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Abstract: Background: The perception of tactile-stimulation locations is an important function of the

human somatosensory system during body movements and its interactions with the surroundings.

Previous psychophysical and neurophysiological studies have focused on spatial location perception

of the upper body. In this study, we recorded single-trial electroencephalography (EEG) responses

evoked by four vibrotactile stimulators placed on the buttocks and thighs while the human subject

was sitting in a chair with a cushion. Methods: Briefly, 14 human subjects were instructed to sit in a

chair for a duration of 1 h or 1 h and 45 min. Two types of cushions were tested with each subject: a

foam cushion and an air-cell-based cushion dedicated for wheelchair users to alleviate tissue stress.

Vibrotactile stimulations were applied to the sitting interface at the beginning and end of the sitting

period. Somatosensory-evoked potentials were obtained using a 32-channel EEG. An artificial neural

net was used to predict the tactile locations based on the evoked EEG power. Results: We found

that single-trial beta (13±30 Hz) and gamma (30±50 Hz) waves can best predict the tactor locations

with an accuracy of up to 65%. Female subjects showed the highest performances, while males’

sensitivity tended to degrade after the sitting period. A three-way ANOVA analysis indicated that

the air-cell cushion maintained location sensitivity better than the foam cushion. Conclusion: Our

finding shows that tactile location information is encoded in EEG responses and provides insights

on the fundamental mechanisms of the tactile system, as well as applications in brain±computer

interfaces that rely on tactile stimulation.
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1. Introduction

The perception of tactile-stimulation locations is an important function for our body to
avoid danger and interact with the environment. Through perception, we gain knowledge
on the object’s shape, orientation, temperature, etc. [1±4]. Unfortunately, previous studies
on the perception of tactile locations have focused on the psychophysical aspects. For
example, localization errors or precision have been measured with human behavioral
tasks [5±8]. In those studies, tactile stimulation was usually applied to the upper body, such
as the arms.

In rodents, decoding of tactile locations has been studied by applying stimulation to
different whiskers or digits while recording from the primary somatosensory cortex [9±11].
Few studies have explored the possibility of decoding tactile locations using non-invasive
electrophysiological methods in humans. One study using fMRI found that different brain
areas are recruited in distance judgement, compared with contact judgement [12]. The
most relevant study on decoding tactile locations using electrophysiological approaches
was performed by Wang et al. [13]. They applied vibrations to four different locations on
the right arm and recorded electroencephalography (EEG) from the human subjects. They
found that the high-beta band (25±32 Hz) yielded the best decoding accuracy.

The present study generated vibrotactile stimulations to the epidermis of buttocks and
thighs along the sitting interface while recording somatosensory-evoked potentials (SEPs)
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at the beginning and end of a sitting period. Compared with previous studies, we aimed to
address three important aspects.

First, previous studies mostly examined the localization of tactile stimulation on the
upper body, such as the arms, or both upper and lower bodies. Here, we attached the
stimulators exclusively to the lower body, and particularly the part of tissue involved in
sitting. Prolonged sitting is a known cause of cardiovascular diseases, diabetes, muscle de-
terioration, an increased enveloping fat layer, and other chronic diseases [14±16]. Sustained
pressure and tissue load can have an accumulative effect on the seated buttocks, causing
pressure ulcers to occur. Areas near bony prominences, namely the ischial tuberosity, are
especially susceptible [14]. Unfortunately, few studies have systematically examined the
effect of prolonged sitting on SEPs, and those studies focus on how SEPs vary with the
sitting/semi-sitting posture [17±20]. In the present study, SEPs were obtained before and
after the subject sat on a cushion for 1 h or longer to examine whether sitting had an effect
on decoding tactile locations using SEPs.

Second, while examining whether sitting influences spatial-location perception, we
altered the type of cushions the subject was sitting on. Conventional practice for tissue-
stress alleviation is to use a soft and thick cushion, such as the thick foam cushion in
this study, to allow adequate immersion and to distribute loads [21]. A better choice
is ªskin-protection cushionsº designed to reduce pressure near bony prominences and
accommodate orthopedic deformities. Clinically, those cushions have been shown to reduce
ulcers by distributing load better than foam cushions [22]. Therefore, we anticipated to
observe fewer changes in locational sensitivity after the human subject had sat on an air-cell
cushion than on a foam cushion over the same period of time.

Last, the previous EEG study [13] did not examine information higher than 32 Hz. It has
been known that gamma activity (>30 Hz, up to 200 Hz) contains information on important
tactile features, such as texture [13], vibration frequency [23], multi-modal integration [24],
and touch-pain perception [25]. Gamma somatosensory cortical oscillations are also found to
be important for somatosensory gating during movements or pain perception [26,27].

Therefore, we performed the location classification using EEG signals separately
extracted from the traditional delta, theta, alpha, beta, and gamma bands. An artificial
neural net was applied to obtain classification accuracy on predicted tactile locations. The
classification performance was examined for various experimental conditions, such as
frequency bands, beginning and end of the sitting period, gender, and types of cushions.

2. Methods

2.1. Experimental Setup

Fourteen human subjects (aged 19±26), including six women and eight men, par-
ticipated in the study. The subjects had no history of neuromuscular disorders. The
experimental protocol was approved by the Institutional Review Board of Saint Louis Uni-
versity (Protocol #29002, entitled ªElectroencephalography, sound detection, eye-tracking,
and somatosensory-evoked potentials towards applications in prostheticsº). On each day,
the subject sat in a chair that had either a flat and thick foam cushion (4±5′′) or an air-cell
cushion (ROHO High Profile, Permobil, Mt. Juliet, TN, USA; Figure 1A). The duration
of the sitting period was either 1 h (Subjects S1 to S6) or 1 h 45 min (Subjects S7 to S14).
During the sitting period, the subject stayed in the chair with the cushion and worked with
a computer or a phone. He/she was allowed to go to the restroom when needed, but it
rarely occurred.

A 2-D array of vibrators, called C-2 ªtactorsº (1¼-inch diameter, Figure 1B), were taped
to the subject’s clothes around buttocks and thighs. Figure 1C shows the tactor placement.
Tactors T1 and T2 were located near the left and right ischial tuberosities, respectively,
where tissue load was supposed to be high during sitting. T3 and T4 were placed 3′′ down
from T1 and T2 on the thighs. The vibrations of the tactors were controlled by an 8-channel
EAI Universal Controller (Engineering Acoustics Inc. Casselberry, FL, USA).
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4. Discussion

4.1. Decoding Spatial Locations for Tactile Stimulation

The primary somatosensory cortex is located in the postcentral gyrus of the parietal
lobe and projects to higher-order association cortices in the parietal lobe. It has been
suggested that SEPs recorded with scalp electrodes are mediated by the posterior column-
medial lemniscus pathway [33]. SEPs can be created either by vibrotactile stimulation on
the epidermis or direct electrical stimulation of peripheral nerves [34]. Clinically, SEPs
are widely used for intraoperative spinal-cord monitoring [35±37] or the diagnosis of
neuropathies [17,38].

Positive and negative peaks can occur around 20, 30, 50, and 100 ms in SEPs generated
by brief electrical stimulations to the median nerve in the upper limbs, with or without the
accompanying vibrotactile stimulations [39±41]. Here, we applied sustained vibrations to
the buttocks and thighs that lasted for 1 s on each trial. We observed multiple prominent
peaks before 300 ms and a slow ªrecoveryº afterwards until the end of the stimulation.
Unfortunately, the temporal waveforms did not provide sufficient information regarding
the tactor’s location (Figure 2), at least not on a signal-trial basis. Applying the artificial
neural net to the temporal waveforms yielded a decoding performance of less than 30%.
This is reasonable given the following facts about the evoked potentials.

First, the temporal waveforms of the SEPs are typically contaminated by large oscilla-
tions (namely the alpha, beta waves, etc.) that are unrelated to external stimulation. For that
reason, averaging across many epochs is usually performed to derive a ªcleanº SEP [42], as
shown in Figure 2 after averaging over 75 trials each. Indeed, when we combine multiple
SEP trials and average those trials to form a single test sample, classification performance
can be increased to >40% (not presented). In contrast, the band-power approach we tried
next has the advantage of filtering out unwanted oscillations within a single trial.

Second, the tactor locations were on both the left and right sides of the lower body
(Figure 1C). Because somatosensory information is mostly encoded by the contralateral
side of the brain, we expect that multiple electrodes occupying both sides of the brain
are necessary for decoding the exact stimulation location. Therefore, it is not surprising
that single-electrode SEPs did not provide enough information on the tactile locations. In
addition, the temporal waveform of a single SEP is already high-dimensional. If further
combined across multiple electrodes, it would be too much for the artificial neural net to
handle unless a large number of data trials were collected to train the classifier.

Alternatively, combining the signal power across all 31 electrodes yielded much better
decoding performance, especially with the beta and gamma bands, for both types of cush-
ions. We should point out the fact that the tactile stimulation frequency was 25 Hz. When
we examined the frequency spectrum around 25 Hz, we could never identify a prominent
peak with any electrode channel. Therefore, the observed classification performance was
not due to EEG signals being synchronized to the tactile frequency. Rather, locational
information seemed to be contained mostly in the two highest-frequency bands.

As mentioned earlier, the most relevant study on decoding tactile locations using EEG
was performed by Wang et al. [13] achieved a classification accuracy as high as 96.76%. Our
best performance (65%) was far less than that, with two possible explanations. First, they
used a high-density 256-channel EEG system, whereas we only had 32 channels, including
the reference electrode. Given that combinations across electrodes are critical in decoding
spatial information, it is not surprising that their system yielded better performance than
ours. Second, they examined four locations all on the right arm, whereas we examined four
locations on the lower body, with two locations on each side. The difference in classification
performance may be a result of different stimulation sites, but to confirm this hypothesis,
the same stimulation and recording protocol (such as the high-density EEG system) will
need to be applied while only the stimulation locations are varied.
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4.2. Somatosensory Responses during Sitting

The human somatosensory system is composed of mechanoreceptors all over the body
and parallel ascending pathways through the spinal cord. Mechanoreceptors specialize in
delivering information on touch, pressure, vibration, and cutaneous tension [43]. Merkel’s
disks in the epidermis are slowly adapting receptors that encode pressure. ªSlowly adapt-
ingº means that their responses do not diminish with time. In contrast, Pacinian and
Meissner corpuscles have relatively low detection thresholds (Pacinian lowest) [44] and are
fast-adapting. Theoretically, they respond more at the beginning of sustained stimulations
than steady state. Previous studies [45] found that cortical adaptation to sustained tactile
stimulation, usually characterized as reduced peak amplitudes, can occur over seconds or
minutes. In addition, sitting may deform the nerve endings and alter the ionic permeability
of the receptor membranes of other types of mechanoreceptors.

Previous studies have explored how SEPs vary with the sitting position/posture [17±20].
In the study by Ormeci et al. [17], subjects were instructed to hold a fixed position for up
to 20 min. They found an attenuated peak amplitude at the end of the sitting in response
to electric stimulation of the pudendal nerve. The peaks occurred within 100 ms of the
stimulation onset.

In the present study, human subjects were required to sit on a cushion for 1 h or 1 h
and 45 min. Although, in the example shown in Figure 2A,B, the peak amplitudes of
the SEPs decreased after sitting, this was not a consistent observation for all the subjects
and/or electrodes. When we further examined the location classifications, the sensitivity
did not always decrease after the sitting period. Nonetheless, certain subjects showed
significantly degraded performance after sitting on the foam cushion but not on the air-cell
cushion. The most convincing evidence is the three-way ANOVA test that showed ªsittingº
as a significant parameter for the foam cushion but not for the air-cell cushion. Given the
fact that air-cell cushions are supposed to alleviate tissue stress from prolonged sitting, it
is likely that we have discovered degraded sensitivity after sitting on the foam cushion.
However, due to the fact that the number of subjects who notably decreased their sensitivity
after sitting was small, we cannot draw a firm conclusion.

4.3. Gender Effect

This study did not initially plan to examine the gender effect on the decoding per-
formance of tactile locations. When we analyzed the results in retrospect, we found that
gender seemed to have made a difference, especially with the foam cushion. We found that
female subjects generally showed the highest localization accuracy, and their performance
did not degrade as much as that of male subjects after the sitting period.

Previous studies have shown that gender indeed matters in terms of the density of
mechanoreceptors [46], tactile discrimination and acuity [47,48], etc. Generally speaking,
young females tend to show better tactile perception. Given that the subjects recruited
in the present study were college students, our EEG results may reveal something true
regarding gender. However, a larger number of subjects will need to be tested in the future
to validate this conclusion.

4.4. Applications

If the above speculation is true, this method may be used to evaluate the effectiveness
of a certain type of cushion in alleviating stress. Currently, there are no direct measures
of tissue stress and tactile sensitivity at the sitting interface±portions of the buttocks and
thighs. Previous studies have measured seat pan pressures during prolonged sitting [49].
However, it has been shown that a simple contact-pressure measure is insufficient to reveal
internal soft-tissue loads [50]. The pressure may remain the same over a long period
of sitting, but the tissue may become less sensitive over time. Our finding may help
develop a noninvasive electrophysiological approach to infer tissue sensitivity during
prolonged sitting.
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Our machine-learning results may also provide useful knowledge for brain±computer
interfaces (BCIs) involving tactile stimulations. For patients who have impaired vision, BCIs
based on visual stimulation are unsuitable. A recent study combining auditory and tactile
stimulation to build a BCI speller achieved a much higher information transfer rate than
using the auditory or tactile stimulation alone [51]. Another study built an electrotactile
BCI based on SEPs [52]. Regarding the tactile stimulation protocol used in the present study,
it is worthwhile to examine whether user attention can alter the classification performance
to be used in tactile-based BCIs. This concept is hopeful because EEG responses generated
by tactile imagery (e.g., imagined vibrotactile stimulation) have been shown to resemble
the familiar EEG desynchronization of motor imagery [53].

4.5. Conclusions and Future Plans

This study explored EEG signal features that may encode locational information about
tactile stimulations on the lower human body relevant to sitting. We found that, when
combining signal powers from multiple electrodes that covered the entire scalp, relatively
high-frequency bands, namely the beta and gamma waves, can best reveal locational
information. The sensitivity to tactile locations encoded in this manner also seemed to
degrade for some human subjects, which were exclusively male participants, after sitting
on the foam cushion for 1 h or 1 h and 45 min, but not on the air-cell cushion. There seemed
to be a gender effect in that females showed the highest sensitivity before and after the
sitting period.

The conclusions should be treated with caution, as only a limited number of human
subjects (i.e., 14) were tested as an exploratory effort. Those subjects already exhibited
certain diversities, such as decreased sensitivity after the sitting period, even for the eight
men alone. This may be caused by natural variations in the subjects’ physical conditions.
In addition, previous studies have shown that EEG responses to vibrotactile stimulation
may vary with age [54], whereas we only recorded from young college students. Future
studies should examine our conclusions with a larger number of subjects while varying the
parameters of age, gender, physical build, etc.
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