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Abstract
Vision of the body has been reported to improve tactile acuity even when vision is not informative about the actual tactile 
stimulation. However, it is currently unclear whether this effect is limited to body parts such as hand, forearm or foot that 
can be normally viewed, or it also generalizes to body locations, such as the shoulder, that are rarely before our own eyes. In 
this study, subjects consecutively performed a detection threshold task and a numerosity judgment task of tactile stimuli on 
the shoulder. Meanwhile, they watched either a real-time video showing their shoulder or simply a fixation cross as control 
condition. We show that non-informative vision improves tactile numerosity judgment which might involve tactile acuity, 
but not tactile sensitivity. Furthermore, the improvement in tactile accuracy modulated by vision seems to be due to an 
enhanced ability in discriminating the number of adjacent active electrodes. These results are consistent with the view that 
bimodal visuotactile neurons sharp tactile receptive fields in an early somatosensory map, probably via top-down modula-
tion of lateral inhibition.

Keywords  Tactile acuity · Numerosity judgment · Tactile sensitivity · Visuo-tactile · Somatosensory cortex · Visual 
enhancement of touch

Introduction

A consistent body of knowledge has shown that vision can 
influence touch. For instance, the visual enhancement of 
touch (VET) effect is the facilitation in spatial acuity we 
observe when we see the body part being touched without 
seeing the actual tactile stimulation (Kennett et al. 2001; 
see, for a review, Eads et al. 2015). While most studies used 
an object placed in the same position as the body part as a 
control condition, other studies instead simply occluded the 
body part from view (e.g. Harris et al. 2007; Catley et al. 

2014). Interestingly, the VET does not require propriocep-
tive orienting towards the stimulated body part, as the par-
ticipants showed visual enhancement of touch also when 
they observed the stimulated body part through a monitor 
(Tipper et al. 1998) or even another person’s body part (Hag-
gard 2006; Beck et al. 2015).

Most of the studies investigating the VET effect have 
tested body locations that can be normally seen by the sub-
jects, in particular the hand and the upper limb but also the 
foot (Serino et al. 2009). These body parts can be easily the 
object of visual attention. They are daily before our eyes. It 
is plausible that these locations, involved also in explora-
tory movements, are subserved by bimodal visuo-tactile neu-
rons already observed in monkey brain (Graziano and Gross 
1993; Zhou and Fuster 2000). The presence of the VET in 
body parts normally not viewed and less linked to explora-
tory movements has been tested more rarely and the findings 
seem to be contradictory. For instance, Tipper et al. (2001) 
found evidence of VET on the neck, although the effect was 
smaller than that observed at the more visually familiar face. 
However, the authors did not measure spatial acuity but only 
a response time (RT) facilitation when participants had con-
current vision of the stimulated body location on a monitor. 
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More importantly, their experiments did not completely 
exclude spatial attention components. Participants indeed 
attended to tactile events in any of several body locations 
while only one body location was viewed on the monitor. 
It is likely that in these conditions of uncertainty, viewing 
a specific body part might have increased attention to that 
body part compared to the others. More recently, Catley 
et al. (2014) investigated the same issue with the back as 
body location. Their results showed evidence of VET at the 
back only in one out of three experiments. The authors con-
cluded that seeing the back does not enhance tactile acuity 
and the absence of the effect might indicate that there are 
no bimodal neurons in humans subserving this body area. 
Alternatively, it is possible that the shrunken view of the 
back through the monitor might have abolished the effect. 
On the one hand, Kenneth et al. (2001) have indeed shown 
how magnifying the visual input could produce a larger VET 
effect. Therefore, it is likely that shrinking the representa-
tion of a body location might diminish the effect of seeing 
it. On the other hand, Treshi-marie Perera et al. (2015) have 
shown how shrinking the representation of a finger actually 
enhances tactile sensitivity. They hypothesized that the effect 
might be due to the reduction of visual information which 
resulted in a lower weighting of the visual signal (Ernst and 
Banks 2002). However, it is possible that the distortion of 
visual information might influence differently a spatial dis-
crimination task that might be favored by a visual repre-
sentation spatially similar to the somatotopic representation 
of the stimulated body part or even more detailed. In sum-
mary, it is currently unclear whether non-informative vision 
improves tactile perception in a body location normally not 
seen.

We, therefore, investigated whether vision enhances tac-
tile perception in a body location that is usually not viewed. 
To do so, participants performed a numerosity judgment 
task of electrotactile stimuli administered on the shoulder 
while watching a real-time representation of their shoulder. 
Importantly, unlike Catley et al. study (2014), the image 
of the shoulder had approximately the same dimension as 
the real body part. In addition, unlike Tipper et al. (2001), 
we did not measure only response times, but also enumera-
tion ability and spatial sensitivity. The numerosity judgment 
task was indeed preceded by a tactile detection threshold 
estimation task performed while the participants viewed the 
stimulated body part or not. Most of the previous studies on 
the VET have indeed only investigated the effect of vision 
on spatial acuity in tasks such as two-point discrimination 
(Kennett et al. 2001; Serino et al. 2009; Catley et al. 2014) 
or grating orientation discrimination (Taylor-Clarke et al. 
2004; Cardini et al. 2011, 2012). To our knowledge, only 
Harris et al. (2007) tested also tactile sensitivity and found 
reduced discrimination ability at near-threshold levels when 
viewing the stimulated hand. On the other hand, they did not 

test body parts which are normally not viewed. In addition, 
no previous studies tested other, more complex, tactile skills 
such as the ability to enumerate simultaneous tactile stimuli. 
In summary, the novelty of our study is threefold: first, we 
investigate whether the VET occurs in a usually not seen 
body location. Second, we test the effect of non-informative 
vision of this body part on numerosity judgment and tactile 
sensitivity. Third, we manipulate the level of difficulty of 
the same numerosity judgment task. To do so, we make the 
assumption that increasing the numerosity of tactile stimuli 
makes the numerosity judgment more difficult. This assump-
tion is well supported by previous findings showing that the 
underestimation of the number of stimuli increases with the 
number of tactile stimuli (Gallace et al. 2006, 2007; Wang 
et al. 2018).

Our general hypothesis is that numerosity judgment 
would be improved when participants could view their 
shoulder as opposed when they could not. This effect might 
be mediated by bimodal visuotactile neurons. Even though 
the existence of such neurons with receptive fields on the 
shoulder has not been directly demonstrated yet, several non-
human primate studies have already found these cells in the 
ventral premotor and posterior parietal cortices (Fogassi 
et al. 1996; Graziano et al. 1997; Duhamel et al. 1998) and 
cross-species comparisons of these multimodal brain regions 
have generally found good correspondence between mon-
keys and humans (Bremmer et al. 2001; Makin et al. 2007). 
On the contrary, we hypothesized that vision would not play 
the same role for tactile sensitivity. If it is true that the visual 
enhancement of touch is due to a top-down modulation of 
lateral inhibition (Kennett et al. 2001; Press et al. 2004; Hag-
gard et al. 2007), then the effect should be specific for spatial 
discrimination tasks and absent for tactile sensitivity tasks. 
Finally, we expected a stronger visual enhancement of touch 
with increasing of the level of difficulty since previous stud-
ies showed bigger effect of visual feedback when the task 
was very challenging (e.g. Press et al. 2004).

Materials and methods

Participants

Twelve naïve, healthy volunteers (age 25–31, mean 
27 ± 2 years, eight females) with no known cognitive or 
tactile deficits took part in the experiment. The experiment 
was approved by the Region Liguria Ethical Committee 
(approval ID 172REG2016, approval date September 13, 
2016).
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Experimental setup

Participants were comfortably seated centrally in an adjust-
able-height chair in front of a table approximately 60 cm 
from a computer screen with their hands positioned on a 
keyboard. A camera (Logitec C920 HD Pro Webcam) was 
suspended directly above the dominant shoulder of partici-
pants, pointing straight down to stream, when necessary, a 
full-size real-time footage of participants’ shoulder (Fig. 1).

The supplemental tactile stimulation was provided using a 
current-controlled multichannel electrotactile stimulator pro-
totype WESP (Global Electronics), which incorporates tech-
nology for time and space distribution of stimuli introduced 
by Tecnalia with the IntFES system (Malešević et al. 2012). 
Six self-adhesive concentric electrodes were placed on the 
shoulder and upper back with inter-electrode distance well 
above the two-point discrimination threshold for electrical 
stimulation on that body location (Solomonow et al. 1977; 
see also Mancini et al. 2014 for a mechanical measurement). 
Specifically, four electrodes were distributed equidistantly 
(5 cm in between) on the backside of the shoulder along a 
horizontal line from the base of the neck to the end of the 
shoulder and two on the front side (one above and one below 
the collarbone, see Fig. 1).

The stimulation parameters could be set online by send-
ing simple text commands to the stimulator. The stimulator 
was interfaced via Bluetooth to a portable laptop computer 
running a custom script within the MATLAB R2018a com-
puting environment (MathWorks Inc., Natick MA) plus Psy-
chtoolbox (Brainard 1997; Kleiner et al. 2007). Pulse width 
(300 µs), frequency (100 Hz) and duration of the stimula-
tion (200 ms) were kept constant. We selected 100 Hz as 
stimulation frequency since it has been shown to elicit a 

well-localized and continuous sensation resembling constant 
pressure (Chai et al. 2013, 2015; Wang et al. 2013; D’Alonzo 
et al. 2014; Zhang et al. 2015; Štrbac et al. 2016). Frequen-
cies below 100 Hz were not taken into consideration because 
they produce a vibration feeling and higher frequencies elicit 
a fused tingling sensation. On the contrary, the stimulation 
intensity was adjusted for each subject individually based on 
his/her detection threshold (see “Experimental procedure”).

Experimental procedure

Figure 2 shows an outline of the experimental procedure. 
Each participant took part in two sessions, one for each 
experimental condition. Two different experimental condi-
tions were implemented in this study:

”View shoulder” (V +): participants had to look at the 
screen showing real-time footage of their shoulder;

”View fixation” (V−): participants had to look at a fixa-
tion cross displayed at the center of a computer screen.

The two conditions were consecutively performed on the 
same day, separated by a few minutes break. The order of the 
two conditions was counterbalanced across participants to 
minimize training effects. Each session lasted about 40 min 
and comprised three phases: detection threshold estimation, 
equalization and tactile numerosity judgment task.

Detection threshold estimation

First, we estimated the detection threshold (DT) for the 
electrode 1 (see Fig. 1) using a 1-up and 1-down staircase 
procedure, where the current amplitude was changed trial 
by trial according to the subject’s response. In this phase, 
participants were asked to report the presence or absence of 

Fig. 1   Left Panel placement of the electrodes on the participants’ 
shoulder. Right panel experimental setup comprising (i) a standard 
laptop computer equipped with a Bluetooth low-energy module, (ii) 
a current-controlled multichannel electrotactile stimulator equipped 

with six concentric electrodes, (iii) a full HD webcam (Logitec 
C920). The right part of the figure shows the two different conditions 
counterbalanced across participants: “view shoulder” (top panel) and 
“view fixation” (bottom panel) condition
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the electrical stimulus by a verbal ‘yes’ or ‘no’. Starting from 
a subthreshold current amplitude (0.5 mA), we automatically 
increased the amplitude, with a step-size of 0.1 mA, until 
the subject reported the presence of the stimulus. Whenever 
the participant detected the stimulus, the current’s intensity 
decreased; whenever, the participant did not detect the stim-
ulus, the current’s intensity increased by the same step size. 
The points at which the subject response changed direction, 
i.e. response reversals, were recorded. The staircase proce-
dure was run until the participant completed six reversals, 
and the detection threshold was taken as the average ampli-
tude of the amplitude values corresponding to the last four 
reversals. Finally, the amplitude for electrode 1 was set to 
3 times the DT and kept constant during the experiments. 
This amplitude was chosen to elicit a clear, comfortable and 
well-localized sensation and was also adopted as the refer-
ence stimulus (RS) for electrode 1 in the first stage of the 
following Equalization phase.

Equalization phase

To avoid the possibility of participants making discrimina-
tory judgments based on intensity rather than spatial posi-
tion, the stimulation intensities across the six electrodes 
were equalized using five 2-interval forced-choice (2IFC) 
tasks. In each 2IFC task, a pair of stimuli—the RS at one 
electrode (RSn, where n = 1, …, 5 indicates the electrode 
number) and the test stimulus at the adjacent electrode 
(n + 1)—were presented. The two stimuli (0.2–s long) were 
delivered one at a time in two successive intervals with inter-
stimulus interval (ISI) = 1 s, and the order of presentation 
varied randomly from trial to trial. While the RS ampli-
tude was kept constant, the amplitude of the test stimulus 
varied from trial to trial. The test stimulus was initially set 
equal to a third of the RS, and was increased or decreased 
in steps of 0.1 mA depending on participants’ response. In 
each trial, participants were asked to indicate which was the 
strongest stimulus, the first or the second perceived. As in 
the DT estimation phase, the procedure was run until the 
participant completed six reversals. This task was performed 
five times iteratively for pairs of adjacent electrodes, one 
for each electrode whose amplitude had to be determined. 
Therefore, the RS number n and the corresponding adjacent 

electrode (n + 1) changed as a function of the number n of 
the 2IFC task (n from 1 to 5). In the first 2IFC, the RS was 
the electrode 1 (whose amplitude was already determined 
in the DT phase) and the test stimulus was the electrode 2 
(whose intensity had to be determined). In the second 2IFC, 
the RS was the electrode 2 (whose amplitude was just been 
determined) and the test stimulus was the one presented to 
the electrode number 3 (to be determined) and so on. As a 
last step, the experimenter activated the six electrodes in 
sequence and, if the participant experienced different inten-
sities across electrodes, small adjustments in amplitudes 
were made to make them equal.

Tactile numerosity judgment task

After the equalization phase, participants performed a 
tactile numerosity judgment task. This phase lasted about 
20/30 min and comprised two blocks of 60 trials each with 
a 5-min break between blocks. In each trial, a random com-
bination of electrodes was activated simultaneously for 
200 ms. For each number of electrodes (from 1 to 6), dif-
ferent activation patterns were chosen randomly among all 
the possible combinations. Participants were asked to keep 
looking at the screen showing either their shoulder or a fixa-
tion cross and to press the numeral key (from 1 to 6) on a 
keyboard corresponding to the number of perceived elec-
trodes. They were also asked to respond as accurately and as 
fast as they could but with a stronger emphasis on accuracy. 
Each number of activated electrodes (1 to 6) was presented 
for 20 times giving rise to a total of 120 trials.

Data analysis

We collected the following dependent variables for each 
condition: (1) tactile detection threshold, (2) numerosity 
judgment accuracy, (3) signed error and (4) response time. 
Detection threshold was defined as the level of intensity 
of the stimulus which allowed detection 50% of the time. 
Numerosity judgment accuracy was defined as the percent 
success rate in identifying the number of presented stimuli. 
Signed error was defined as the difference, in terms of the 
number of electrodes, between the participant’s response 
and the correct answer allowing us to identify potential 

Fig. 2   Flow chart of the experimental procedure. Subjects performed two randomized sessions (one for each condition: V + and V−). Each ses-
sion included three phases: threshold estimation phase, equalization phase and tactile numerosity judgment task
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bias in estimating the number of electrodes (e.g., over/
underestimation).

We assessed the normality of the outcomes’ distribution 
using the Shapiro–Wilk test. As the test showed that most 
of the data were not normally distributed, we used non-par-
ametric tests for statistical analysis.

First, to verify whether tactile sensitivity was affected by 
non-informative vision, we applied one Wilcoxon signed-
rank test to the detection thresholds with condition as 
within-subject factor.

Mean numerosity judgment accuracy, signed error and 
response times were calculated for each number of active 
electrodes and each condition. To test whether non-inform-
ative vision of the stimulated body part modulated the judg-
ment of numerosity, we applied Wilcoxon tests to accuracy, 
signed error and response time with the condition as within 
subjects’ factor. To examine how the level of difficulty mod-
ulated the subjects’ performance, we applied Friedman tests 
to accuracy, signed error and response time with numerosity 
as within subjects’ factor.

To investigate the interaction between the two factors, 
number of active electrodes and condition, we ran six Wil-
coxon tests, one for each number of electrodes activated with 
the condition as within-subject factor.

Finally, we correlated numerosity judgment accuracy and 
response time computing a Spearman’s correlation coef-
ficient for each condition. This was done also to find out 
whether participants applied some speed–accuracy tradeoff.

Moreover, to evaluate the strength of the obtained results 
in terms of the magnitude of the difference in the means 
scores of the groups, we estimated the effect size r for each 
Wilcoxon signed-rank test using the formula r = z

√

n

 . As for 
the interpretation of the effect sizes, we followed Cohen 
(Cohen J. 1988). According to his guidelines, small, 
medium, and large effects correspond to r > 0.1, r > 0.3, and 
r > 0.5, respectively.

Statistical analysis was conducted in Python (Python 
Software Foundation). The threshold for the statistical sig-
nificance was set to p < 0.05. Whenever required, we applied 
false discovery rate (FDR) corrections for multiple compari-
sons following the Benjamini–Hochberg methods (Benja-
mini and Hochberg 1995; Glickman et al. 2014).

Results

Tactile detection threshold

Results showed no differences between V + and V− in detec-
tion thresholds (V + = 11.5 ± 3.6 mA, V− = 12.2 ± 3.9 mA; 
T = 15, p = 0.20; see Fig. 3).

Numerosity judgment accuracy

Accuracy data were averaged across electrodes number and 
submitted to a Wilcoxon test with the condition as a factor. 
Results showed a significant effect of the visual condition 
on accuracy (T = 1.5, p = 0.0032, r = 0.76). Particularly, 
accuracy was significantly higher in V + (40.5 ± 8%) than 
V− (33.8 ± 5%, see Fig. 4 left panel).

Similarly, accuracy data were averaged across the two 
conditions and submitted to a Friedman test with numeros-
ity (six levels: from 1 to 6) as factor. The analysis revealed 
a significant effect of numerosity on accuracy (χ2 = 37.5, 
p < 0.001). Particularly, accuracy decreased as the number 
of active electrodes (i.e. level of difficulty) increased. Post 
hoc analyses showed higher accuracy when 1 electrode 
was activate compared to all the other levels of numerosity 
(p < 0.01, r > 0.9 for all cases). Moreover, accuracy when 
using 2 or 3 electrodes was significantly higher than when 
4 to 6 electrodes were activated (both ps < 0.05, r > 0.7 and 
r > 0.6, respectively). On the contrary, no significant differ-
ences emerged when the number of active electrodes was 4, 
5 or 6 (all ps > 0.05, see Fig. 4 right panel).

Results on the interaction between condition and 
electrode number showed significantly higher accu-
racy in V + (27.9 ± 6%) compared to V− (12.5 ± 3%) 
when six electrodes were activated (T = 0.0, uncor-
rected p = 0.0076, FDR-corrected, p = 0.045, r = 0.69) 
and a trend for five active electrodes (T = 9, uncorrected 
p = 0.03, FDR-corrected p = 0.09). In addition, we com-
pared accuracy and chance level (i.e., one out of six or 
16.7%) separately for both conditions using six Wilcoxon 
tests (one for each level of numerosity). Results showed 

Fig. 3   Boxplots, showing medians and 25 and 75 percentiles of the 
tactile detection threshold (mA). The data are grouped by condition



2870	 Experimental Brain Research (2020) 238:2865–2875

1 3

that accuracy in V + was significantly higher than chance 
level whenever 1 to 5 electrodes were activated (p < 0.05, 
r > 0.8). On the contrary, in V− this occurred only up to 
three electrodes (p < 0.05, r > 0.8) (see Fig. 5).

Effect of electrode distance

The previous analyses did not consider the features of the 
randomly activated patterns of electrodes. In other words, 
a stimulation pattern might have included adjacent, non-
adjacent electrodes or a combination of both. It is possible 
that the absence of effects in accuracy when few (e.g. 2) 
electrodes were active was due to the average of close and 
distant pairs which would result in a collective null result. 
Hence, we run an additional analysis comparing accuracy 
for pairs formed only by adjacent electrodes with accu-
racy for pairs formed by non-adjacent electrodes. In par-
ticular, we defined as non-adjacent all pairs of electrodes 
that included 1 or more electrodes in between (~ 10 cm) 
(e.g. 1-3, 2-4, 1-6, etc.) and as adjacent all pairs without 
intermingled electrodes (e.g. 1-2, 2-3, 3-4, etc.). We only 
considered pairs because, in our setup, it is not possible 
to select enough pure adjacent or non-adjacent configura-
tions when three or more electrodes are active. Then we 
compared mean accuracy in discriminating the number 
of electrodes for adjacent versus non-adjacent pairs using 
a Wilcoxon test. Results showed a significantly higher 
accuracy in discriminating non-adjacent (44.7 ± 14%) 
than adjacent pairs (31.8 ± 20%) (p = 0.007, r = 0.7, see 
left panel of Fig. 6). Importantly, further analyses showed 
significantly higher accuracy in V + than V− when adja-
cent pairs were activated (uncorrected p = 0.026, FDR-
corrected p = 0.052). On the contrary, these two conditions 
did not differ when considering non-adjacent pairs (see 
right panel of Fig. 6).

Fig. 4   Left panel boxplots showing medians and 25 and 75 percen-
tiles of accuracy for the two conditions (V + and V−). Right panel 
boxplots showing medians and 25 and 75 percentiles of accuracy per 

number of active electrodes. The dotted red line represents the chance 
level (16.7%). Asterisks indicate significant differences. *p < 0.05; 
**p <0.01

Fig. 5   Mean accuracy per number of active electrodes (standard 
errors are showed) for the two conditions (V + and V−). Asterisks 
point to significant difference between V + e V− after FDR correction 
(black), between V + and V− before FDR correction (grey), between 
V + and chance level (light blue) and between V− and chance level 
(orange). *p < 0.05; **p < 0.01
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Signed error

Signed error data were submitted to a Friedman test with 
numerosity as factor. Results showed significant main 
effect (χ2 = 53.6, p < 0.001). In other words, participants 
strongly underestimated the number of active electrodes 
and the underestimation increased with the number of 

active electrodes. Post hoc analyses showed that the signed 
error at each level of numerosity differed significantly 
from all the others (all ps < 0.05 and r > 0.7 for all cases) 
except for when the number of active electrodes was 1, 2 
or 3 (ps > 0.05). On the other hand, the signed error was 
not significantly affected by the condition (p = 0.09, see 
Fig. 7).

Fig. 6   Left panel boxplots showing medians and 25 and 75 percen-
tiles of accuracy for the pair configurations (adjacent and non-adja-
cent). Right panel boxplots showing medians and 25 and 75 percen-
tiles of accuracy. Data are split for the pair configurations (adjacent 

and non-adjacent).The two visual conditions (V + and V−) are color-
coded. Asterisks indicate significant differences (grey: before FDR 
correction, black: after FDR correction). *p < 0.05; **p < 0.01

Fig. 7   Left panel boxplots showing medians and 25 and 75 percen-
tiles of signed error for the two conditions (V + and V−). Right panel 
boxplots showing medians and 25 and 75 percentiles of signed error 

per number of active electrodes. Asterisks indicate significant differ-
ences. *p < 0.05;**p < 0.01
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Response time

Response times did not differ significantly between V + and 
V− . Response time data were also submitted to a Fried-
man test with combination as factor. The analysis revealed 
a main effect of the number of active electrodes (χ2 = 22.3, 
p < 0.001). Specifically, post hoc tests showed significantly 
faster subjects’ response when 1 electrode was active com-
pared to all the other combinations (all ps < 0.05 and r > 0.75 
for all cases, see Fig. 8).

Correlation between response time and numerosity 
judgment accuracy

The Spearman correlation between response times and accu-
racy, separately performed for the two conditions, indicated 
negative non-significant correlation between these two vari-
ables (V + : r = − 0.223, p = 0.06; V− : r = − 0.18, p = 0.12). 
In other words, participants were neither faster nor slower 
when they gave a correct answer.

Discussion

In this study, we tested whether non-informative vision of 
the own shoulder improves numerosity judgment and tactile 
sensitivity. To do so, participants performed a tactile detec-
tion threshold estimation task which measures sensitivity 
followed by a tactile numerosity judgment task. They per-
formed the two tasks while watching a real-time video of 
their shoulder or simply a fixation cross, in counterbalanced 

order. Importantly, visual feedback was not informative of 
the timing and number of stimuli.

Results showed that visual feedback improved tactile 
numerosity judgment and not tactile detection threshold. 
This new psychophysical result adds to a substantial body 
of existing behavioral evidence that non-informative vision 
enhances tactile spatial acuity in grating orientation discrim-
ination, two-point discrimination, vibration discrimination, 
proximal/distal spatial discrimination (Kennett et al. 2001; 
Press et al. 2004; Taylor-Clarke et al. 2004; Harris et al. 
2007; Serino et al. 2007, 2009; Haggard et al. 2007; Cardini 
et al. 2011, 2012; Catley et al. 2014). A numerosity judg-
ment task with electrotactile stimuli has never been used 
in a study investigating the visual enhancement of touch. It 
permits (1) to abolish any temporal cue about the stimulation 
(e.g. the experimenters’ hand who approaches the subjects’ 
hand); (2) to collect response times; (3) a factorial manipula-
tion of the difficulty of the task, by increasing the number of 
simultaneous stimuli; (4) to measure eventual differences in 
performance between stimulation patterns formed by close 
or distant tactile stimuli.

Interestingly, in our numerosity judgment task, the 
effect of non-informative vision was initially evident only 
when four or more stimuli were delivered, that is when 
the task was more difficult and the underestimation of the 
number of stimuli was stronger. This result is consistent 
with previous findings indicating that one of the conditions 
to observe the visual enhancement of touch is using a task 
close to the limits of performance (Press et al. 2004) or 
testing subjects with poor tactile spatial acuity (Serino 
et al. 2007). However, a further analysis we performed to 

Fig. 8   Left panel boxplots showing medians and 25 and 75 percen-
tiles of response time for the two conditions (V + and V−). Right 
panel boxplots showing medians and 25 and 75 percentiles of 

response time per number of active electrodes. Asterisks indicate sig-
nificant differences. *p < 0.05
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take into account for the distance between active electrodes 
showed that vision of the shoulder modulated numerosity 
judgment already when only two electrodes were activated 
but it did so only if the two electrodes were adjacent. In 
other words, non-informative vision enhanced the judg-
ment of numerosity of adjacent pairs. On the contrary, no 
modulation was observed if the two active electrodes were 
not adjacent. This result is consistent with the view that 
the visual enhancement of touch reduces the size of tactile 
receptive fields. This effect might be mediated by bimodal 
visuotactile neurons that sharp tactile receptive fields in 
an early somatosensory map. These cells might be part of 
a corticocortical network from multimodal areas such as 
posterior parietal cortex and prefrontal cortex which could 
tune the somatosensory map of the primary somatosen-
sory cortex to decrease the size of receptive fields, prob-
ably by increasing lateral inhibition (Kennett et al. 2001; 
Press et al. 2004; Haggard et al. 2007). The existence of 
such a network in humans has been indirectly confirmed 
by a couple of neurophysiological studies. First, Taylor-
Clarke et al. (2002) showed a visual modulation of an N80 
component localized to the primary somatosensory cortex 
which indicates the critical role of the modulation of S1 
activity by the visual input. Similarly, Fiorio and Haggard 
(2005) observed a disruption of the visual enhancement of 
touch following a single transcranial magnetic stimulation 
pulse over the primary somatosensory cortex and not over 
the S2, highlighting the crucial role of S1 in modulat-
ing the effect. Second, Konen and Haggard (2014) have 
observed a similar disruption when delivering a single-
pulse TMS over the anterior intraparietal sulcus which is 
considered crucial for integrating visual and somatosen-
sory information related to the body (Iriki et al. 1996). 
The authors proposed that this brain region might provide 
a descending feedback signal to primary somatosensory 
cortex. Collectively, these findings highlight the role of 
feedback circuitry in multisensory interactions, that is, a 
view of multisensory processing which is not based only 
on feedforward signals from unimodal to multisensory cor-
tex, but also on feedback signals from the multisensory to 
unimodal cortex (Macaluso and Driver 2005; Driver and 
Noesselt 2008). Another possible mechanism explaining 
the visuo-tactile interaction shown in the present study 
involves the existence of direction projections between 
visual and somatosensory primary areas (Cappe and Bar-
one 2005; Ghazanfar and Schroeder 2006; Henschke et al. 
2015; Teichert and Bolz 2018). The presence of visual 
enhancement of touch on the shoulder which is a body 
location normally not viewed and the behavioral correlate 
of the reduction of tactile receptive fields we observed hint 
that visuotactile neurons in humans subserving the shoul-
der might exist. Therefore, the frequency of viewing the 
body part and its involvement in exploratory movements 

might not be a determinant for the presence of bimodal 
neurons.

The proposed explanation based on receptive field size 
reduction in S1 mediated by visual information might also 
explain why the effect is specific for numerosity judgment 
and not non-spatial tactile sensitivity as observed in our 
study. Certainly, the numerosity judgment can in principle 
be performed based solely on the discrimination of intensity 
of the multiple simultaneous tactile stimuli. However, other 
evidences showed that the visual enhancement of touch is 
absent in non-spatial tasks (e.g. Press et al. 2004). Hence, 
we hypothesize that participants performed the numerosity 
judgment at least in part based on spatial discrimination. 
This idea is supported also by the fact that non-adjacent 
pairs of electrodes were better discriminated than adjacent 
pairs. The smaller the receptive fields, the more likely it is 
that a receptive field contains only one stimulus, thereby 
contributing to avoid the overlap between the two or more 
activated neuronal populations (Fuchs and Drown 1984). 
The reduction in the size of receptive fields would be clearly 
more beneficial for more complex spatial discriminations 
which likely contain adjacent electrodes. Collectively, we 
indeed observed an effect of visual feedback only when four 
or more stimuli were delivered at the same time.

Notably, differently than in previous studies (e.g. Press 
et al. 2004), we did not observe a facilitation in response 
times in the “view shoulder” condition. On the contrary, 
we observed a trend towards slower response times in the 
visual feedback condition. This might be due to the different 
task demands of the two studies. While Press and co-authors 
opted for a speeded spatial discrimination task, we stressed 
response accuracy rather than response speed. Our study dif-
fers from Press et al. study also for the kind of control condi-
tion which was a “view fixation” in the former and a “view 
object” in the latter. The more complex visual information in 
the “view shoulder” might have increased the response times 
compared to the “view fixation” in our study. Our results 
are likely not due to a speed–accuracy tradeoff as accuracy 
and response times did not correlate neither in the “view 
shoulder” nor in the “view fixation” condition.

Our results point to some possible applications for clini-
cal rehabilitation. For instance, they suggest that visual 
feedback might be used as an alternative way to improve 
somatosensory performance in case of brain damage, as in 
stroke patients (Serino et al. 2007). Back pain and chronic 
hand pain patients provide already evidences about the effec-
tiveness of visual feedback. For instance, it has been shown 
that tactile training with vision improves tactile acuity and 
reduces back pain (Wand et al. 2011) and chronic hand pain 
(Moseley and Wiech 2009). The choice of the shoulder as 
testing location, although there are certainly body locations 
less visible, also foresees these potential clinical applications 
(Nataletti et al. 2020). Proximal areas in the limbs are known 
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to be less affected by sensory deficits than distal areas in 
stroke patients. Furthermore, the shoulder provides enough 
space to distribute the electrodes to obtain anatomically con-
gruent representation of a hand. Finally, this body part is 
readily accessible, does not obstruct any important function 
and can be easily hidden under clothing.

In summary, our study adds knowledge about the role 
of non-informative vision in cross-modal integration that is 
triggered in spatial tasks. We showed that non-informative 
visual feedback improved spatial discrimination also in 
the shoulder which is a body part normally not viewed. It 
also confirmed that the effect is specific for tasks involving 
spatial acuity and not sensitivity. Finally, the mechanism 
mediating this effect is the reduction of the size of tactile 
receptive fields.

Acknowledgements  The work is partially funded by Compagnia di 
San Paolo, grant number: 2017.0559, ID ROL: 19795 and partially by 
Istituto Italiano di Tecnologia. The authors would like to thank Yahya 
Abbass for his technical help with the stimulator and Maurizio Valle 
and Lucia Seminara (COSMIC lab, DITEN, Genoa) who wrote the 
ethical committee proposal. Special thanks to all participants.

Author contributions  FL conceptualized the experiment and defined 
the methodology. SN and FL wrote the software. SN prepared the 
experimental setup, collected the data, analyzed the data and prepared 
the figures. FL and SN wrote the first draft of the manuscript. LB and 
FL reviewed and edited the drafts. LB and FL supervised the project. 
All authors read and approved the final manuscript.

Funding  Open access funding provided by Istituto Italiano di Tecno-
logia within the CRUI-CARE Agreement. The work is partially funded 
by Compagnia di San Paolo, grant number: 2017.0559, ID ROL: 19795 
and partially by Istituto Italiano di Tecnologia.

Availability of data and material  The datasets used and analyzed dur-
ing the current study are available from the corresponding author on 
reasonable request.

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no conflicts of 
interest/competing interests.

Ethics approval and consent to participate  The participants gave 
informed consent in compliance with the Declaration of Helsinki. The 
experiment was approved by the Region Liguria Ethical Committee 
(approval ID 172REG2016, approval date September 13, 2016).

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Beck B, Bertini C, Haggard P, Làdavas E (2015) Dissociable routes for 
personal and interpersonal visual enhancement of touch. Cortex 
73:289–297. https​://doi.org/10.1016/J.CORTE​X.2015.09.008

Benjamini Y, Hochberg Y (1995) Controlling the false dis-
covery rate: a practical and powerful approach to multi-
ple testing. J R Stat Soc Ser B 57:289–300. https​://doi.
org/10.1111/j.2517-6161.1995.tb020​31.x

Brainard DH (1997) The psychophysics toolbox. Spat Vis 10:433–
436. https​://doi.org/10.1163/15685​6897X​00357​

Bremmer F, Schlack A, Shah NJ et al (2001) Polymodal motion 
processing in posterior parietal and premotor cortex: a human 
fMRI study strongly implies equivalencies between humans and 
monkeys. Neuron 29:287–296. https​://doi.org/10.1016/S0896​
-6273(01)00198​-2

Cappe C, Barone P (2005) Heteromodal connections supporting mul-
tisensory integration at low levels of cortical processing in the 
monkey. Eur J Neurosci 22:2886–2902. https​://doi.org/10.111
1/j.1460-9568.2005.04462​.x

Cardini F, Longo MR, Haggard P (2011) Vision of the body modu-
lates somatosensory intracortical inhibition. Cereb Cortex 
21:2014–2022. https​://doi.org/10.1093/cerco​r/bhq26​7

Cardini F, Longo MR, Driver J, Haggard P (2012) Rapid enhance-
ment of touch from non-informative vision of the hand. Neu-
ropsychologia 50:1954–1960. https​://doi.org/10.1016/J.NEURO​
PSYCH​OLOGI​A.2012.04.020

Catley MJ, Tabor A, Miegel RG et al (2014) Show me the skin! 
Does seeing the back enhance tactile acuity at the back? Man 
Ther 19:461–466. https​://doi.org/10.1016/J.MATH.2014.04.015

Chai GH, Li S, Ieee SM, et al (2013) Phantom finger perception 
evoked with transcutaneous electrical stimulation for sensory 
feedback of prosthetic hand. pp 6–8

Chai G, Sui X, Li S et al (2015) Characterization of evoked tactile 
sensation in forearm amputees with transcutaneous electrical 
nerve stimulation. J Neural Eng 12:066002

Cohen J (1988) Statistical power analysis for the behavioural science, 
2nd edn. Academic Press, New York

D’Alonzo M, Dosen S, Cipriani C, Farina D (2014) HyVE: hybrid 
vibro-electrotactile stimulation for sensory feedback and sub-
stitution in rehabilitation. IEEE Trans Neural Syst Rehabil Eng 
22:290–301. https​://doi.org/10.1109/TNSRE​.2013.22664​82

Driver J, Noesselt T (2008) Multisensory interplay reveals cross-
modal influences on “sensory-specific” brain regions, neural 
responses, and judgments. Neuron 57:11–23

Duhamel J-R, Colby CL, Goldberg ME (1998) Ventral intraparietal 
area of the macaque: congruent visual and somatic response 
properties. J Neurophysiol 79:126–136. https​://doi.org/10.1152/
jn.1998.79.1.126

Eads J, Lorimer Moseley G, Hillier S (2015) Non-informative vision 
enhances tactile acuity: a systematic review and meta-analy-
sis. Neuropsychologia 75:179–185. https​://doi.org/10.1016/J.
NEURO​PSYCH​OLOGI​A.2015.06.006

Ernst MO, Banks MS (2002) Humans integrate visual and haptic 
information in a statistically optimal fashion. Nature 415:429–
433. https​://doi.org/10.1038/41542​9a

Fiorio M, Haggard P (2005) Viewing the body prepares the brain for 
touch: effects of TMS over somatosensory cortex. Eur J Neurosci 
22:773–777. https​://doi.org/10.1111/j.1460-9568.2005.04267​.x

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/J.CORTEX.2015.09.008
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1163/156856897X00357
https://doi.org/10.1016/S0896-6273(01)00198-2
https://doi.org/10.1016/S0896-6273(01)00198-2
https://doi.org/10.1111/j.1460-9568.2005.04462.x
https://doi.org/10.1111/j.1460-9568.2005.04462.x
https://doi.org/10.1093/cercor/bhq267
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2012.04.020
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2012.04.020
https://doi.org/10.1016/J.MATH.2014.04.015
https://doi.org/10.1109/TNSRE.2013.2266482
https://doi.org/10.1152/jn.1998.79.1.126
https://doi.org/10.1152/jn.1998.79.1.126
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2015.06.006
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2015.06.006
https://doi.org/10.1038/415429a
https://doi.org/10.1111/j.1460-9568.2005.04267.x


2875Experimental Brain Research (2020) 238:2865–2875	

1 3

Fogassi L, Gallese V, Fadiga L et al (1996) Coding of peripersonal 
space in inferior premotor cortex (area F4). J Neurophysiol 
76:141–157. https​://doi.org/10.1152/jn.1996.76.1.141

Fuchs JL, Drown PB (1984) Two-point discriminability: relation 
to properties of the somatosensory system. Somatosens Res 
2:163–169. https​://doi.org/10.1080/07367​244.1984.11800​556

Gallace A, Tan HZ, Spence C (2006) Numerosity judgments for 
tactile stimuli distributed over the body surface. Perception 
35:247–266. https​://doi.org/10.1068/p5380​

Gallace A, Tan HZ, Spence C (2007) Multisensory numerosity 
judgments for visual and tactile stimuli. Percept Psychophys 
69:487–501. https​://doi.org/10.3758/BF031​93906​

Ghazanfar AA, Schroeder CE (2006) Is neocortex essentially multi-
sensory? Trends Cogn Sci 10:278–285. https​://doi.org/10.1016/J.
TICS.2006.04.008

Glickman ME, Rao SR, Schultz MR (2014) False discovery rate 
control is a recommended alternative to Bonferroni-type adjust-
ments in health studies. J Clin Epidemiol 67:850–857. https​://doi.
org/10.1016/j.jclin​epi.2014.03.012

Graziano MSA, Gross CG (1993) A bimodal map of space: somatosen-
sory receptive fields in the macaque putamen with correspond-
ing visual receptive fields. Exp Brain Res 97:96–109. https​://doi.
org/10.1007/BF002​28820​

Graziano MSA, Hu XT, Gross CG (1997) Visuospatial properties of 
ventral premotor cortex. J Neurophysiol 77:2268–2292. https​://
doi.org/10.1152/jn.1997.77.5.2268

Haggard P (2006) Just seeing you makes me feel better: interpersonal 
enhancement of touch. Soc Neurosci 1:104–110. https​://doi.
org/10.1080/17470​91060​09765​96

Haggard P, Christakou A, Serino A (2007) Viewing the body modu-
lates tactile receptive fields. Exp Brain Res 180:187–193. https​://
doi.org/10.1007/s0022​1-007-0971-7

Harris JA, Arabzadeh E, Moore CA, Clifford CWG (2007) Nonin-
formative vision causes adaptive changes in tactile sensitiv-
ity. J Neurosci 27:7136–7140. https​://doi.org/10.1523/JNEUR​
OSCI.2102-07.2007

Henschke JU, Noesselt T, Scheich H, Budinger E (2015) Possible 
anatomical pathways for short-latency multisensory integra-
tion processes in primary sensory cortices. Brain Struct Funct 
220:955–977. https​://doi.org/10.1007/s0042​9-013-0694-4

Iriki A, Tanaka M, Iwamura Y (1996) Coding of modified body schema 
during tool use by macaque postcentral neurones. NeuroReport 
7:2325–2330

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

Kleiner M, Brainard D, Pelli D (2007) What’s new in Psychtoolbox-3? 
Perception 36(14):1–16

Konen CS, Haggard P (2014) Multisensory ent. Cereb Cortex 24:501–
507. https​://doi.org/10.1093/cerco​r/bhs33​1

Macaluso E, Driver J (2005) Multisensory spatial interactions: a win-
dow onto functional integration in the human brain. Trends Neu-
rosci 28:264–271. https​://doi.org/10.1016/J.TINS.2005.03.008

Makin TR, Holmes NP, Zohary E (2007) Is that near my hand? Mul-
tisensory representation of peripersonal space in human intra-
parietal sulcus. J Neurosci 27:731–740. https​://doi.org/10.1523/
JNEUR​OSCI.3653-06.2007

Malešević NM, Maneski LZP, Ilić V et al (2012) A multi-pad elec-
trode based functional electrical stimulation system for res-
toration of grasp. J Neuroeng Rehabil 9:1–12. https​://doi.
org/10.1186/1743-0003-9-66

Mancini F, Bauleo A, Cole J et al (2014) Whole-body mapping of 
spatial acuity for pain and touch. Ann Neurol 75:917–924. https​
://doi.org/10.1002/ana.24179​

Moseley GL, Wiech K (2009) The effect of tactile discrimination train-
ing is enhanced when patients watch the reflected image of their 

unaffected limb during training. Pain 144:314–319. https​://doi.
org/10.1016/J.PAIN.2009.04.030

Nataletti S, Leo F, Seminara L et al (2020) Temporal asynchrony but 
not total energy nor duration improves the judgment of numerosity 
in electrotactile stimulation. Front Bioeng Biotechnol 8:555. https​
://doi.org/10.3389/fbioe​.2020.00555​

Press C, Taylor-Clarke M, Kennett S, Haggard P (2004) Visual 
enhancement of touch in spatial body representation. Exp Brain 
Res 154:238–245. https​://doi.org/10.1007/s0022​1-003-1651-x

Serino A, Farnè A, Rinaldesi ML et al (2007) Can vision of the body 
ameliorate impaired somatosensory function? Neuropsychologia 
45:1101–1107. https​://doi.org/10.1016/J.NEURO​PSYCH​OLOGI​
A.2006.09.013

Serino A, Padiglioni S, Haggard P, Làdavas E (2009) Seeing the hand 
boosts feeling on the cheek. Cortex 45:602–609. https​://doi.
org/10.1016/J.CORTE​X.2008.03.008

Solomonow M, Lyman J, Freedy A (1977) Electrotactile two-point 
discrimination as a function of frequency, body site, laterality, 
and stimulation codes. Ann Biomed Eng 5:47–60. https​://doi.
org/10.1007/BF024​09338​

Štrbac M, Belić M, Isaković M et al (2016) Integrated and flexible 
multichannel interface for electrotactile stimulation. J Neural Eng. 
https​://doi.org/10.1088/1741-2560/13/4/04601​4

Taylor-Clarke M, Kennett S, Haggard P (2002) Vision modulates soma-
tosensory cortical processing. Curr Biol 12:233–236. https​://doi.
org/10.1016/S0960​-9822(01)00681​-9

Taylor-Clarke M, Kennett S, Haggard P (2004) Persistence of visual–
tactile enhancement in humans. Neurosci Lett 354:22–25. https​
://doi.org/10.1016/J.NEULE​T.2003.09.068

Teichert M, Bolz J (2018) How senses work together: cross-modal 
interactions between primary sensory cortices. Neural Plast 
2018:12–15. https​://doi.org/10.1155/2018/53809​21

Tipper SP, Lloyd D, Shorland B et al (1998) Vision influences tac-
tile perception without proprioceptive orienting. NeuroRe-
port 9:1741–1744. https​://doi.org/10.1097/00001​756-19980​
6010-00013​

Tipper SP, Phillips N, Dancer C et al (2001) Vision influences tactile 
perception at body sites that cannot be viewed directly. Exp Brain 
Res 139:160–167. https​://doi.org/10.1007/s0022​10100​743

Treshi-marie Perera A, Newport R, McKenzie KJ (2015) Multisensory 
distortions of the hand have differential effects on tactile percep-
tion. Exp Brain Res 233:3153–3161. https​://doi.org/10.1007/
s0022​1-015-4384-8

Wand BM, O’Connell NE, Di Pietro F, Bulsara M (2011) Managing 
chronic nonspecific low back pain with a sensorimotor retraining 
approach: exploratory multiple-baseline study of 3 participants. 
Phys Ther 91:535–546. https​://doi.org/10.2522/ptj.20100​150

Wang T, Li S, Chai G, Lan N (2013) Perceptual attributes of cutaneous 
electrical stimulation to provide sensory information for prosthetic 
limb. In: 2013 IEEE 3rd International Conference on Information 
Science and Technology, ICIST 2013. pp 22–25

Wang D, Peng C, Afzal N et al (2018) Localization performance of 
multiple vibrotactile cues on both arms. IEEE Trans Haptics 
11:97–106. https​://doi.org/10.1109/TOH.2017.27425​07

Zhang D, Xu H, Shull PB et al (2015) Somatotopical feedback versus 
non-somatotopical feedback for phantom digit sensation on ampu-
tees using electrotactile stimulation. J Neuroeng Rehabil 12:1–11. 
https​://doi.org/10.1186/s1298​4-015-0037-1

Zhou YD, Fuster JM (2000) Visuo-tactile cross-modal associations in 
cortical somatosensory cells. Proc Natl Acad Sci USA 97:9777–
9782. https​://doi.org/10.1073/pnas.97.17.9777

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1152/jn.1996.76.1.141
https://doi.org/10.1080/07367244.1984.11800556
https://doi.org/10.1068/p5380
https://doi.org/10.3758/BF03193906
https://doi.org/10.1016/J.TICS.2006.04.008
https://doi.org/10.1016/J.TICS.2006.04.008
https://doi.org/10.1016/j.jclinepi.2014.03.012
https://doi.org/10.1016/j.jclinepi.2014.03.012
https://doi.org/10.1007/BF00228820
https://doi.org/10.1007/BF00228820
https://doi.org/10.1152/jn.1997.77.5.2268
https://doi.org/10.1152/jn.1997.77.5.2268
https://doi.org/10.1080/17470910600976596
https://doi.org/10.1080/17470910600976596
https://doi.org/10.1007/s00221-007-0971-7
https://doi.org/10.1007/s00221-007-0971-7
https://doi.org/10.1523/JNEUROSCI.2102-07.2007
https://doi.org/10.1523/JNEUROSCI.2102-07.2007
https://doi.org/10.1007/s00429-013-0694-4
https://doi.org/10.1016/S0960-9822(01)00327-X
https://doi.org/10.1093/cercor/bhs331
https://doi.org/10.1016/J.TINS.2005.03.008
https://doi.org/10.1523/JNEUROSCI.3653-06.2007
https://doi.org/10.1523/JNEUROSCI.3653-06.2007
https://doi.org/10.1186/1743-0003-9-66
https://doi.org/10.1186/1743-0003-9-66
https://doi.org/10.1002/ana.24179
https://doi.org/10.1002/ana.24179
https://doi.org/10.1016/J.PAIN.2009.04.030
https://doi.org/10.1016/J.PAIN.2009.04.030
https://doi.org/10.3389/fbioe.2020.00555
https://doi.org/10.3389/fbioe.2020.00555
https://doi.org/10.1007/s00221-003-1651-x
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2006.09.013
https://doi.org/10.1016/J.NEUROPSYCHOLOGIA.2006.09.013
https://doi.org/10.1016/J.CORTEX.2008.03.008
https://doi.org/10.1016/J.CORTEX.2008.03.008
https://doi.org/10.1007/BF02409338
https://doi.org/10.1007/BF02409338
https://doi.org/10.1088/1741-2560/13/4/046014
https://doi.org/10.1016/S0960-9822(01)00681-9
https://doi.org/10.1016/S0960-9822(01)00681-9
https://doi.org/10.1016/J.NEULET.2003.09.068
https://doi.org/10.1016/J.NEULET.2003.09.068
https://doi.org/10.1155/2018/5380921
https://doi.org/10.1097/00001756-199806010-00013
https://doi.org/10.1097/00001756-199806010-00013
https://doi.org/10.1007/s002210100743
https://doi.org/10.1007/s00221-015-4384-8
https://doi.org/10.1007/s00221-015-4384-8
https://doi.org/10.2522/ptj.20100150
https://doi.org/10.1109/TOH.2017.2742507
https://doi.org/10.1186/s12984-015-0037-1
https://doi.org/10.1073/pnas.97.17.9777

	Non-informative vision improves spatial tactile discrimination on the shoulder but does not influence detection sensitivity
	Abstract
	Introduction
	Materials and methods
	Participants
	Experimental setup
	Experimental procedure
	Detection threshold estimation
	Equalization phase
	Tactile numerosity judgment task
	Data analysis

	Results
	Tactile detection threshold
	Numerosity judgment accuracy
	Effect of electrode distance
	Signed error
	Response time
	Correlation between response time and numerosity judgment accuracy

	Discussion
	Acknowledgements 
	References




