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ABSTRACT

The development of devices capable of delivering tactile and thermal feedback have
the potential to improve brain-machine interfaces for neurorehabilitation protocols.
Monetary rewards are known to improve some types of passive tactile processing.
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The aim of this study was to describe the performance and neural activity of subjects
receiving tactile stimuli through a tactile stimulation sleeve in the presence or absence
of monetary rewards. Healthy subjects were required to discriminate between
different tactile stimulation patterns delivered through a stimulation sleeve while their
neural activity was recorded with Electroencephalography (EEG). Behaviorally, no
significant differences were observed in the performances of subjects wearing the
sleeve. Meanwhile, analysis of neural activity revealed that the introduction of
monetary rewards consistently generated significant differences in theta frequency
band for occipital electrodes. These results support the notion that monetary rewards
can significantly influence tactile information processing.

Keywords: Tactile stimulation, Human-machine interface, Monetary reward, EEG,
Neural activity

INTRODUCTION

Tactile feedback and tactile information processing have gained increased relevance
in Brain-machine Interfaces (BMIs) (Lebedev and Nicolelis, 2017, Donati et al.,
2016; Pais-Vieira et al., 2013; Pais-Vieira et al., 2015) and other human-machine
interfaces (Pais-Vieira et al., 2020; Perrotta et al., 2020) due to the ability to quickly
improve the user performance as well as due to their potential to induce neural
plasticity (Donati et al., 2016; Pais-Vieira et al., 2013; Pais-Vieira et al., 2015). For
example, a previous study combining brain control of avatars and exoskeletons in the
context of rehabilitation, has demonstrated significant improvement in SCI patients
in a variety of parameters (Donati et al., 2016). According to unpublished reports of
users of our own system (healthy n=3, and neurological patient n=1), the tactile
feedback delivered through these sleeves is particularly useful because it constitutes
a validation of the user’s estimation of the moment when the “sole of the foot” (of the
avatar) has touched the ground. This has been described by these users as a
“rewarding experience”. Such results support the notion that tactile stimulation and
reward processing may share relevant neural paths which, if properly associated, have
the potential to improve BMI control. Here, we asked if the introduction of monetary
rewards could help improve subject’s ability to discriminate between tactile stimuli
during the use of a thermal and tactile stimulation sleeve. Although, it has been
previously demonstrated that the use of monetary rewards can significantly improve
passive tactile discrimination in a frequency discrimination task (Pleger et al., 2008),
there are, to our best knowledge, no other studies describing the effect of monetary
rewards in other types of tactile processing such as width discrimination or complex
tactile stimulation patterns (e.g., mimicking the footsteps of an avatar or exoskeleton).
In this study we present the results from a small sample of subjects tested in different
tactile stimulation patterns delivered to the forearm through the thermal-tactile sleeve.
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METHODS

The present study was approved by the local ethics committee (SECVS 148/2016). A
small sample (n=6 participants, 1 female) without history of severe neurological
disease or motor deficit to the upper limbs with ages between 18-42 years old was
studied here. All participants were initially introduced to the full set up and allowed
to interact with it before experimenting started. The setup included a thermal-tactile
sleeve controlled by a central unit, separated of the user; an EEG cap, and a computer
for the participant to indicate the behavioral response. Throughout the session, the
temperature varied between 25°C and 37°C. As the subjects reported that they were
not able to detect these variations in temperature, this data will not be analyzed in the
present study.

The study design included a session with two experiments for each subject. The first
experiment consisted in discriminating between medial and lateral stimulation, while
second experiment consisted in discriminating between proximal stimulation and
distal stimulation. A total of 40 trials were performed in each experiment; 20 trials
without reward and 20 trials with reward (counterbalanced across subjects).

Neural data was recorded using a 16 channel EEG (V-Amp, actiCAP; Brain Products
GmbH, Gilching, Germany) and analyzed offline using Brain Vision Analyzer
(version 2.2.1, Brain Products, Gilching, Germany) and Matlab (Mathworks, 2018b,
Natick, USA). Pre-processing included re-referencing using all channels as reference,
then a notch filter was applied (50Hz), followed by ocular correction (built in Visual
Analyzer) and data segmentation to include the tactile stimulation period. Power was
studied using a Fast Fourier Transform in the delta, theta, alpha, and beta frequency
bands. The gamma frequency band was not analyzed here due to the presence of noise
generated by the thermal-tactile controlling device. Lastly, an overall normalization
across subjects was performed. Paired samples t-test or the non-parametric equivalent
were used to compare behavior and neural activity within-subjects in rewarded and
non-rewarded versions of the task.
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Figure 1. Experimental design and setup. a) An initial (Pause) between trials lasted for 2
seconds. Tactile (Stimulation) was delivered for another 2 seconds. The subject was then
required to make a response (Response) regarding the existence, location, and direction of the
stimuli. B) A total of 20 non-rewarded trials (No reward) and 20 rewarded (Reward) trials were
performed in the (Horizontal) and (Vertical) versions of the task. C) Disposition of tactile
vibrators in the sleeve.

RESULTS

The average results for the tactile discrimination sessions are presented in Figure 2 a.
No significant differences were observed in the performances of subjects wearing the
sleeve when they were tested in the Vertical (t=0.7454, df=5, P=0.4896, n.s.; paired
samples t-test) or Horizontal (t=0.8305, df=5, P=0.4441, n.s.; paired samples t-test)
versions of the task. Subjects indicated that the “Vertical” (i.e., medial-lateral
stimulation) version of the task was more difficult than the “Horizontal” (i.e.,
proximal-distal) version of the task.
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Figure 2. Results from sessions. a) Tactile stimulation (Horizontal - easy) indicates the
orientation of proximal to distal stimulation. (Vertical- difficult) indicates the orientation from
medial to lateral. b) Results from the behavioral performances were not significantly different
for either version of the task.

Analysis of neural activity (see Figure 3) revealed that the introduction of monetary
rewards generated significant differences in neural activity mainly in the theta and
delta frequency bands. In the Horizontal version of the task, the rewarded version
increased the power in electrodes: P4 (increase in Delta: t=2.650, df=5, P=0.0454,
increase in Theta: t=2.601, df=5, P=0.0482; paired samples t-test), Ol (increase in
Theta: t=2.908, df=5, P=0.0335; paired samples t-test), and O2 (increase in Theta:
t=3.070, df=5, P=0.0278; paired samples t-test).
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Figure 3. Differences in power of frequency bands. On the left (Horizontal) electrodes P4,
01 and O2 presented significant increases in power for theta and/or delta frequency bands. On
the right (Vertical) significant decreases in power were found for Fz, and O2 for the theta
frequency band.

Meanwhile, in the Vertical version of the task (see Figure 3, right panel) significant
differences were found in: Fz (reduction of Theta during reward: t=2.856, df=5,
P=0.0356; paired samples t-test), and O2 (reduction of Theta during reward: t=4.070,
df=5, P=0.0096; paired samples t-test). Therefore, Horizontal and Vertical versions
of the task presented different types of neurophysiological modulations.

DISCUSSION

The effects of monetary rewards were tested in a small sample of subjects wearing a
tactile stimulation sleeve. The introduction of monetary regards did not change the
performance of subjects, even though it significantly changed neural activity in
multiple electrodes recording mostly from parietal and occipital regions.
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Our results are not in line with previous results where monetary rewards were
reported to improve tactile discrimination performance (Pleger et al., 2008). Several
variables could account for this difference. First, we have tested only a small sample
of subjects in tactile sleeve, which could account for the lack of differences between
rewarded and non-rewarded versions of the task. Second, the type of stimulus
delivered by the tactile sleeve, is significantly different from the one tested
previously. At this point it is of interest to note that, in two separate experiments not
yet published, we have tested a total of 40 subjects in a tactile width discrimination
task (Perrrotta et al., 2020) and, also no differences were found for behavioral
performances in rewarded and non-rewarded trials. Therefore, the role of monetary
rewards in tactile processing requires further detailed investigation on the key
variables involved (Zink et al., 2004; Pleger et al., 2008).

Subjects reported that the medial-lateral stimulation version of the task was more
difficult than the proximal-distal version of the task. Such difference may, in part be
explained by the fact that proximal to distal stimulation (and vice-versa) requires the
activation of vibrators in three different steps (i.e., proximal vibrators, center
vibrators, and lastly, the two distal vibrators) while the medial to lateral requires only
two steps (i.e., three medial vibrators, followed by three lateral vibrators). This
finding is relevant for serious games and brain-machine interface developers since
this type of stimulation interfere with behavioral performances (Lebedev and
Nicolelis, 2017; Donati et al., 2016; Vieira et al., 2021).

Analysis of neurophysiological activity indicated a fundamental role for occipital
electrodes in the theta frequency band. Namely, electrodes P4, O1, and O2 presented
an increase in power for the rewarded horizontal version, while Fz and O2 presented
a decrease for the vertical rewarded version of the task. A previous study of tactile
function has proposed that theta frequency band in parietal regions may be associated
with attentional and emotional mechanisms (von Mohr et al., 2018). Also, in rodents
performing a tactile width discrimination task, a complex network of regions
involving fronto-parieto-occipital regions has also been described (Kunicki et al.,
2019). While these results seem to be in line with our present neurophysiological
findings, they should be considered with care due to the limited number of electrodes
and subjects recorded here (see below). Also, it is not clear from the present results
why the horizontal and vertical versions were associated with an increase and a
decrease, respectively in power for these electrodes.

A number of limitations should be considered when analyzing the present results. The
sample studied here was relatively small and gender-biased (small number of
females). Noise generated by the mechatronic devices prevented analysis of the
gamma frequency band. Lastly, as the setup used was limited to 16 electrodes, source
analysis was not be performed (Cohen, 2014), and therefore, it cannot be assumed
that the changes in activity recorded from a particular electrode, necessarily
correspond to changes occurring in the cortical region beneath it. Despite these
limitations, the neurophysiological findings reported here are mostly in line with
previous reports of tactile function and reward processing (von Mohr et al., 2018;
Kunicki et al., 2019).
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CONCLUSIONS

The present study could not reject the null hypothesis that monetary rewards do not
affect tactile discrimination performance. However, it supports the notion that
monetary rewards significantly modulate information processing in electrodes
recording from occipital locations.
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