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Abstract Tactile signals on a hand that serves as movement
goal are enhanced during movement planning and execution.
Here, we examined how spatially specific tactile enhancement
is when humans reach to their own static hand. Participants
discriminated two brief and simultaneously presented tactile
stimuli: a comparison stimulus on the left thumb or little finger
from a reference stimulus on the sternum. Tactile stimuli were
presented either during right-hand reaching towards the left
thumb or little finger or while holding both hands still (base-
line). Consistent with our previous findings, stimuli on the left
hand were perceived stronger during movement than baseline.
However, tactile enhancement was not stronger when the
stimuli were presented on the digit that served as reach target,
thus the perception across the whole hand was uniformly en-
hanced. In experiment 2, we also presented stimuli on the
upper arm in half of the trials to reduce the expectation of
the stimulus location. Tactile stimuli on the target hand, but
not on the upper arm, were generally enhanced, supporting the
idea of a spatial gradient of tactile enhancement. Overall, our
findings argue for low spatial specificity of tactile enhance-
ment at movement-relevant body parts, here the target hand.
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Introduction

To perform a goal-directed hand movement, we need con-
stantly to know the location of our moving hand and the
movement target. Typically, the location of our hand is de-
termined by somatosensory and peripheral visual informa-
tion. Indeed, when people perform goal-directed hand move-
ments they shift their gaze to the target (Smeets, Hayhoe, &
Ballard, 1996; Johansson, Wrestling, Backstrom, &
Flanagan, 2001; Voudouris, Smeets, & Brenner, 2016) in-
stead of tracking their own hand movement. For this reason,
the location of the movement target is typically derived
through visual signals. Nevertheless, humans are also able
to guide hand movements towards unseen targets by relying
on somatosensory signals, for instance reaching towards an
itchy spot at the back.

The strength of somatosensory modulation seems to be
functionally specific. Somatosensory signals are attenuated
when they arise on a limb that is about to move or is moving
(Chapman, Bushnell, Miron, Duncan, & Lund, 1987;
Buckingham, Carey, Colino, deGrosbois, & Binsted, 2010;
Parkinson et al., 2011; Voss, Ingram, Wolpert, & Haggard,
2008). This has been suggested to occur because humans can-
cel the re-afferences that can be predicted based on an internal
forward model (Wolpert & Flanagan, 2001; but see also
Williams & Chapman, 2002). Yet, tactile signals can also be
enhanced (Eimer, Forster, van Velzen, & Prabhu, 2005; van
Ede, van Doren, Damhuis, de Lange, & Maris, 2015). For
example, tactile stimuli are detected faster when they arise at
the target of an upcoming saccade (Rorden, Greene, Sasine, &
Baylis, 2002) or when they are presented on a finger that is
about to move (Juravle & Deubel, 2009). Tactile sensitivity
can be increased on a limb that is moving to explore a surface
manually (Juravle, McGlone, & Spence, 2013), i.e., if somato-
sensory signals are relevant for the task. On a neural level,
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increased amplitudes of N140 ERP components in response to
tactile stimulation have been found on a moving hand both
before (Forster & Eimer, 2007) and during reaching to the
other hand (Juravle, Heed, Spence, & Roder, 2016), which
have been associated with tactile enhancement.

Recently, we showed that tactile signals are enhanced at
body parts that are relevant for reaching movements
(Voudouris & Fiehler, 2017). In this previous study, partic-
ipants performed right-hand reaches to the thumb of their
left unseen hand that was still or to an external visual tar-
get. Participants had to detect a tactile stimulus that was
presented either on the left little finger or on their right
index finger. We found decreased tactile thresholds for
stimuli presented on the left static hand but only when
reaching to that hand and not when reaching to the external
visual target. Importantly, tactile thresholds on the left
hand when reaching to that hand were also decreased com-
pared with a baseline, in which no reaching movement was
performed. We suggested that the lower tactile thresholds
resulted from an increase in perceived intensity of the tac-
tile stimulus, supporting the notion of tactile enhancement.

In the study by Voudouris and Fiehler (2017) participants
never reached to the digit that was stimulated, but to another
digit of the same hand. This may point to two possible direc-
tions of perceptual modulation. First, the enhanced tactile per-
ception at the target hand may be location-unspecific in a way
that the perception across the whole hand is uniformly en-
hanced. Alternatively, the enhanced perception may be loca-
tion-specific. That is, tactile signals arising at the target digit
being enhanced more strongly than signals arising elsewhere
on the target hand. In the context of tactile suppression, it has
been demonstrated that tactile suppression at the moving limb
decrease with increasing distance from the moving body part
(Williams, Shenasa, & Chapman, 1998; Colino & Binsted,
2016). So far, it is unclear whether and how tactile enhance-
ment is modulated across the target hand depending on the
location of the reach target.

In this study, we investigated how location-specific tactile
enhancement is at movement-relevant body sites. We asked
participants to discriminate a vibrotactile reference stimulus
presented on the sternum from a comparison stimulus of var-
iable intensities presented on the unseen left thumb or little
finger. The two stimuli were simultaneously presented while
participants kept both hands still (baseline condition) or while
they performed right-hand reaches to their left thumb or little
finger (reaching condition). Thus, in the reaching condition
the presentation of the comparison stimulus either coincided
with the target or the non-target digit. Based on previous find-
ings (Voudouris & Fiehler, 2017), we expect that tactile sen-
sitivity during reaching at the target will be enhanced at that
hand. If tactile enhancement is location-specific, we expect
stronger tactile enhancement at the target than the non-target
digit during reaching compared with baseline.

Experiment 1
Methods
Participants

Sixteen healthy and naive volunteers participated in the study;
two of them were excluded from further analyses due to out-
lier correction (see “Data analysis™). The remaining 14 partic-
ipants (7 males; median age: 22 years, 19-44 years old) were
right-handed according to the German translation of the
Edinburgh Handedness Inventory (Oldfield, 1971; mean =+
SD: 85 + 12). Before the experiment, participants gave their
written, informed consent approved by the local ethics com-
mittee of the Giessen University. They received 8 euro/hour or
course credits for their participation.

Apparatus

Participants sat in front of a table having their head resting on
a chin-rest and their right wrist on a start button. To eliminate
any visual information, the experiment was run in a dark room
and a black cardboard, attached to the chinrest, occluded the
workspace. Suprathreshold vibrotactile stimuli varying in in-
tensity (250 Hz, 50 ms) were generated through custom-made
vibrotactile devices (Engineer Acoustics Inc., Florida, USA).
An infrared marker attached to the participant’s right index
fingernail was recorded at 100 Hz with an Optotrak Certus
(NDI, Waterloo, Ontario, Canada). Two foot-pedals were
placed on the floor in front of the participants, one for each
of their feet. Through these pedals participants gave their re-
sponses in the discrimination task. A schematic top-view of
the setup is drawn in Fig. 1.

Procedure

Participants held their left hand still on a table at approximate-
ly 45 cm in front of their chest and 10 cm to the left of their
body midline, with the digits wide apart but in a comfortable
configuration. Small pads on the table indicated the location
where to place the hand. Because of interindividual differ-
ences (different arm, hand, and digits sizes), participants were
allowed to adopt the most comfortable position within the
indicated region. Their right wrist was resting on the start
button approximately 10 cm in front of the participants and
20 cm to their right. In each trial, two vibrotactile stimuli were
simultaneously presented: a reference stimulus on the ster-
num, and a comparison stimulus on the dorsal part of either
the left thumb or little finger. Participants had to discriminate
the intensity of the two stimuli and report whether the com-
parison stimulus was stronger or weaker than the reference by
pressing a foot-pedal. To prevent participants from memoriz-
ing the reference stimulus, we presented two reference stimuli
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Fig. 1 (a) Top-view of the setup and timeline. The black cardboard
is illustrated with the transparent gray box. Rectangular and circular
colorful shapes around the participants’ digits represent the vibrotactile
devices and the target locations, respectively. The foot-pedals are not
shown. (b) A trial in the reaching condition started with the presentation
of three auditory tones indicating the target-digit, with the last tone being

that differed in intensity: a weak (peak-to-peak displacement
0f 0.28 mm) and a strong (peak-to-peak displacement of 0.34
mm) stimulus. Each of the reference stimuli was combined
with one of 11 comparison stimuli of different intensities
(peak-to-peak displacement of 0.03, 0.09, 0.16, 0.22, 0.28,
0.34, 0.41, 0.47, 0.53, 0.60, or 0.66 mm).

Participants had to perform the tactile discrimination task
during a baseline and a reaching condition, and each condition
was presented in different blocks of trials. In the baseline
condition, each trial started with the press of the start button
and the subsequent presentation of three consecutive tones
(800 Hz, 50 ms). Two vibrotactile stimuli were simultaneously
presented 150 ms after the last tone, and participants had to
indicate whether the comparison stimulus was stronger or
weaker than the reference stimulus by pressing the appropriate
foot-pedal. In the reaching condition, each trial started with
the announcement of the target location (thumb or little) and
the subsequent presentation of the 3 tones. Participants had to
initiate a right hand reaching movement towards the fingernail
of the announced target digit with the onset of the last tone (Go
cue). They were instructed to reach to and touch the target
fingernail with their right index fingertip as accurately as pos-
sible. No further instructions were given. The vibrotactile
stimuli were presented 150 ms after movement onset as deter-
mined by the release of the start button. To impose uncertainty
about the timing of stimulation, we also introduced 20% catch
trials, in which the tactile stimulus was presented with move-
ment onset. The psychophysical responses and statistics of
these catch trials were not analyzed. After the reaching move-
ment, participants had to indicate whether the comparison
stimulus felt stronger or weaker than the reference stimulus
by pressing the appropriate foot-pedal. They were instructed
to do so as carefully and accurately as possible.
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also the Go cue. The tactile stimulation occurred either with movement
onset (20% of trials) or 150 ms after movement onset (80% of trials), as
indicated by the thick black lines. After the reach, participants responded
as to whether the comparison stimulus was stronger or weaker than the
reference

The 11 comparison stimuli with the 2 reference stimuli and
the 2 stimulation locations resulted in 44 combinations in the
baseline condition, whereas in the reaching condition these
combinations were extended by the 2 target locations,
resulting in 88 combinations. Each of the 44 combinations
in the baseline condition was presented 36 times resulting in
a total of 1,584 trials. Each of the 88 combinations in the
reaching condition was presented 20 times with stimuli after
movement onset and 5 times with stimuli at movement onset,
resulting in a total of 2,112 trials. Each of the baseline and
reaching conditions were presented in 4 separate blocks of
trials (thus a total of 8 blocks of trials), with a baseline block
either preceding or following a reaching block. Participants
performed the experiment in 2 sessions over 2 consecutive
days. Each combination of stimuli was presented in a random
order within each block, and the presentation of the blocks
was counterbalanced across participants. The experiment
lasted in total approximately 3 hours for each participant.

Data analysis

The responses of the comparison stimuli judged as stronger
than the reference were fit for each participant to a logistic
function using the maximum-likelihood estimation with the
function psignift in Matlab (Wichmann & Hill, 2001). To
evaluate the strength of tactile modulation, we estimated the
point-of-subjective-equality (PSE) as the 50% point of the
psychometric function. Moreover, we explored the precision
of discrimination by examining the just-noticeable-difference
(JND), defined as the difference in stimulus’ intensity between
the 50% and the 84% points of the psychometric function. For
the baseline condition, we calculated a total of 4 PSE and JND
values; more specifically, we calculated one PSE and one JND
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value for each of the 4 combinations of the 2 reference stimuli
(weak, strong) and the 2 stimulation locations (thumb, little
finger). For the reaching condition, we calculated a total of 8
PSE and JND values; more specifically, we calculated one
PSE and one JND value for each of the 8 combinations of
the 2 reference stimuli (weak, strong), the 2 stimulation loca-
tions (thumb, little finger), and the 2 target locations (thumb,
little finger). To examine effects of reaching on the accuracy
and precision of discrimination we subtracted each partici-
pant’s baseline PSE and JND in each of the 4 baseline condi-
tions (2 reference stimuli x 2 stimulation locations) from his or
her respective reaching PSE and JND separately for reaches to
the thumb and the little finger. The calculated differences
(PSEgim JINDg;e) were averaged across blocks for each partic-
ipant, and then across participants. These values represent the
strength of tactile modulation with negative values indicating
tactile enhancement. We expected that tactile signals will gen-
erally be enhanced when reaching than in baseline (i.e., neg-
ative PSEg;). Moreover, if tactile enhancement is location-
specific, this enhancement should be stronger when the stim-
ulus and the target location coincide compared to conditions in
which they differ. We do not have specific predictions about
INDy;g. Participants with JND or JND ;s values greater than 3
standard deviations of the sample’s respective mean were ex-
cluded from all analyses (n = 2).

We first examined whether the obtained baseline PSEs and
JNDs were stable between the 4 blocks and the 2 sessions of
trials by using a one-way ANOVA. We then examined wheth-
er participants were accurate in the tactile discrimination in the
baseline condition. To do so, we tested whether baseline PSEs
with the weak and the strong reference stimuli were different
from the veridical intensities of the reference stimuli (0.28 and
0.34 mm, respectively). Effects of the stimulation location
(thumb, little finger), target location (thumb, little finger),
and reference intensity (weak, strong) on the PSEg;¢ and
INDy; were examined with a 2 x 2 x 2 repeated measures
ANOVA. When sphericity was violated, Greenhouse-Geisser
correction was applied. The p value was set to 0.05. The four
experimental conditions and the changes predicted by spatial
specificity of tactile stimulations at the target hand are sche-
matically illustrated in Fig. 2.

We also analyzed whether the strength of the change in
tactile sensitivity was related to kinematic measures, such as
movement speed or endpoint accuracy and precision.
However, because we did not find any such relationship, we
do not report kinematic results.

Results
Stability of baseline performance

Because our baseline data were obtained in different blocks
and sessions, we first wanted to confirm that the participants’

performance did not differ between blocks and across ses-
sions. The baseline PSEs indeed did not differ between the 4
blocks (F3, 30 = 2.7, p = 0.54, n° = 0.17): the average PSE
variability (average standard deviation between the 4 blocks +
standard error of the participants’ mean) was 0.07 = 0.01 mm
and 0.06 £ 0.01 mm for both digits and for the weak and
strong reference, respectively. The baseline PSEs were similar
across the 2 sessions (F;, ;3=2.7, p=0.12, n2 =0.17). Their
variability for the weak reference was 0.07 + 0.01 mm and
0.05 = 0.01 mm for the thumb and little finger, respectively,
whereas for the strong reference it was 0.05 = 0.01 mm for
both digits. JNDs differed between the 4 baseline blocks (£7,
30=3.5,p=0.02,11% = 0.21), as those in the fourth block were
27% greater than those in the 3" block (¢ = 3.4, p =0.005).
The variability of the JNDs between the 4 baseline blocks was
0.04 £0.01 mm for both digits and references. The JNDs were
similar across the 2 sessions (F; ;3=0.6,p =0.43, n2 =0.04).
Their variability was 0.03 = 0.01 mm and 0.02 £ 0.02 mm, for
both digits and for the weak and strong reference, respectively.
These results show that performing the experiment in different
blocks and sessions had a negligible impact on the perfor-
mance of our participants.

Baseline performance

After establishing that participants had a stable performance
between blocks and across sessions, we averaged their perfor-
mance over the 4 blocks to examine how accurately and pre-
cisely they discriminated the two tactile stimuli. The accuracy
of the discrimination in the baseline blocks, as reflected by the
PSEs, was high when participants were presented with the
weak reference stimulus (peak-to-peak displacement of 0.28
mm). Indeed, the average baseline PSE was 0.26 = 0.01 mm
for the thumb and 0.32 £ 0.02 mm for the little finger, and none
of them was significantly different from the veridical intensity
of the weak reference stimulus (thumb: p = 0.088; little finger:
p =0.068). When presented with the strong reference (peak-to-
peak displacement of 0.34 mm), participants were accurate for
comparison stimuli on their thumb (average PSE of 0.33 +
0.01 mm; p = 0.4) but not for comparison stimuli on their little
finger (average PSE of 0.42 + 0.02 mm, 23% underestimation;
t;3 = 3.1, p = 0.008, w? = 0.43). In general, participants
underestimated the intensity of stimuli on their little finger
compared with the reference stimuli on the sternum (F; ;3 =
8.2, p = 0.013, n* = 0.38). Participants’ precision of discrim-
ination in baseline, as reflected by the JNDs, was 0.13 +
0.01 mm and 0.14 = 0.01 mm for both digits and for the weak
and strong reference stimulus, respectively. JNDs were greater
when stimuli were compared with the strong reference (F; ;3=
7.7, p=0.016, 1 = 0.37): this was because participants’ pre-
cision of discrimination was poorer when stimuli on their little
finger were compared with the strong than with the weak ref-
erence stimulus (¢;3 = 2.74, p = 0.017, w? = 0.31).
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Fig.2 The predicted psychometric curves for the conditions with stimuli
on the thumb. We expect that stimuli on the target hand will be perceived
stronger when reaching than during baseline. This will be reflected in a
leftward shift of the psychometric functions and thus in lower PSEs
(colored compared to black lines). If tactile enhancement is specific to

Modulation of tactile perception during reaching

The purpose of our study was to investigate how location-
specific tactile enhancement is during reaching. For this pur-
pose, we first needed to test if tactile stimuli were indeed
enhanced, i.e., if the PSEs during reaching were lower than
those obtained during baseline. Please note that we only ana-
lyzed trials with stimuli presented during movement execution
but not those with stimuli at movement onset, because the
latter served as catch trials to impose uncertainty about the
stimulation time.

Figure 3 shows psychometric curves of a typical par-
ticipant and for a weak reference stimulus with compar-
ison stimuli presented on the thumb. The PSEs in the
reaching conditions (independent of location) are lower
than in the baseline suggesting that, when reaching
compared to baseline, comparison stimuli on the thumb
had to be weaker to be perceived as equal to the refer-
ence stimulus.

Consistent with our previous findings (Voudouris &
Fiehler, 2017), participants’ PSEs were lower during reaching
than baseline, as PSEy; were smaller than zero in all condi-
tions (Fig. 4a). More specifically, PSEg; was —0.06 +
0.02 mm for stimuli and reaches to the thumb (¢;; = -2.7, p
=0.017, w? = 0.31), —0.04 + 0.01 mm for stimuli on the
thumb and reaches to the little finger (¢;3 —2.4, p = 0.029,
w? = 0.25), —0.06 £+ 0.01 mm for stimuli and reaches to the
little finger (#;; = —2.8, p = 0.015, w? = 0.71), and —0.08 +
0.01 mm for stimuli on the little finger and reaches to the
thumb (¢;3 = —6.3, p < 0.001, w? = 0.32).

The PSEg4 was generally influenced by the stimulus
location as the enhancement was greater when stimuli
were presented on the little finger (—0.07 £ 0.01 mm) than
on the thumb (—0.05 £ 0.01 mm; F; ;5 = 11.8, p = 0.004,
n2 = 0.47). However, we did neither find an effect for
target location (F; ;3 = 2.2, p = 0.1, n2 = 0.1) nor an
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the target location, stimuli on the thumb (shown here) are expected to be
perceived even stronger (solid cyan line), thus PSEs will be even lower
compared with when reaching to the little finger (cyan-red lines). The
same logic applies also for stimuli on the little finger

interaction between stimulus and target location (F; ;3 =
0.01, p = 0.9, n* = 0.001).

After establishing that stimuli on the target hand were en-
hanced, we further examined our main question, i.e., whether
and how location-specific tactile enhancement is at the target
hand. We compared the PSE 4 between reaches to the thumb
and to the little finger for each stimulus location. Our results
show that there is no modulation of tactile enhancement based
on the location of the stimulus and the reach target (all < 1.2,
p> 0.2, w?>0.03). More specifically, the average difference
between reaches to the thumb and the little finger was —0.01 +
0.01 mm for stimuli on the thumb and —0.02 = 0.01 mm for
stimuli on the little finger. We also calculated Bayes factors to
examine the probabilities of our hypothesis being correct.
More specifically, we compared the hypothesis that tactile
enhancement will be stronger for stimuli at the target than
the non-target finger. The computed Bayes factors provided
no evidence for a difference between target and non-target
finger but rather revealed inconclusive results (thumb: BF =
0.52; little finger: BF = 0.62) based on the guidelines proposed
by Jeffreys (1961).

Tactile discrimination was more precise for stimuli during
reaching than baseline. Indeed, JNDg;+ were negative in all
conditions except for when stimuli were presented on the
thumb and reaches were done to the little finger (Fig. 4b).
More specifically, INDg;r was —0.03 + 0.01 mm for stimuli
and reaches to the thumb (¢;3 = —2.3, p = 0.037, w? = 0.23),
—0.01 £ 0.01 mm for stimuli on the thumb and reaches to the
little finger (¢;3 = —1.3, p = 0.202, w? = 0.04), —0.04 +
0.01 mm for stimuli and reaches to the little finger (¢;3 =
—5.6, p <0.001, w?= 0.57), and —0.04 £ 0.01 mm for stimuli
on the little finger and reaches to the thumb (z;; = —4.5, p =
0.001, w? = 0.68). Similar to the results of PSE sy, we found a
general effect of reaching in JNDg;¢ but no differences in
JND ;i between the target digit and the non-target digit (all #
<14,p>0.1, w <0.006).
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Fig. 3 Psychometric curves of one participant with weak reference
stimuli for the baseline (black), for comparison stimuli on the thumb
and reaches to the thumb (cyan outline with cyan filling), and for
comparison stimuli on the thumb and reaches to the little finger (cyan
outline with red filling). The PSEs (vertical lines) are lower in the

Discussion

In this experiment we investigated whether tactile en-
hancement is location-specific, i.e., if it is stronger at
the target than the non-target location of the same hand.
Participants discriminated a reference vibrotactile stimu-
lus on their sternum from a comparison stimulus on
their left thumb or little finger. The stimuli were pre-
sented simultaneously either while both hands were still
(baseline) or while reaching with their right hand to-
wards their left thumb or little finger. Thus, the com-
parison stimulus was presented on either the target or
the non-target digit of the target hand. Our results
showed that tactile stimuli were enhanced on the target
hand during reaching compared to baseline, confirming
our previous findings (Voudouris & Fiehler, 2017).
However, the strength of tactile enhancement did not
vary with the target location, i.e., tactile enhancement
was similarly strong when reaching to the target and
the non-target digit. This suggests that tactile enhance-
ment may have low movement-related spatial specificity
(at least across the target hand).
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Fig. 4 The difference in tactile sensitivity between baseline and reaching
as reflected by changes in (a) PSE, and (b) JND. Negative values indicate
lower values when reaching as compared to baseline, suggesting tactile
enhancement. Cyan and red outlines represent stimuli on the thumb and
little finger, respectively. Cyan and red fillings represent reaches to the

reaching conditions than in the baseline, but there seems to be no
modulation depending on where the participant reaches. The horizontal
arrows show the JND, as the difference in stimulus intensity between the
50% and 84% of the psychometric function

Experiment 2

One could argue that the lack of spatial specificity may arise
because participants always expected and received a stimulus
on their target hand. Therefore, this expectation of stimulation
at both digits may have led to a spatially unspecific tactile
enhancement. At the same time, stimulation on the target hand
in every trial may have caused a systematic enhancement that
cascaded from one trial to the next. To address these issues, we
conducted a second experiment. Participants received tactile
stimuli not only on their left thumb or little finger but also on
their left upper arm. Reaches were again performed only to
their left thumb or little finger. Importantly, half of the trials
included stimulations at the target hand and the other half
included stimulations at the left upper arm, thus providing
equal stimulus probabilities for the upper arm and the hand.
In addition, experiment 2 can inform about the spatial speci-
ficity of tactile enhancement by comparing tactile sensitivity
on the upper arm and the target hand. If stimuli on the upper
arm are enhanced during reaching to the hand, it would imply
that tactile enhancement generalizes across the target arm. On
the other hand, if stimuli on the upper arm are less or not
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g PR,
5 £x £
S -0.1251 E% E%
gz g3
o2 o8
stimulus thumb‘ [ ]
-0.250 stimulus finger @ @+

thumb and little finger, respectively. The tactile enhancement effect for
the PSE was evident in all conditions, whereas for the IND we observed it
in 3 of the 4 conditions. Small dots indicate the values of the individual
participants for each condition. Error bars represent the standard error of
the participants’ mean
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enhanced during reaching, it would suggest a spatial gradient
showing decreased tactile enhancement with increased dis-
tance from the reach goal.

Methods

Sixteen right-handed participants (median age: 23.5 years, 18-
34 years old) joined the experiment. Two of them were ex-
cluded (see “Data analysis” of experiment 1), resulting in a
total sample of 14 participants. Except for the details men-
tioned below, the apparatus, procedure, and data analysis were
the same as in experiment 1. We now presented only the weak
reference stimulus (peak-to-peak displacement 0.28 mm) to-
gether with one of nine comparison stimuli (peak-to-peak dis-
placement of 0.03, 0.09, 0.16, 0.22, 0.28, 0.34, 0.41, 0.47, or
0.53 mm). The two vibrotactile stimuli were presented simul-
taneously 150 ms after participants started reaching. No stim-
uli were presented at the time of movement onset. The refer-
ence stimulus was presented on the sternum and the compar-
ison stimulus either on the left thumb, or the left little finger, or
the left upper arm (lower part of the deltoid muscle).
Participants were only instructed about where to reach but
not about where the stimulus will be presented. For the
reaching block, we ran a total of 432 trials, with half of them
including a stimulus on the upper arm (216 trials), and the
other half'a stimulus on the target hand (108 trials with stimuli
on the thumb, and 108 trials with stimuli on the little finger),
whereas for the baseline block we ran 216 trials.

Results
Baseline performance

The average baseline PSE was 0.16 = 0.02 mm for the thumb,
0.23 £0.02 mm for the little finger, and 0.27 + 0.02 mm for the
upper arm. Participants’ baseline PSEs were not similar to the
veridical intensity of the reference stimulus (5 ,5=8.15,p =
0.002, n* = 0.38). Indeed, participants significantly
overestimated the intensity of the stimuli on their thumb and
little finger but not on their arm (thumb: #;,; =—6.4, p < 0.001,
w? =0.74; little finger: ¢;3=—2.6,p=0.02, w?=0.29; arm: 13
=-0.7,p=0.49, w?= 0.03). The overestimation of the stimuli
on the thumb was stronger when compared to that on the little
finger (1,3 = —3.8, p = 0.002, w? = 0.49) and to the perception
of stimuli on the upper arm (¢;; = —3.5, p = 0.004, w? = 0.44).
Participants’ precision of discrimination in the baseline, as
reflected by the INDs, was 0.09 + 0.01 mm for stimuli on the
thumb, 0.12 £ 0.01 mm for stimuli on the little finger, and 0.08
+ 0.01 mm for stimuli on the upper arm. The baseline JNDs
were influenced by the stimulus location (F, »5 = 3.86, p =
0.034, 1> = 0.22): the baseline JND for stimuli on the upper
arm was significantly smaller only compared with that for
stimuli on the little finger (¢;5 = 2.3, p = 0.034, w? = 0.23).
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Modulation of tactile perception during reaching

Tactile perception was modulated depending on the stimulus
location (F5 ,5=12.69, p < 0.001, n? = 0.49): it was different
for stimuli between thumb and little finger (¢;; = 3.1, p =
0.008, w? = 0.38), between thumb and upper arm (¢;3 = -
2.6, p =0.02, w? = 0.29), and between little finger and upper
arm (¢;3=—4.2, p =0.001, w? = 0.54). Tactile enhancement,
as reflected by the PSEg;s values being lower than zero, was
again evident for stimuli on the little finger (—0.09 + 0.02 mm;
t;3=-3.5, p =0.004, w? = 0.44). However, the effect did not
reach significance levels for stimuli on the thumb (—0.03 +
0.02 mm; ¢;3 = —1.7, p = 0.099, w? = 0.12). Stimuli on the
upper arm also were not enhanced (0.01 +£0.01 mm; #;3=1.7,
p=0.098, w?=0.12; Fig. 5a). More specifically, PSE 4 was
—0.02 + 0.02 mm for stimuli and reaches to the thumb (¢;; =
-1.1,p=0.25, w?= 0.01), —0.05 £ 0.02 mm for stimuli on the
thumb and reaches to the little finger (z;; —2.1, p = 0.054, w’=
0.19), —0.10 = 0.03 mm for stimuli and reaches to the little
finger (¢;3=-3.2, p=0.007, w?=0.39), —0.08 = 0.02 mm for
stimuli on the little finger and reaches to the thumb (¢;; =—3.6,
p=0.003, w*=0.46), 0.03 +0.01 mm for stimuli on the upper
arm and reaches to the thumb (¢;,3=2.2, p = 0.039, w?=021),
and 0.00 = 0.01 mm for stimuli on the upper arm and reaches
to the little finger (#,; = 0.2, p = 0.815, w? = 0.07).

Importantly, tactile enhancement on the little finger was
similar for reaches to the little finger and for reaches to the
thumb (1,3 = 1.2, p = 0.249, w? = 0.03), providing addi-
tional evidence that tactile enhancement is not spatially
specific on the target hand. The calculated Bayes-factor
for stimuli on the little finger was 0.61 and for stimuli on
the thumb it was 0.95.

The precision of tactile discrimination, as reflected by the
INDy;s, was influenced by the stimulus location (£, 55 = 4.3,
p =0.024, 1 = 0.249): it was better for stimuli on the little
finger than the thumb (¢;; = 2.7, p = 0.018, w? = 0.31; Fig.
5b). In general, the precision of discrimination was improved
during reaching for stimuli on the little finger (z;3 = —4.6, p <
0.001, w? =0.59), but not for stimuli on the thumb (¢,3=0.1, p
= 0.884, w? = 0.07) and on the upper arm (¢;3 = —1.9, p =
0.068, w? = 0.15). More specifically, JNDg;r was —0.005 +
0.01 mm for stimuli and reaches to the thumb (¢,;=-0.4,p =
0.583, w?= 0.06), 0.008 + 0.01 mm for stimuli on the thumb
and reaches to the little finger (z;3= 0.6, p = 0.501, w?= 0.00),
—0.03 £ 0.007 mm for stimuli and reaches to the little finger
(t;3=—4.3,p=0.001, w?=0.55),—0.03 £ 0.01 mm for stimuli
on the little finger and reaches to the thumb (z;; =34, p =
0.004, w? = 0.43), —0.02 £ 0.01 mm for stimuli on the upper
arm and reaches to the thumb (¢,3=-1.9, p=0.08, w?=0.15),
and —0.01 = 0.01 mm for stimuli on the upper arm and reaches
to the little finger (¢;3=—1.9, p=0.071, w?=0.15). We found
no differences in INDg; between the target digit and the non-
target digit (all £ < 0.9, p > 0.3, w < 0.01).
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Fig. 5 The difference in tactile sensitivity between baseline and reaching
as reflected by changes in (a) PSE, and (b) JND. Cyan, red and black
outlines represent stimuli on the thumb, little finger and upper arm,

Discussion

In experiment 2, we examined whether the low spatial speci-
ficity of tactile enhancement found in experiment 1 was due to
the stimulation always occurring at the target hand. In exper-
iment 2, half of the trials included a stimulus at the left target
hand and the other half of the trials included a stimulus on the
left upper arm; thus, participants could not predict on which of
the two locations the stimulus would be presented. Similar to
experiment 1, tactile modulation in experiment 2 was stronger
on the little finger compared to the thumb. In contrast to ex-
periment | though, tactile enhancement was now evident for
stimuli on the little finger but did not reach significance for
stimuli on the thumb. The weaker tactile modulation on the
thumb may be due to differences in the transmission of cuta-
neous vibrations that are weaker on the thumb compared to the
other digits (Shao, Hayward, & Visell, 2016). In addition, the
fact that stimuli on the thumb were not enhanced in experi-
ment 2 is partly caused by the low thresholds for the thumb in
the baseline condition, leaving hardly room for tactile en-
hancement. Indeed, in experiment 2 the baseline PSE on the
thumb was 40% lower compared with that obtained for the
weak reference in experiment 1 (0.16 vs. 0.26 mm), and im-
portantly this PSE value (0.16 mm) corresponds to the third
weakest stimulus of the range of stimuli we presented. It is
notable that not only the thumb baseline PSE was lower in
experiment 2 but also the one of the little finger (0.32 and
0.23 mm in experiment 1 and 2, respectively). Such discrep-
ancy in the baseline PSEs might have been caused by the arm
and digit posture being slightly different between the two ex-
periments (see “Procedure”), which has been shown to influ-
ence tactile sensitivity on the digits (Heed, Backhaus, &
Roder, 2012). Additional differences between the two exper-
iments also might have played a role, for instance that we used
only one reference stimulus instead of two and presented less
repetitions per condition in experiment 2.

Importantly, we show again that tactile enhancement has
low spatial resolution within the target hand. Indeed, the clear
and systematic enhancement of stimuli on the little finger was
not stronger when reaching to the little finger compared with
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respectively. Cyan and red fillings represent reaches to the thumb and
little finger, respectively. Details same as in Fig. 4

when reaching to the thumb. Given that participants did not
always expect a stimulus on their target hand, our results con-
firm the findings of experiment | and are in line with the
notion that tactile enhancement has low spatial resolution
within the target hand.

In our second experiment, we also were able to further
examine the gradient of tactile enhancement within the target
limb. We found that tactile stimuli on the upper arm are not
enhanced when reaching to the hand. Instead, we found a
systematic suppression of the stimuli presented on the upper
arm, but only when reaching to the thumb. Although we do
not have a clear explanation for this effect, it makes clear that
participants do not enhance their tactile sensitivity across their
whole target arm when reaching to their hand. Hence, tactile
sensitivity increases at the target hand but does not generalize
to the whole arm, providing first evidence for the general
boundaries of tactile enhancement.

General discussion

In this study, we examined whether tactile enhancement is
location-specific, i.e., if it is stronger at the target than the
non-target location of the same hand. We did find that stimuli
on the target hand were in general perceived stronger when
reaching than during baseline, supporting our previous results
(Voudouris & Fiehler, 2017). The strength of tactile enhance-
ment did not vary with the target location, i.e., tactile enhance-
ment was similarly strong when reaching to the target or the
non-target digit of the same hand. In contrast to the target
hand, there was no evidence for tactile enhancement at the
upper arm. This suggests that tactile enhancement has low
movement-related spatial specificity across the target hand
but shows a spatial gradient with farther distance.

To examine the specificity of tactile enhancement, we first
confirmed our previous findings that tactile sensitivity is en-
hanced at the unseen target hand during reaching (Voudouris
& Fiehler, 2017). Accordingly, we observed overall lower
PSEs during reaching than baseline. This suggests that stimuli
on the target hand were perceived stronger when reaching to
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that hand than when discriminating the stimuli at rest. Such an
effect is unlikely to occur solely because of the reaching
movement itself, because we have shown previously that tac-
tile enhancement on the target hand is evident only when
reaching to that hand and absent when reaching to an external
visual target (Voudouris & Fiehler, 2017). We argue that tac-
tile signals are enhanced at movement-relevant locations, such
as reach goals.

One might expect that controlling a movement while pro-
cessing two simultaneously presented tactile signals would
lead to deteriorated tactile discrimination performance be-
cause of additional processing demands. Our results show that
the precision of tactile discrimination was not impaired during
reaching. Indeed, in both experiments the precision of tactile
discrimination was better when reaching than in baseline, as
reflected by the generally lower JNDs.

Our findings about tactile enhancement are in line with
previous evidence suggesting a tight link between movement
planning or execution and tactile enhancement (Forster &
Eimer, 2007; Juravle et al., 2016). Such a link has been pro-
posed by the premotor theory of attention, according to which
humans improve their sensory processing at locations towards
where they plan a movement (Rizzolatti, Riggio, Dascola, &
Umilta, 1987; but see also Smith & Schenk, 2012). For in-
stance, visual discrimination is more accurate (Moehler &
Fiehler, 2014; Deubel, Schneider, & Paprotta, 1998) and tac-
tile detection is faster (Rorden et al., 2002) at locations to
which an eye or hand movement is being planned. In contrast,
an ERP study, in which participants performed reaching
movements to their own hand similar to those in our study,
revealed enhanced somatosensory N140 amplitudes to tactile
stimuli on the moving hand but not to stimuli on the farget
hand (Forster & Eimer, 2007). The latter findings suggest that
for reaching movements towards somatosensory targets
humans prioritize the processing of tactile signals presented
on their moving arm instead of signals presented on their static
target hand (but see also Eimer, Forster, van Velzen, & Prabhu,
2005). Here, we found tactile enhancement at the somatosen-
sory reach goal, which speaks in favor of enhanced sensory
processing at the target hand. This difference between our
results and that by Forster and Eimer (2007) might be attrib-
uted to the fact that our stimuli were presented during move-
ment execution but not during movement planning, as in their
study. Tactile enhancement at the target hand during move-
ment execution may indicate that such sensory up-regulation
can occur at the reach goal also after movement preparation.

Our main question was how location-specific tactile en-
hancement is. So far, the spatial characteristics of tactile en-
hancement during reaching are widely unknown. If tactile
signals are enhanced when they arise at the target location,
one might expect stronger enhancement when the stimulus
and target location coincide. Our current results show that this
is not the case for stimuli on the target hand.
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One possible reason for the lack of a location-specific tac-
tile enhancement within the target hand might be that the
location where stimuli were presented on the hand as well as
the target locations were too close together. For instance, in
the context of tactile suppression it has been shown that tactile
sensitivity is modulated by the location of the stimulation with
respect to the moving body part. Indeed, the strength of sup-
pression decreased with the distance between the stimulus
location and the moving body part showing only negligible
differences in sensitivity for small distances within the same
hand (digit vs. palm; Williams et al., 1998). In our experiment
2, we provide evidence that tactile enhancement has some
spatial specificity, as we did not find any tactile enhancement
for stimuli on the left upper arm while reaching to the left
hand. Because we did not test for tactile sensitivity for loca-
tions at the palm or forearm, we cannot further comment about
how broad is the spatial gradient of tactile enhancement.

It has been shown that cutaneous vibrations on the digits
propagate within the hand (Shao et al., 2016). However, these
propagations are not strong enough to cover areas farther than
the immediate neighboring digit. In our experiment, the stim-
ulus was applied either to the thumb or little finger, the two
digits that are farthest apart. Therefore, it is unlikely that stim-
uli presented on the thumb would be felt on the little finger,
and vice versa.

What is the purpose of tactile enhancement? Enhancing
the perception of tactile stimuli at the movement target
may facilitate the use of somatosensory information for
successfully planning and guiding a movement. This is
particularly important because in our experiment visual
information was withdrawn. Indeed, there is evidence that
tactile sensitivity increases when vision is available com-
pared with when it is not (Colino, Lee, & Binsted, 2016;
Cardini, Longo, Driver, & Haggard, 2012). Yet, we inten-
tionally removed visual information so that participants
had to rely only on somatosensory signals from their tar-
get hand to derive the target location. Moreover, somato-
sensory signals from the target hand are important because
they provide sensory feedback at the time of contact about
whether the reaching movement was correctly performed.
Therefore, enhancing tactile perception at a movement-
relevant location can be functionally important for a suc-
cessful movement, at least when visual information is not
available. In line with the importance of tactile enhance-
ment, we have recently shown that tactile suppression is
stronger when reaching to body than external targets,
which suggests that humans may suppress irrelevant tactile
stimuli on the moving limb to release resources for pro-
cessing task-relevant (somatosensory) signals (Gertz,
Voudouris, & Fiehler, 2017).

Lastly, when participants performed the tactile discrimina-
tion task in the baseline condition, they were not always ac-
curate when perceiving the tactile stimuli. Indeed, in
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experiment 1 and for the strong reference, participants
underestimated the intensity of the stimuli on their little finger,
whereas in experiment 2 they overestimated the intensity of
the stimuli on their thumb. The possibility that participants
did not correctly localize which of the two digits was stim-
ulated is unlikely, as no participant reported such difficul-
ties. Yet, differences in tactile sensitivity of different digits
may partly explain these effects. For instance, tactile acuity
becomes gradually lower from the index to the middle and
from the middle to the ring finger (Vega-Bermudez &
Johnson, 2001). Moreover, tactile processing on the digits
appears to depend on many factors, such as arm and finger
posture (Haggard, Kitadono, Press, & Taylor-Clarke, 2006;
Heed et al., 2012; Heed & Azanon, 2014). Nevertheless,
this effect does not jeopardize our conclusions, as our mea-
sures of tactile modulation are all relative to the tactile
sensitivity obtained in the baseline. In experiment 1, dis-
crimination thresholds on the little finger tended to be
slightly higher than those on their thumb. This is at odds
with previous findings showing that two-point discrimina-
tion thresholds on the little finger are lower than those on
the thumb (Kalisch, Tegenthoff, & Dinse, 2007).

In sum, we demonstrate that tactile stimuli on the target
hand are generally enhanced during reaching when this hand
serves as movement target. Tactile enhancement has some
spatial specificity, as stimuli on the upper target arm were
not enhanced. Yet, tactile enhancement seems to spread
throughout the target hand and has low movement-related
spatial specificity.
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