry of
tactile space could be reconstructed from neural data (Tame et al.,
2021). The distorted organization of tactile space with the medio-
lateral limb axis being overrepresented compared to the proximo-
distal limb axis, which can similarly be found in the receptive field
(RF) geometry in the dorsal horn of the spinal cord (Brown et al.,
1975), is also preserved in the contralateral primary sensorimotor
cortices (Tame et al., 2021). As oval RFs in the somatosensory
cortex are four to five times longer than broad (Brooks et al.,
1961), a much larger anisotropy than found in typical behavioral
experiments with stimuli in the mediolateral axis being approxi-
mately 40% larger than in the proximodistal axis would be
expected (Longo & Golubova, 2017; Longo & Haggard, 2011).
Therefore, an additional correctional process needs to be imple-
mented to reduce the distortions in tactile size perception between
different body axes (Tame et al., 2021).

Correctional processes influencing size estimation therefore al-
ready exist in our central nervous system. In case such a top-down
mechanism would also correct for skin stretch, tactile distances
would have been perceived similar in size before and after skin
stretch, which our data do not support. In contrast, we found that
tactile distances were estimated as smaller on the stretched skin
compared to nonstretched skin, similarly to the result that Anstis
and Tassinary (1983) received when they investigated tactile size
estimation on broadly smiling and crimped lips. Together with the
afore mentioned case of an achondroplastic patient who underwent
elongation surgery of her upper extremities and, after surgery,
clearly underestimated tactile distances on the arms with by then

stretched skin (Cimmino et al., 2013) there are now several pieces
of evidence supporting the assumption that the central nervous
system does not take skin stretch into account when calculating
distances between two tactile stimuli.

This is rather surprising, as sensitivity to skin stretch has already
been demonstrated by direct recordings from peripheral afferent
fibers for the first time over half a century ago in cats (Burgess
et al., 1968; Chambers et al., 1972), monkeys (Kumazawa & Perl,
1977; Perl, 1968), rabbits (Appenteng et al., 1982; Shea & Perl,
1985), and rats (Grigg, 1996). However, the corresponding end
organ, its mechanism and ultimate role in somatosensation is still
poorly characterized (Handler & Ginty, 2021). In humans, sensi-
tivity of afferent fibers to skin stretch has been demonstrated for
the glabrous skin of the palm (Hulliger et al., 1979; Knibestol &
Vallbo, 1970), as well as for the hairy skin of the dorsum of the
hand (Edin, 1992, 2004; Edin & Abbs, 1991; Grill & Hallett,
1995) and the knee (Edin, 2001).

Within our body, skin stretch occurs mostly through movement
of joints in the adjacent tissue. Indeed, the activation of peripheral
afferents by skin stretch also elicits responses in the central nervous
system, as demonstrated by a study that recorded tactile activity in
the somatosensory cortex of primates during arm movements while
avoiding other tactile input (Cohen et al., 1994). Therefore, tactile
signals of skin stretch might contribute to position sense (Edin &
Abbs, 1991; Moberg, 1983). This is also supported by several other
findings: For instance, skin stretch of the hand dorsum evoked the
illusion of finger movement (Collins & Prochazka, 1996), which
was also shown for the elbow and knee (Collins et al., 2005). Simi-
larly, movement illusion could be induced by electrical stimulation
of cutaneous SA type II afferents of the hand (Macefield et al.,
1990). Moreover, perceived finger joint positions could be derived
from skin strain patterns (Edin & Johansson, 1995).

We examined the skin on the back of the hand between the wrist
and metacarpophalangeal joints, and therefore a strip of skin that
is subject to physiological stretch when the adjacent joints are
moved. We can only speculate how results would have been on
parts of skin that undergo even more physiological stretch (e.g.,
the skin directly over a joint, such as the wrist) or spots of skin
that usually are not stretched (e.g., the skin in the middle of the
forearm or thigh). It is also unclear, whether skin stretch in other
directions would lead to similar results. However, as we were able
to show that skin stretch leads to the perception of distances as
shorter in every of our 20 participants, we can assume that this is a
robust finding that would be reproducible in broader age groups in
populations without diseases of the peripheral and central nervous
system as well.

One explanation for our result might be hypothesized as fol-
lows: In the two-dimensional grid of tactile space, estimation of
tactile distances is presumably facilitated by “counting” the RFs
between the stimulated locations (Longo & Haggard, 2011). When
skin is stretched, less afferent nerve endings and therefore fewer
corresponding RFs are available within the same external refer-
ence frame. Oversimplifying, we could assume that a 2-cm strip of
skin on the back of the hand covers 20 RFs (i.e., 1 RF/mm skin).
If the skin is stretched by 20%, the same 20 RFs now cover 2.4cm
of stretched skin (i.e., 1 RF/1.2mm). On the nonstretched skin, tac-
tile stimuli with 2-cm distance would therefore be 20 RFs apart,
whereas on stretched skin, the same 2-cm distance would roughly
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Figure 5

Mean and Individual Points of Subjective Equality and Slopes
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Left panel. Bars show the mean point of subjective equality (PSE; i.e., the ratio of

mediolateral/proximodistal stimuli that was perceived as equally large) across participants,
error bars show the standard error for the nonstretch (blue) and stretch condition (orange).
Circles indicate the individual participant’s PSE with gray lines connecting the same partic-
ipant’s data for the nonstretch and stretch condition. Note that the PSE is smaller in the
stretch condition for each participant. Right panel. Bars show the mean slope (i.e., the
steepness of the psychometric function) across participants, error bars show the standard
error. Circles indicate the individual participant’s slope with gray lines connecting the same
participant’s data for the nonstretch and stretch condition. See the online article for the

color version of this figure.

only be 17 RFs apart. Thus, according to the pixel-model, skin
stretch leads to the perception of tactile distances as shorter.
Accordingly, this “elimination” of available RFs in the proxi-
modistal axis of the hand by stretching the skin in the same direc-
tion as applied in our experiment led to an increase in tactile
distance anisotropy. In theory, more skin stretch would lead to an
increased “elimination” of available RFs and therefore to the per-
ception of tactile distances as even shorter. Interestingly, however,
we found no such correlation between the amount of skin stretch
and the change in the point of subjective equality between both
conditions. First, this result might simply be due to a lack of power
to answer this secondary objective. Second, however, this might
be owed to the experimental set-up we employed here: With our
two-alternative forced-choice paradigm, the distinction whether
the proximodistal or mediolateral stimulus felt larger was collected
for five different stimulus ratios. This is the most robust design to
show anisotropy in tactile distance perception, which was our pri-
mary goal here, but does not allow to collect continuous data on
how large a stimulus felt in proper units of distance measurement.
Therefore, the hypothesis that the amount of skin stretch correlates
with the actual change in tactile distance estimation should be
investigated with a paradigm that collects data on distances
between stimuli on a continuous scale (e.g., Fiori & Longo, 2018;
Mainka et al., 2021). Third, the lack of correlation might be
explained by the limited amount of RFs in a defined skin area.

Once the skin is stretched so far, that even further skin stretch
would not result in a lesser amount of available RFs, there would
be no variance in tactile distance perception anymore and therefore
no mathematical prerequisite for a meaningful correlation would
be given.

Well over 70 years ago, Halpern first described a condition he
coined “dermatokinesthesis” (Halpern, 1946). He reported patients
in whom spinal or cerebral lesions led to an impairment to perceive
the direction in which skin is (passively) moved and remarked, that
this loss of function is always accompanied by a deficit of sense of
position in the same body part, but not a disturbance to detect touch
(Halpern, 1949). Similarly, in an interventional study using digital
nerve blocks, it has been shown that the perception of finger posi-
tion depends highly on afferent input from the skin and not from
muscle spindles alone (Ferrell & Milne, 1989).

Unfortunately, this knowledge has in a way been neglected in the
past—not only clinically, but also for trying to study somatosensa-
tion, the effect of mechanical skin strain on statesthesia and kines-
thesia and their influence on the pathophysiology of certain
diseases. Indeed, physical manipulation of the skin might influence
the examination of tactile distance discrimination which seems to
be of major importance for the investigation of body parts close to
joints (e.g., the hand and fingers) or body parts in which the skin is
particularly mobile (e.g., the back). This implies that physical strain
to the skin through factors such as scars, burns or kinesiotaping—
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even if not directly in the testing area—might bias the results simi-
larly to different postures of body parts while testing. One disease
for which this might be of particular interest is dystonia, a move-
ment disorder characterized by sustained or intermittent muscle
contractions that cause abnormal and often repetitive movements
and/or postures, either confined to a certain body part such as the
hand (“focal hand dystonia,” “writer’s cramp”) or neck (“cervical
dystonia”) or affecting larger portions or even the whole body
(“generalized dystonia”; Albanese et al., 2013). Some earlier stud-
ies indeed have shown impaired spatial discrimination in several
forms of isolated focal dystonias (for review, see Conte et al., 2019)
which could not be confirmed in a recent study using a behavioral
paradigm that reflects central organization of tactile space (Mainka
et al., 2021; Tame et al., 2021). Interestingly, impaired propriocep-
tion has also been discussed as a pathophysiological feature in dys-
tonia (Conte et al., 2019), whereby it is still under debate, whether
disturbed proprioception can be regarded as a predisposition or a
cause of the disease (Conte et al., 2019). It also would be highly
interesting to study the previously neglected, but through abnormal
postures permanently existing component of skin stretch to the per-
ception of self-position and self-movement in dystonia.

Regarding other physiological functions of skin stretch, it could
be hypothesized that the central responses to skin stretch might
also contribute to our body model that contains information about
our body’s metric properties (Longo & Haggard, 2010). Here, in-
formation about skin stretch might help to code (volu)metric meas-
ures of body parts that do not have a constant size, such as a foot
or an arm, but rather fluctuate in their appearance as the abdomen
before and after a proper meal or during pregnancy.

In conclusion, our study showed that tactile distances are per-
ceived as shorter when the skin is stretched in the direction of the
stimulus orientation. We assume that this effect is owed to the ’re-
moval’ of afferent nerve endings and corresponding RFs by skin
stretch that are no longer available within the same external refer-
ence frame for size estimation between the two applied tactile
stimuli. Though represented centrally, the skin stretch does not
seem to trigger the use of a correction factor to account for the
bias in tactile distance estimation. We have also highlighted the
previously neglected important aspect of skin stretch to the percep-
tion of self-position and self-movement and discussed its possible
neurobiological roles in health and disease.

References

Albanese, A., Bhatia, K., Bressman, S. B., Delong, M. R., Fahn, S., Fung,
V. S. C., Hallett, M., Jankovic, J., Jinnah, H. A., Klein, C., Lang, A. E.,
Mink, J. W., & Teller, J. K. (2013). Phenomenology and classification
of dystonia: A consensus update. Movement Disorders, 28(7), 863—-873.
https://doi.org/10.1002/mds.25475

Alloway, K. D., Rosenthal, P., & Burton, H. (1989). Quantitative measure-
ments of receptive field changes during antagonism of GABAergic
transmission in primary somatosensory cortex of cats. Experimental
Brain Research, 78(3), 514-532. https://doi.org/10.1007/BF00230239

Anstis, S. M., & Tassinary, L. (1983). Pouting and smiling distort the tac-
tile perception of facial stimuli. Perception & Psychophysics, 33(3),
295-297. https://doi.org/10.3758/BF03202867

Appenteng, K., Lund, J. P., & Séguin, J. J. (1982). Behavior of cutaneous
mechanoreceptors recorded in mandibular division of Gasserian ganglion
of the rabbit during movements of lower jaw. Journal of Neurophysiol-
0gy, 47(2), 151-166. https://doi.org/10.1152/jn.1982.47.2.151

Bookstein, F. L. (2003). Morphometric tools for landmark data: Geometry
and biology. Cambridge University Press.

Brooks, V. B., Rudomin, P., & Slayman, C. L. (1961). Peripheral receptive
fields of neurons in the cat’s cerebral cortex. Journal of Neurophysiol-
0gy, 24(3), 302-325. https://doi.org/10.1152/jn.1961.24.3.302

Brown, P. B., Fuchs, J. L., & Tapper, D. N. (1975). Parametric studies of
dorsal horn neurons responding to tactile stimulation. Journal of Neuro-
physiology, 38(1), 19-25. https://doi.org/10.1152/jn.1975.38.1.19

Burgess, P. R., Petit, D., & Warren, R. M. (1968). Receptor types in cat
hairy skin supplied by myelinated fibers. Journal of Neurophysiology,
31(6), 833-848. https://doi.org/10.1152/jn.1968.31.6.833

Calzolari, E., Azanon, E., Danvers, M., Vallar, G., & Longo, M. R. (2017).
Adaptation aftereffects reveal that tactile distance is a basic somatosen-
sory feature. Proceedings of the National Academy of Sciences of the
United States of America, 114(17), 4555-4560. https://doi.org/10.1073/
pnas.1614979114

Chambers, M. R., Andres, K. H., von Duering, M., & Iggo, A. (1972). The
structure and function of the slowly adapting type II mechanoreceptor in
hairy skin. Quarterly Journal of Experimental Physiology and Cognate
Medical Sciences, 57(4), 417-445. https://doi.org/10.1113/expphysiol
.1972.sp002177

Cimmino, R. L., Spitoni, G., Serino, A., Antonucci, G., Catagni, M.,
Camagni, M., Haggard, P., & Pizzamiglio, L. (2013). Plasticity of body
representations after surgical arm elongation in an achondroplasic
patient. Restorative Neurology and Neuroscience, 31(3), 287-298.
https://doi.org/10.3233/RNN-120286

Cohen, D. A., Prud’homme, M. J., & Kalaska, J. F. (1994). Tactile activity
in primate primary somatosensory cortex during active arm movements:
Correlation with receptive field properties. Journal of Neurophysiology,
71(1), 161-172. https://doi.org/10.1152/jn.1994.71.1.161

Collins, D. F., & Prochazka, A. (1996). Movement illusions evoked by en-
semble cutaneous input from the dorsum of the human hand. The Jour-
nal of Physiology, 496(3), 857-871. https://doi.org/10.1113/jphysiol
.1996.sp021733

Collins, D. F., Refshauge, K. M., Todd, G., & Gandevia, S. C. (2005). Cu-
taneous receptors contribute to kinesthesia at the index finger, elbow,
and knee. Journal of Neurophysiology, 94(3), 1699-1706. https://doi
.org/10.1152/jn.00191.2005

Conte, A., Defazio, G., Hallett, M., Fabbrini, G., & Berardelli, A. (2019).
The role of sensory information in the pathophysiology of focal dysto-
nias. Nature Reviews. Neurology, 15(4), 224-233. https://doi.org/10
.1038/s41582-019-0137-9

Edin, B. (2001). Cutaneous afferents provide information about knee joint
movements in humans. The Journal of Physiology, 531(Part 1), 289-297.
https://doi.org/10.1111/j.1469-7793.2001.0289j.x

Edin, B. B. (1992). Quantitative analysis of static strain sensitivity in
human mechanoreceptors from hairy skin. Journal of Neurophysiology,
67(5), 1105-1113. https://doi.org/10.1152/jn.1992.67.5.1105

Edin, B. B. (2004). Quantitative analyses of dynamic strain sensitivity in
human skin mechanoreceptors. Journal of Neurophysiology, 92(6),
3233-3243. https://doi.org/10.1152/jn.00628.2004

Edin, B. B., & Abbs, J. H. (1991). Finger movement responses of cutaneous
mechanoreceptors in the dorsal skin of the human hand. Journal of Neu-
rophysiology, 65(3), 657-670. https://doi.org/10.1152/jn.1991.65.3.657

Edin, B. B., & Johansson, N. (1995). Skin strain patterns provide kinaesthetic
information to the human central nervous system. The Journal of Physiol-
ogy, 487(1), 243-251. https://doi.org/10.1113/jphysiol.1995.sp020875

Faul, F., Erdfelder, E., Lang, A.-G., & Buchner, A. (2007). G¥Power 3: A
flexible statistical power analysis program for the social, behavioral, and
biomedical sciences. Behavior Research Methods, 39(2), 175-191.
https://doi.org/10.3758/BF03193146

Ferrell, W. R., & Milne, S. E. (1989). Factors affecting the accuracy of
position matching at the proximal interphalangeal joint in human


https://doi.org/10.1002/mds.25475
https://doi.org/10.1007/BF00230239
https://doi.org/10.3758/BF03202867
https://doi.org/10.1152/jn.1982.47.2.151
https://doi.org/10.1152/jn.1961.24.3.302
https://doi.org/10.1152/jn.1975.38.1.19
https://doi.org/10.1152/jn.1968.31.6.833
https://doi.org/10.1073/pnas.1614979114
https://doi.org/10.1073/pnas.1614979114
https://doi.org/10.1113/expphysiol.1972.sp002177
https://doi.org/10.1113/expphysiol.1972.sp002177
https://doi.org/10.3233/RNN-120286
https://doi.org/10.1152/jn.1994.71.1.161
https://doi.org/10.1113/jphysiol.1996.sp021733
https://doi.org/10.1113/jphysiol.1996.sp021733
https://doi.org/10.1152/jn.00191.2005
https://doi.org/10.1152/jn.00191.2005
https://doi.org/10.1038/s41582-019-0137-9
https://doi.org/10.1038/s41582-019-0137-9
https://doi.org/10.1111/j.1469-7793.2001.0289j.x
https://doi.org/10.1152/jn.1992.67.5.1105
https://doi.org/10.1152/jn.00628.2004
https://doi.org/10.1152/jn.1991.65.3.657
https://doi.org/10.1113/jphysiol.1995.sp020875
https://doi.org/10.3758/BF03193146

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

234 MAINKA, GANOS, AND LONGO

subjects. The Journal of Physiology, 411(1), 575-583. https://doi.org/10
.1113/jphysiol.1989.sp017591

Fiori, F., & Longo, M. R. (2018). Tactile distance illusions reflect a coher-
ent stretch of tactile space. Proceedings of the National Academy of Sci-
ences of the United States of America, 115(6), 1238-1243. https://doi
.org/10.1073/pnas. 1715123115

Fuchs, J. L., & Brown, P. B. (1984). Two-point discriminability: Relation
to properties of the somatosensory system. Somatosensory Research,
2(2), 163-169. https://doi.org/10.1080/07367244.1984.11800556

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

Green, B. G. (1982). The perception of distance and location for dual tac-
tile pressures. Perception & Psychophysics, 31(4), 315-323. https://doi
.org/10.3758/BF03202654

Grigg, P. (1996). Stretch sensitivity of mechanoreceptor neurons in rat
hairy skin. Journal of Neurophysiology, 76(5), 2886—2895. https://doi
.org/10.1152/jn.1996.76.5.2886

Grill, S. E., & Hallett, M. (1995). Velocity sensitivity of human muscle
spindle afferents and slowly adapting type II cutaneous mechanorecep-
tors. The Journal of Physiology, 489(Part 2), 593—602. https://doi.org/10
.1113/jphysiol.1995.sp021075

Halpern, L. (1946). Dermatokinaesthesis. European Neurology, 112(5-6),
348-354. https://doi.org/10.1159/000148320

Halpern, L. (1949). Disturbance of dermatokinesthesis in cerebral and spi-
nal diseases. Journal of Nervous and Mental Disease, 109(1), 1-8.
https://doi.org/10.1097/00005053-194901000-00001

Handler, A., & Ginty, D. D. (2021). The mechanosensory neurons of touch
and their mechanisms of activation. Nature Reviews Neuroscience,
22(9), 521-537. https://doi.org/10.1038/s41583-021-00489-x

Hulliger, M., Nordh, E., Thelin, A. E., & Vallbo, A. B. (1979). The
responses of afferent fibres from the glabrous skin of the hand during
voluntary finger movements in man. The Journal of Physiology, 291(1),
233-249. https://doi.org/10.1113/jphysiol.1979.sp012809

JASP Team. (2022). JASP (Version 0.16.3). https://jasp-stats.org/

Knibestol, M., & Vallbo, A.B. (1970). Single unit analysis of mechanorecep-
tor activity from the human glabrous skin. Acta Physiologica Scandinavica,
80(2), 178-195. https://doi.org/10.1111/j.1748-1716.1970.tb04783.x

Knight, F. C., Longo, M. R., & Bremner, A. J. (2014). Categorical percep-
tion of tactile distance. Cognition, 131(2), 254-262. https://doi.org/10
.1016/j.cognition.2014.01.005

Kumazawa, T., & Perl, E. R. (1977). Primate cutaneous sensory units with
unmyelinated (C) afferent fibers. Journal of Neurophysiology, 40(6),
1325-1338. https://doi.org/10.1152/jn.1977.40.6.1325

Longo, M. R. (2017). Hand posture modulates perceived tactile distance. Sci-
entific Reports, 7(1), 9665. https://doi.org/10.1038/s41598-017-08797-y

Longo, M. R. (2020). Tactile distance anisotropy on the palm: A meta-
analysis. Attention, Perception & Psychophysics, 82(4), 2137-2146.
https://doi.org/10.3758/s13414-019-01951-w

Longo, M. R., Amoruso, E., Calzolari, E., Ben Yehuda, M., Haggard, P.,
& Azaidn, E. (2020). Anisotropies of tactile distance perception on the
face. Attention, Perception & Psychophysics, 82(7), 3636-3647. https://
doi.org/10.3758/s13414-020-02079-y

Longo, M. R., Ghosh, A., & Yahya, T. (2015). Bilateral symmetry of dis-
tortions of tactile size perception. Perception, 44(11), 1251-1262.
https://doi.org/10.1177/0301006615594949

Longo, M. R., & Golubova, O. (2017). Mapping the internal geometry of tac-
tile 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 of the United States of America, 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 Experimen-
tal Psychology: Human Perception and Performance, 37(3), 720-726.
https://doi.org/10.1037/a0021921

Longo, M. R., & Morcom, R. (2016). No correlation between distorted
body representations underlying tactile distance perception and position
sense. Frontiers in Human Neuroscience, 10, 593. https://doi.org/10
.3389/tnhum.2016.00593

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

Lumpkin, E. A., & Caterina, M. J. (2007). Mechanisms of sensory trans-
duction in the skin. Nature, 445(7130), 858-865. https://doi.org/10
.1038/nature05662

Macefield, G., Gandevia, S. C., & Burke, D. (1990). Perceptual responses
to microstimulation of single afferents innervating joints, muscles and
skin of the human hand. The Journal of Physiology, 429(1), 113-129.
https://doi.org/10.1113/jphysiol.1990.sp018247

Mainka, T., Azanén, E., Zeuner, K. E., Knutzen, A., Biumer, T.,
Neumann, W. J., Borngriber, F., Kiihn, A. A., Longo, M. R., & Ganos,
C. (2021). Intact organization of tactile space perception in isolated focal
dystonia. Movement Disorders, 36(8), 1949-1955. https://doi.org/10
.1002/mds.28607

Manser-Smith, K., Tame, L., & Longo, M. R. (2021). Tactile distance ani-
sotropy on the feet. Attention, Perception & Psychophysics, 83(8),
3227-3239. https://doi.org/10.3758/s13414-021-02339-5

Miller, L. E., Longo, M. R., & Saygin, A. P. (2014). Tool morphology con-
strains the effects of tool use on body representations. Journal of Experi-
mental Psychology: Human Perception and Performance, 40(6), 2143—
2153. https://doi.org/10.1037/a0037777

Miller, L. E., Longo, M. R., & Saygin, A. P. (2016). Mental body represen-
tations retain homuncular shape distortions: Evidence from Weber’s
illusion. Consciousness and Cognition, 40, 17-25. https://doi.org/10
.1016/j.concog.2015.12.008

Moberg, E. (1983). The role of cutaneous afferents in position sense, kin-
aesthesia, and motor function of the hand. Brain: A Journal of Neurol-
ogy, 106(Part 1), 1-19. https://doi.org/10.1093/brain/106.1.1

Mountcastle, V. B. (1957). Modality and topographic properties of single
neurons of cat’s somatic sensory cortex. Journal of Neurophysiology,
20(4), 408-434. https://doi.org/10.1152/jn.1957.20.4.408

Oldfield, R. C. (1971). The assessment and analysis of handedness: The
Edinburgh inventory. Neuropsychologia, 9(1), 97-113. https://doi.org/
10.1016/0028-3932(71)90067-4

Perl, E. R. (1968). Myelinated afferent fibres innervating the primate skin
and their response to noxious stimuli. The Journal of Physiology,
197(3), 593-615. https://doi.org/10.1113/jphysiol.1968.sp008576

Powell, T. P., & Mountcastle, V. B. (1959). Some aspects of the functional
organization of the cortex of the postcentral gyrus of the monkey: A cor-
relation of findings obtained in a single unit analysis with cytoarchitec-
ture. Bulletin of the Johns Hopkins Hospital, 105, 133-162.

Prins, N., & Kingdom, F. A. A. (2018). Applying the model-comparison
approach to test specific research hypotheses in psychophysical research
using the Palamedes toolbox. Frontiers in Psychology, 9, 1250. https://
doi.org/10.3389/fpsyg.2018.01250

Proske, U., & Gandevia, S. C. (2012). The proprioceptive senses: Their
roles in signaling body shape, body position and movement, and muscle
force. Physiological Reviews, 92(4), 1651-1697. https://doi.org/10
.1152/physrev.00048.2011

Rohlf, F. J., & Slice, D. (1990). Extensions of the Procrustes method for
the optimal superimposition of landmarks. Systematic Zoology, 39(1),
40-59. https://doi.org/10.2307/2992207

Ross, H. E., & Murray, D. J. P. (Eds.). (1996). E. H. Weber on the tactile
senses (2nd ed.). Lawrence Erlbaum.


https://doi.org/10.1113/jphysiol.1989.sp017591
https://doi.org/10.1113/jphysiol.1989.sp017591
https://doi.org/10.1073/pnas.1715123115
https://doi.org/10.1073/pnas.1715123115
https://doi.org/10.1080/07367244.1984.11800556
https://doi.org/10.1111/j.2517-6161.1991.tb01825.x
https://doi.org/10.3758/BF03202654
https://doi.org/10.3758/BF03202654
https://doi.org/10.1152/jn.1996.76.5.2886
https://doi.org/10.1152/jn.1996.76.5.2886
https://doi.org/10.1113/jphysiol.1995.sp021075
https://doi.org/10.1113/jphysiol.1995.sp021075
https://doi.org/10.1159/000148320
https://doi.org/10.1097/00005053-194901000-00001
https://doi.org/10.1038/s41583-021-00489-x
https://doi.org/10.1113/jphysiol.1979.sp012809
https://jasp-stats.org/
https://doi.org/10.1111/j.1748-1716.1970.tb04783.x
https://doi.org/10.1016/j.cognition.2014.01.005
https://doi.org/10.1016/j.cognition.2014.01.005
https://doi.org/10.1152/jn.1977.40.6.1325
https://doi.org/10.1038/s41598-017-08797-y
https://doi.org/10.3758/s13414-019-01951-w
https://doi.org/10.3758/s13414-020-02079-y
https://doi.org/10.3758/s13414-020-02079-y
https://doi.org/10.1177/0301006615594949
https://doi.org/10.1037/xhp0000434
https://doi.org/10.1073/pnas.1003483107
https://doi.org/10.1037/a0021921
https://doi.org/10.3389/fnhum.2016.00593
https://doi.org/10.3389/fnhum.2016.00593
https://doi.org/10.1016/j.cognition.2012.11.013
https://doi.org/10.1016/j.cognition.2012.11.013
https://doi.org/10.1038/nature05662
https://doi.org/10.1038/nature05662
https://doi.org/10.1113/jphysiol.1990.sp018247
https://doi.org/10.1002/mds.28607
https://doi.org/10.1002/mds.28607
https://doi.org/10.3758/s13414-021-02339-5
https://doi.org/10.1037/a0037777
https://doi.org/10.1016/j.concog.2015.12.008
https://doi.org/10.1016/j.concog.2015.12.008
https://doi.org/10.1093/brain/106.1.1
https://doi.org/10.1152/jn.1957.20.4.408
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1016/0028-3932(71)90067-4
https://doi.org/10.1113/jphysiol.1968.sp008576
https://doi.org/10.3389/fpsyg.2018.01250
https://doi.org/10.3389/fpsyg.2018.01250
https://doi.org/10.1152/physrev.00048.2011
https://doi.org/10.1152/physrev.00048.2011
https://doi.org/10.2307/2992207

This document is copyrighted by the American Psychological Association or one of its allied publishers.

This article is intended solely for the

personal use of the individual user and is not to be disseminated broadly.

SKIN STRETCH REDUCES ESTIMATED TACTILE DISTANCES 235

Shea, V. K., & Perl, E. R. (1985). Sensory receptors with unmyelinated ten Donkelaar, H. J., Broman, J., & van Domburg, P. (2020). The somato-

(C) fibers innervating the skin of the rabbit’s ear. Journal of Neurophysi- sensory system. In H. J. ten Donkelaar (Ed.), Clinical neuroanatomy:
ology, 54(3), 491-501. https://doi.org/10.1152/jn.1985.54.3.491 Brain circuitry and its disorders (pp. 171-255). Springer International.
Stone, K. D., Keizer, A., & Dijkerman, H. C. (2018). The influence of https://doi.org/10.1007/978-3-030-41878-6_4

vision, touch, and proprioception on body representation of the lower
limbs. Acta Psychologica, 185, 22-32. https://doi.org/10.1016/j.actpsy

2018.01.007 , _

Tame, L., Tucciarelli, R., Sadibolova, R., Sereno, M. L., & Longo, M. R. N Rece}ved April 8, 2022
(2021). Reconstructing neural representations of tactile space. Neuro- Revision received July 27, 2022
Image, 229, 117730. https://doi.org/10.1016/j.neuroimage.2021.117730 Accepted August 23,2022 =


https://doi.org/10.1152/jn.1985.54.3.491
https://doi.org/10.1016/j.actpsy.2018.01.007
https://doi.org/10.1016/j.actpsy.2018.01.007
https://doi.org/10.1016/j.neuroimage.2021.117730
https://doi.org/10.1007/978-3-030-41878-6_4

	Skin Stretch Modulates Tactile Distance Perception Without Central Correction Mechanisms
	Method
	Sample Size Calculation
	Participants
	Procedure
	Analysis

	Results
	Discussion
	References




