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Highlights

What are the main findings?

• Middle-latency somatosensory evoked potentials were modulated by auditory stimulation.
• Music and pink noise produced distinct temporal patterns of middle-latency SEP modulation.

What are the implications of the main findings?

• Early lemniscal somatosensory processing remained unchanged during auditory stimulation.
• Auditory context shapes middle-latency somatosensory processing in a stimulus-

dependent manner.

Abstract

Background: Music and pink noise share spectral similarities; however, their cognitive
and emotional properties differ. Previous studies using magnetoencephalography have
shown that somatosensory evoked components occurring before 60 ms are not modulated
by concomitant musical auditory stimulation. To date, no study has examined the effects
of pink noise on somatosensory evoked potentials. Objective: This study investigated,
using electroencephalography (EEG), whether continuous auditory stimulation, either
music or pink noise, can modulate early (before 60 ms) somatosensory evoked potentials
elicited by electrical stimulation of the median nerve. Methods: Somatosensory evoked
potentials elicited by right median nerve electrical stimulation were recorded through
electroencephalogram in two groups of participants (MUSIC and NOISE) in four conditions
(pre, during 1, during 2, and after auditory stimulation). In addition, a control group under-
went three consecutive SEP recordings, temporally aligned with the intervention groups’
sequence. A permutation-based ANOVA (10,000 permutations) was performed over the
entire 10–55 ms time window for the F1, C1, and CP3 channels, followed by corrected post
hoc comparisons (pre vs. During1, pre vs. During2, pre vs. post). Results: A significant
increase in the amplitude of the P45 component was observed in the left central site during
noise exposure, with post hoc comparisons indicating increased amplitudes in during1 and
during2 relative to pre, with a larger effect size in during2. Music resulted in a reduction
in the early part (~30 ms) of the left centroparietal positive brain response, as highlighted
by post hoc comparisons between during2 and preconditions. In the control group, no
comparisons were significant, indicating the absence of reliable differences between repeti-
tive recordings. Conclusion: Middle-latency SEP components (30–45 ms) showed distinct
amplitude modulations during both music and pink noise auditory exposure.
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1. Introduction
Cognitive flexibility relies on the capacity to discriminate, among numerous sensory

stimuli originating from multiple origins, the information most relevant for selecting the
execution of the most appropriate behavior [1,2]. This ability to select among different stim-
uli is initially facilitated by the existence of anatomically distinct receptors and pathways
according to the different sensory modalities. However, once their integration becomes
structurally possible, through synaptic convergence or other physiological mechanisms,
the problem of prioritizing information arises.

Studies conducted in the field of sensory gating [3–5], in which somatosensory evoked
potentials (SEPs) elicited by electrical stimulation of the median nerve are examined in
conjunction with the execution of a voluntary movement, concomitant cutaneous stimu-
lation, or motor imagery, have made it possible to differentiate SEP components that are
insensitive to these various interferences from those that are modified (enhanced, reduced,
or suppressed) [6–10].

The divergence points observed on SEP superimposition waveforms separating traces
obtained under control conditions from those recorded in gating conditions provide infor-
mation about the timing of the underlying processes and, consequently, about the neuronal
structures involved or not in the physiological interactions. The various SEP components
elicited by median nerve stimulation offer the advantage of having been extensively studied
both in different gating paradigms and in clinical neurology [11–18].

Auditory stimulation devices are commonly used to promote relaxation and sleep,
although their effectiveness remains insufficiently established and understood [19]. In
humans, evidence regarding the modulation of early (before 60 ms) somatosensory evoked
potentials (SEPs) by auditory stimulation is scarce. Previous studies in MEG have reported
that middle-latency somatosensory evoked fields components, occurring between approx-
imately 35 and 60 ms, were not altered by music exposure [20,21]. However, as MEG is
predominantly sensitive to tangential sources, activity from radially oriented generators
may not have been fully captured.

While both music and pink noise can display 1/f-like spectral similarities, they fun-
damentally diverge in terms of temporal structure, hierarchical organization [22–25], and
cognitive and emotional content [26,27]. Moreover, EEG activity exhibits pink-noise-like
properties [28], and steady pink noise exposure has been shown to reduce brain wave
complexity and to promote more stable sleep, thereby improving sleep quality [29].

In the present study, we investigated whether continuous auditory stimulation, music
or pink noise, could modulate early somatosensory evoked potentials elicited by electrical
stimulation of the median nerve.

Ethics Declaration

The study was approved by the Ethics Committee of the Brugmann University Hos-
pital, Brussels (Ref. CE2023/182), and conformed to the Declaration of Helsinki. All
participants signed informed consent forms. All data were collected, processed, and ana-
lyzed in compliance with the General Data Protection Regulation (GDPR; Regulation (EU)
2016/679).
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2. Participants, Materials and Methods
Forty-five healthy subjects (23 female/22 male, 22.5 ± 1.5 years old) participated

in this study. All participants were right-handed and had no history of neurological or
psychiatric disorders. They were progressively assigned to the groups of fifteen (“Music”,
“Noise”, and “Control”), with balanced sex distribution across groups, with the control
group included in a second phase.

Recordings were conducted in a quiet, temperature-controlled room where partici-
pants were comfortably seated in an armchair, with their arms and forearms resting on
pillows on the armrests in a relaxed and comfortable position. Somatosensory stimulation
consisted of 1000 square electrical pulses of 2 ms duration, with a frequency of 2.15 Hz,
delivered through a pair of Ag-AgCl electrodes cup to the right median nerve at the wrist.
The intensity was individually adjusted to elicit small visible thumb twitches without
discomfort. Such somatosensory stimulation was delivered during four conditions by a
Digitimer Constant Current Stimulator DS7A (Digitimer Ltd., Hertfordshire, UK). The
“PRE” condition was recorded at rest before sound administration (music or noise). After
a five-minute break, the “During1” and “During2” conditions were recorded within the
30-min sound exposure (“During1” starting at 3 min after sound onset and “During2”
starting at 17 min). The “POST” condition was recorded after a five-minute break following
the end of sound administration.

For the Music group, every participant pre-selected a list of preferred songs from
a commercial music streaming platform prior to the experiment. For the Noise group,
participants were administered pink noise from the same commercial streaming platform.
Pink noise was selected rather than white noise because it has a 1/f spectral profile that
more closely resembles that of music and many natural acoustic environments. Both types
of sounds were delivered using the same smartphone, which was placed on a table in front
of the participant at around 70 cm with the same volume setting across the recordings.

Participants in the control group underwent three consecutive recordings, temporally
aligned with the sound sequence of the Music and Noise groups, with the 1st, 2nd, and 3rd
recordings corresponding to the pre, during1, and during2 conditions, respectively, and
without auditory stimulation. The control group was specifically designed to evaluate the
stability of SEP activity across repeated recordings performed without auditory stimulation,
thereby allowing assessment of potential temporal drift or habituation effects independently
of sound exposure.

All participants were instructed not to pay attention to the electrical stimulation, to
relax, and to keep their eyes closed except during breaks. The same instructions were given
to all the participants.

EEG signals were recorded during the four conditions using the ANT Neuro mylab™
(ANT Neuro BV, Hengelo, The Netherlands), (64 Ag/AgCl sintered ring electrodes and
shielded co-axial cables, 10–20 electrode placement, CPz referenced) at 4096 Hz. Scalp
electrode impedances were measured and kept below 5 KΩ. The EOG electrode provided
by the EEGcap was placed on the lobe of the left ear for later offline re-referencing. The
ANT amplifier received the temporal triggers of the electrical stimuli delivery from the
DS7A device, meaning that the related events were directly recorded with the EEG signals.

Somatosensory Evoked Potentials (SEP): Data Treatment, Analyses and Statistics

Raw EEG data were imported to EEGLAB software (version 2025.1.0) (Swartz Center
for Computational Neuroscience, University of California San Diego, La Jolla, CA, USA)
for offline data treatment and subsequent statistics [30]. Preprocessing procedures were
applied consistently across participants and experimental conditions following the same
EEGLAB-based analysis pipeline. Signals were kept at a 4096 Hz sampling rate, corre-
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sponding to a temporal resolution of approximately 4.1 samples per millisecond. Visual
inspection for rejection of artefactual portions of EEG was performed after a 0.1 Hz high
pass filter was applied, and a notch filter when necessary. EEG signals were re-referenced
to the left earlobe electrode. Contralateral to the electrical stimulation, SEP traces were
calculated at F1, C1, and CP3 electrodes to assess left frontal, left central, and left cen-
troparietal SEP activity, respectively. These electrodes were selected a priori based on the
well-established contralateral topography of median nerve SEP responses and therefore
constituted predefined physiologically relevant regions of interest rather than exploratory
whole-scalp comparisons. Accordingly, no additional correction for multiple comparisons
across electrodes was applied, as these analyses were hypothesis-driven and restricted to
predefined regions of interest. SEP traces were obtained by averaging (950 artifact-free
epochs minimum per participant per condition) of baseline-corrected epochs extracted
from −0.05 s to 0.1 s with respect to the events of the electrical stimulation.

The latencies and amplitudes of the P14 far-field potential and of the N20, N30, and
P45 components were verified for each condition: P14 and N30 in the F1 channel, N20 in the
CP3 channel, and P45 in the C1 channel. For descriptive analysis, the peaks (maximum for
P or minimum for N) and their peak latencies were assessed in the 13.5 ms to 14.5 ms period
for P14, in the 18 ms to 21 ms period for N20, in the 28 ms to 32 ms period for N30, and
in the 43 ms to 47 ms period for the P45 component. Next, peak-to-peak amplitudes were
assessed for the N30 component (P22 to N30) in the F1 channel and for the P45 component
(N30 to P45) in the C1 channel. As the P14 far field is the first deflection in such cephalic
reference montage, its peak-to-peak amplitude was calculated with respect to its onset,
corresponding to the minimum peak value in the preceding 9.5 ms to 10.5 ms period. In the
same way for the N20 component, a feature marking the first arrival of the sensory volley
to the neocortex, its peak-to-peak amplitude was calculated with respect to the maximum
peak value in the preceding 17 ms to 18 ms period.

For inferential analyses, permutation-based ANOVAs (10,000 permutations) were
performed separately for each channel across the 10–55 ms time interval, providing a
continuous sample-by-sample temporal assessment of condition effects. This approach
allowed robust statistical inference without relying on theoretical parametric distributions
for significance testing. Test statistics (F or t values) were computed using standard
parametric formulations, while statistical significance was assessed across time using
permutation-based procedures. Holm correction was applied across all analyzed time
points to control the family-wise error rate associated with multiple comparisons over
time. Reported significant results therefore are obtained from the continuous permutation-
based analysis and do not directly correspond to isolated latency-specific tests. Due to the
numerical resolution afforded by the 10,000 permutations, the minimum attainable p-value
was approximately 0.0001.

Post hoc comparisons between conditions were then conducted within a common
narrower time window of interest (27 ms to 49 ms), encompassing the temporal range
where condition-related modulation effects were observed in the initial permutation-based
ANOVA. Holm correction was applied across time points to control for multiple compar-
isons over time, and Bonferroni correction was used for post hoc contrasts. Statistical
significance was set at p < 0.05, with Bonferroni correction applied for post hoc comparisons
(adjusted threshold p < 0.0167). For significant post hoc intervals, effect sizes are provided
using Cohen’s dz for paired comparisons.

3. Results
Descriptive values of amplitudes and latencies for the P14 far-field potential and classi-

cal components N20, N30, and P45 are reported in the Supplementary Section (Tables S1–S3)
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for each condition and group. Grand-averaged SEP traces superimposed across the four
conditions (PRE, during1, during2, POST) are illustrated for the Noise group in Figure 1,
and for the Music group in Figure 2. Significant effects identified by the initial permutation-
based ANOVA are indicated by grey asterisks, whereas significant post hoc differences are
marked by black asterisks. Grand-averaged SEP traces from the 1st, 2nd, and 3rd recordings
for the control group are superimposed in Figure 3. Supplementary Figures S1–S6 illus-
trate the continuous temporal evolution of permutation-based ANOVA p-values across the
analyzed SEP time windows. Supplementary Figures S7–S10 provide the corresponding
permutation-based post hoc p-value distributions associated with the reported signifi-
cant effects.

Figure 1. (A) Grand-averaged SEP waveforms at electrode F1 in the Noise group across conditions
(pre: blue; during1: green; during2: violet; post: red). Light grey asterisks indicate the approximate
locations of significant main effects of condition identified by the permutation-based ANOVA. Black
asterisks indicate the approximate locations of significant Bonferroni-corrected post hoc differences.
The exact significant time intervals are reported in the Results (Section 3). (B) Grand-averaged
SEP waveforms at electrode C1 across the same conditions. (C) Grand-averaged SEP waveforms at
electrode CP3 across the same conditions. (D) For descriptive purposes, scalp topography illustrating
the larger contralateral central positivity observed at 45 ms from the pre to the during2 conditions.
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Figure 2. (A) Grand-averaged SEP waveforms at electrode F1 in the Music group across conditions
(pre: blue; during1: green; during2: violet; post: red). (B) Grand-averaged SEP waveforms at
electrode C1 across the same conditions. (C) Grand-averaged SEP waveforms at electrode CP3 across
the same conditions. Light grey asterisks indicate the approximate locations of significant main effects
of condition identified by the permutation-based ANOVA. Black asterisks indicate the approximate
locations of significant Bonferroni-corrected post hoc differences. The exact significant time intervals
are reported in the Results (Section 3). (D) For descriptive purposes, scalp topography illustrating the
decrease in contralateral centroparietal positivity at 30 ms (P30) from the pre to during2 conditions,
together with the concomitant frontal negativity within the N30 time range.
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Figure 3. (A) Grand-averaged SEP waveforms at electrode F1 in the Control group for the 1st, 2nd,
and 3rd recordings (blue, green, and violet, respectively). (B) Grand-averaged SEP waveforms at
electrode C1 for the same recordings. (C) Grand-averaged SEP waveforms at electrode CP3 for the
same recordings.

In the Noise group, SEP traces at the F1 electrode (Figures 1A and S1) showed a
significant effect of condition from 36.87 to 38.33 ms (permutation-based p = 0.02; peak F
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(3,42) = 7.12 at 37.87 ms) and from 44.19 to 47.85 ms (permutation-based p < 0.02; peak F
(3,42) = 10.38 at 45.65 ms). Post hoc comparisons (Figure S7) (Bonferroni-corrected threshold
p < 0.0167) revealed a significant difference between pre and during1 around 37–38 ms
(peak at 37.84 ms, t (14) = −3.56, dz = −0.61). Significant post hoc differences between pre
and during2 were observed mainly in two intervals (Figure S8): an early effect around
36–39 ms (peak at 36.87 ms, t (14) = −5.45, dz = −1.05) and a later effect around 43–47 ms
(peak at 45.65 ms, t (14) = −5.62, dz = −1.33).

At the C1 electrode (Figures 1B and S2), SEP traces showed a significant effect of
condition within a short time interval from 45.65 to 46.39 ms (permutation-based p = 0.02;
peak F (3,42) = 7.24 at 46.14 ms). Post hoc comparisons (Figure S9) revealed a significant
difference between pre and during2 over the 42.72 to 46.88 ms interval (peak effect at
45.65 ms, t(14) = −5.62, dz = −1.06). For descriptive purposes, a topographical map of
the grand-averaged potential distribution at 45 ms is presented in Figure 1D, illustrating
a larger contralateral central positivity (in red) extending from the pre to the during2
condition. SEP traces at the CP3 (Figure 1C) electrode revealed no significant differences.

In the Music group, SEP traces at the CP3 electrode (Figures 2C and S3) showed a
significant effect of condition from 31.25 to 34.18 ms (permutation-based p < 0.02; peak
F(3,42) = 9.21 at 31.74 ms). Post hoc comparisons (Figure S10) revealed a significant
difference between pre and during2 over the 27.59 to 34.91 ms interval (peak at 31.74 ms,
t(14) = 6.39, dz = 1.31). This significant effect corresponded to a reduction in the positive
voltage at the contralateral centroparietal site (mean amplitudes: 1.55 ± 1.28 µV for pre
and 0.78 ± 1.40 µV for during2), within the 31–34 ms latency range. No other significant
differences were observed at any other electrode or for any other contrast. For descriptive
purposes, a topographical map of the grand-averaged potential distribution at 30 ms
is presented in Figure 2D, illustrating a contralateral centroparietal positivity (in red)
decreasing from the pre to the during2 condition. The concomitant frontal negativity
within the N30 time range is illustrated in blue.

In the Control group, no significant effect of recording order was observed across the
1st, 2nd, and 3rd recordings (Figures 3 and S4–S6), which were temporally aligned with
the sequence used in the Noise and Music groups, indicating stable SEP responses over
time (permutation-based p = 0.99 F(2,24) = 0.01 at 39.31 ms in F1; p = 0.99 F(2,24) = 0.01 at
45.90 ms in C1; p = 0.99 F(2,24) = 0.01 at 37.35 ms in CP3).

4. Discussion
The present study examined the effects of different sound exposures on somatosensory

evoked potentials, revealing distinct patterns of modulation across groups. While SEP
responses remained stable over time in the control group, noise exposure was associated
with temporally extended modulations, particularly within the 30–50 ms latency range. In
contrast, music exposure induced a more focal and temporally selective effect, primarily
observed at the CP3 electrode within an earlier latency window (~30 ms), driven by
differences between the pre and during2 conditions.

In the control group, SEP traces further confirmed the overall stability of early so-
matosensory processing across repeated recordings. No significant effect of condition on
the P14 or N20 components was observed in any of the groups. The stability of the P14 com-
ponent indicates that early lemniscal somatosensory processing remains unaffected [14] by
concurrent auditory stimulation. Cross-modal modulations are generally ascribed to non-
lemniscal thalamocortical and to corticocortical connections across sensory and associative
cortices [31–33]. It has been demonstrated that somatosensory (transcutaneous electrical)
stimulation of the rat hind paw paired with auditory stimulation (noise bursts) elicited
unit cell discharges in non-lemniscal auditory nuclei of the thalamus, while also inducing
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subthreshold activity modulations in lemniscal auditory thalamic nuclei [34]. In the present
study, the N20 obligatory component, which is the earliest response in the postcentral
receiving primary somatosensory cortex [3,12,35,36], also remained unchanged across the
four conditions. This indicates that the present observed SEP amplitude changes are neither
of peripheral origin nor centripetal gating, which is produced by competition of peripheral
information from joint, cutaneous, and muscle spindles to the central process [9,10,37,38].
It also indicates that the underlying mechanisms of the effects observed in this study are
unlikely to relate to those of the hypnosis-like states or hypnotic suggestion, in which
modulations of N20 amplitude have previously been reported and interpreted as a signal
intensity reduction at the level of the thalamocortical radiations during hypnosis [39].

In the noise group, SEP modulations emerged specifically during the auditory expo-
sure, primarily at the F1 electrode and, to a lesser extent, at C1. At F1, significant differences
between the pre and both during conditions were observed within two temporally distinct
intervals (~37–38 ms and ~44–47 ms), suggesting a modulation of early frontal SEP compo-
nents, sparing the N30 peak. Notably, the strongest effect was observed during the 2nd
sound recording in the later time window (~45 ms) in the during2 condition, indicating
that the influence of noise exposure may not only persist but also intensify over time,
particularly at the level of recurrent and integrating processing stages where ongoing brain
dynamics and conscious perception may have contributed to this effect [40]. At the C1
electrode, a more temporally restricted modulation was observed around the latency of
the P45 component, again driven by differences between pre and during2. This effect,
occurring at a latency comparable to that identified at F1, further supports the involvement
of mid-latency somatosensory processing under noise exposure. In contrast, the absence of
any significant effect at CP3 indicates that these modulations do not extend to the earliest
cortical stage indexed by the N20 component, but rather involve later processing stages, po-
tentially reflecting top-down influences such as attentional allocation or changes in cortical
excitability induced by the auditory context [41]. These mechanisms remain speculative and
should be interpreted with caution, given the lack of behavioral or psychological measures.

In contrast to the noise group, the music group exhibited a more temporally focal
modulation, restricted to the CP3 electrode and occurring within the 31–34 ms latency range.
Because this effect was observed as a positivity at CP3 rather than as the frontal negative
deflection classically associated with the N30 component, it is more cautious to interpret
it as a modulation occurring within the N30 time range but overlapping with positive
deflections described in the literature as P30 and considered distinct from the classical
N30 [7,42,43]. The fact that no concomitant effect was observed at F1 further supports
this interpretation. Nevertheless, the large effect size associated with the pre–during2
contrast suggests that music exposure induced this robust and temporally specific change
in somatosensory processing beyond the earliest afferent stages, while differing from the
later pattern observed under noise exposure.

Interestingly, our results differ from a previous study [20] investigating the effects of
music and the effects of continuous visual stimulation on somatosensory evoked magnetic
fields elicited by homogeneous electrical stimuli on the median nerve; the study showed
that the contralateral 35–60 ms in latency SEFs components were significantly enhanced by
the visualization of an animation video, but they were not modified by the music exposure.
Additionally, in a later study taking into account selective attention, the same group showed
that contralateral 33–75 ms in latency SEFs components were enhanced by both attention
alone and, visual alone stimulation, and that the SEFs were even more enhanced by the
combination of both attention and visual stimulation; but, as in their first study, music did
not produce any significant modification in such SEFs [21]. The explanation for such lack
of change proposed was that, as in the parietal lobe, polymodal neurons responding to
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auditory and somatosensory stimulation are much fewer in number than those responding
to visual and somatosensory stimulation [44–46]; therefore, their activation might not
be large enough to induce a significant change in the SEFs. This explanation may be
consistent with the present findings, as the observed modifications were primarily driven
by differences between the pre and during2 conditions, suggesting that longer or repeated
exposure to music may progressively engage a larger neural population. In addition,
a methodological consideration should be considered because MEG is predominantly
sensitive to tangential sources; it is possible that the observed effects partly arise from
radially oriented generators that were not fully captured.

Music and pink noise may share 1/f-like spectral properties; however, they funda-
mentally differ in their temporal structure, hierarchical organization [22–25], and cognitive
and emotional content [26,27,29]. Consequently, the differential SEP modulations observed
in the present study cannot be attributed solely to differences in spectral content or mul-
tisensory interactions, and may also reflect differences in emotional valence, familiarity,
temporal predictability, or attentional engagement. Psychological data have previously
demonstrated that music induces significant relaxation responses, regardless of whether it
is self-selected by the participant or chosen by the experimenter [47], and that classical and
self-selected relaxing music leads to higher relaxation levels than hard rock music [48], but
that only preferred music produced a reduction in anxiety levels approached by systolic and
diastolic blood pressure measurements [49]. Furthermore, previous studies have shown
that brain reactivity, as assessed by EEG power modulations, is consistent across individ-
uals when music is self-selected, with comparable subjectively evoked emotions, despite
interindividual variability in EEG frequency bands related to individual EEG characteris-
tics [50]. fMRI studies have proposed that among the cortical substrates of the subjective
feeling evoked by music, the secondary somatosensory cortex has a major role in encoding
emotion precepts as sustained by its anatomical connections with limbic–paralimbic struc-
tures, sensory-interoceptive and visceromotor structures (insula, anterior cingulate cortex),
and motor cortical and subcortical structures [51,52]. As the modulation observed in the
music group was located at CP3 around ~30 ms, and not at F1 nor within the typical N30
pattern, this suggests a specific and temporally selective change in somatosensory process-
ing, mainly driven by differences between the pre and during2 conditions. One possible
interpretation is that music induces a modulation beyond the earliest afferent stages but
not corresponding to frontal generators (previously proposed for the N30 generators [43]),
maybe reflecting a local parieto-central cortical reconfiguration.

The works of Desmedt and Tomberg [53–55] described in detail the enhancement of the
SEP P40 amplitude as a cognition-related potential during selective attention to randomly
intermixed electrical stimulations delivered to the finger in an oddball task, in which a
cognitive P30 component emerged during more demanding stimulus discrimination. P30
and P40 were proposed to prime somatic areas through activity enhancement in parietal
areas 1, 2, and 5, facilitating subsequent conscious perception of the target input and
preceding the classical P300 post-decision closure [56,57]. However, neither the present
protocol nor the original study by Lam et al. (1999 [20] used an oddball paradigm, but
rather a homogeneous series of electrical stimuli. In this context, it could be speculated
that the P45 modifications observed in the group exposed to noise might correspond to
the cognitive P40 elicited by homogeneous electrical stimuli that participants may have
neglected while daydreaming or reading [58], possibly reflecting early attentional effects
induced by noise exposure that may contribute to the attenuation of the concomitant
somatosensory electrical stimuli, although alternative explanations related to differences in
auditory context cannot be excluded.
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Multisensory integration at the earliest stages of cortical processing is supported
by anatomical evidence of direct, monosynaptic connections between primary sensory
cortices [59,60]. In addition, there is growing evidence that primary sensory cortices
contain distinguishable spatial patterns of activity for each sensory modality [61]. For
example, somatosensory stimulation has been shown to modulate neural activity in the
primary auditory cortex in primates, including humans [62]. As discussed earlier, the
fact that the N20 remained stable across conditions discards the primary somatosensory
cortex as a source of the observed changes. This is in line with recent electrophysiological
recordings in mice using in vivo two-photon calcium imaging, which have demonstrated
that sound-evoked spiking activity is present in only an extremely small fraction of cells
in the primary somatosensory cortex, and that such activity does not encode auditory
stimulus identity and, even more, that the primary somatosensory cortex does not code
audio-tactile cross-sensory input’s features [63].

It is also possible that the modulations observed in our study involve additional
cortical regions different than the classical sensorimotor ones at such early latencies. Source
modelling analysis has supported that the two different mechanisms proposed to generate
the N30 component power increase and phase locking across EEG trials [64] are spatially
localized in overlapping areas in the precentral cortex, namely the motor cortex and the
premotor cortex. From this common region, the generator of the N30 event-related potential
also involved the prefrontal cortex [43].

Several limitations should be acknowledged. First, the absence of complementary
psychophysical assessments does not fully allow us to disentangle potential differences
in emotional states induced by the auditory conditions. Consequently, the relative contri-
bution of emotional, attentional, familiarity-related, and low-level acoustic factors to the
observed SEP modulations cannot be determined from the present data. While attentional
modulation cannot be entirely ruled out, the use of monotonous electrical stimulation
rather than an oddball paradigm limits the extent to which attention can be inferred from
the present data. In addition, the relatively long and repetitive nature of the task may have
led to some degree of fatigue or reduced engagement over time, although this was similar
across groups. In addition, no formal a priori power analysis was performed; therefore,
non-significant findings should be interpreted cautiously, as smaller effects may require
larger cohorts to be reliably detected. Moreover, the auditory stimuli were not characterized
in terms of emotional valence, arousal, or familiarity, which limits the interpretation of
the specificity of the observed effects. In addition, the auditory stimuli were not character-
ized in detail in terms of their acoustic properties, and no objective sound pressure level
calibration was performed. Consequently, perceived loudness may have varied across
participants, making it difficult to determine whether the observed effects were specifically
related to the nature of the stimuli or partly driven by differences in their low-level physical
characteristics and subjective auditory perception. Because participants listened to self-
selected music, acoustic features such as tempo, rhythmic complexity, spectral content, and
dynamic range were not standardized across individuals, which may also have contributed
to inter-individual variability. Consequently, the relative contribution of low-level acoustic
properties and higher-order cognitive or emotional factors cannot be fully disentangled
in the present study. Furthermore, although the control group showed consistent stability
across repeated recordings, the absence of a formal a priori power analysis warrants cau-
tious interpretation of non-significant findings, which should not be considered as evidence
for the absence of smaller effects. Finally, the present analyses were conducted at the sensor
level; future studies could incorporate high-density electrode analyses and source-level
approaches to better characterize the underlying neural generators.
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5. Conclusions
Altogether, these results suggest that auditory context does not uniformly affect

middle somatosensory processing but rather shapes its temporal dynamics in a condition-
dependent manner, with noise and music exerting qualitatively different influences along
the processing stream.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci16080802/s1, Figure S1: Permutation-based ANOVA
p-values across time for the SEP analysis at electrode F1 in the Noise group. Both panels display
the same analyzed time window, but with complementary p-value ranges. The upper panel focuses
on p-values above 0.08, whereas the lower panel provides a magnified view of the lower p-value
range (0–0.08). The horizontal black line indicates the significance threshold (p = 0.05). Grey bars
at the bottom indicate time intervals showing a significant main effect of condition after Holm
correction for multiple comparisons across time; (p-values displayed as 0 correspond to values below
the numerical resolution afforded by the 10,000 permutations and should therefore be interpreted
as p < 0.0001); Figure S2: Permutation-based ANOVA p-values across time for the SEP analysis
at electrode C1 in the Noise group. Both panels display the same analyzed time window, but
with complementary p-value ranges. The upper panel focuses on p-values above 0.08, whereas the
lower panel provides a magnified view of the lower p-value range (0–0.08). The horizontal black
line indicates the significance threshold (p = 0.05). Grey bars at the bottom indicate time intervals
showing a significant main effect of condition after Holm correction for multiple comparisons across
time; (p-values displayed as 0 correspond to values below the numerical resolution afforded by the
10,000 permutations and should therefore be interpreted as p < 0.0001).; Figure S3: Permutation-based
ANOVA p-values across time for the SEP analysis at electrode CP3 in the Music group. Both panels
display the same analyzed time window, but with complementary p-value ranges. The upper panel
focuses on p-values above 0.08, whereas the lower panel provides a magnified view of the lower
p-value range (0–0.08). The horizontal black line indicates the significance threshold (p = 0.05). Grey
bars at the bottom indicate time intervals showing a significant main effect of condition after Holm
correction for multiple comparisons across time; (p-values displayed as 0 correspond to values below
the numerical resolution afforded by the 10,000 permutations and should therefore be interpreted as
p < 0.0001); Figures S4–S6: Permutation-based ANOVA p-values across time for the SEP analysis at
electrodes F1, C1, and CP3, respectively, in the Control group. Both panels display the same analyzed
time window but with complementary p-value ranges. The upper panel focuses on p-values above
0.08, whereas the lower panel provides a magnified view of the lower p-value range (0–0.08). The
horizontal black line indicates the significance threshold (p = 0.05). No time intervals survived Holm
correction for multiple comparisons across time. p-values displayed as 0 correspond to values below
the numerical resolution afforded by the 10,000 permutations and should therefore be interpreted as
p < 0.0001; Figure S7: Permutation-based post hoc p-values across time for the comparison between
the Pre and During1 conditions at electrode F1 in the Noise group. Both panels display the same
analyzed time window but with complementary p-value ranges. The upper panel focuses on p-values
above 0.08, whereas the lower panel provides a magnified view of the lower p-value range from 0
to 0.08. The horizontal black line indicates the nominal significance threshold (p = 0.05), whereas
the horizontal grey line indicates the Bonferroni-corrected threshold applied to planned post hoc
comparisons (p = 0.0166). Grey bars at the bottom indicate time intervals remaining significant after
Holm correction across time points within the analyzed post hoc time window. p-values displayed
as 0 correspond to values below the numerical resolution afforded by the 10,000 permutations
and should therefore be interpreted as p < 0.0001; Figure S8: Permutation-based post hoc p-values
across time for the comparison between the Pre and During2 conditions at electrode F1 in the Noise
group. Both panels display the same analyzed time window but with complementary p-value ranges.
The upper panel focuses on p-values above 0.08, whereas the lower panel provides a magnified
view of the lower p-value range from 0 to 0.08. The horizontal black line indicates the nominal
significance threshold (p = 0.05), whereas the horizontal grey line indicates the Bonferroni-corrected
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threshold applied to post hoc comparisons (p = 0.0166). Grey bars at the bottom indicate time intervals
remaining significant after Holm correction across time points within the analyzed post hoc time
window. p-values displayed as 0 correspond to values below the numerical resolution afforded by
the 10,000 permutations and should therefore be interpreted as p < 0.0001; Figure S9: Permutation-
based post hoc p-values across time for the comparison between the Pre and During2 conditions
at electrode C1 in the Noise group. Both panels display the same analyzed time window but with
complementary p-value ranges. The upper panel focuses on p-values above 0.08, whereas the lower
panel provides a magnified view of the lower p-value range from 0 to 0.08. The horizontal black line
indicates the nominal significance threshold (p = 0.05), whereas the horizontal grey line indicates the
Bonferroni-corrected threshold applied to post hoc comparisons (p = 0.0166). Grey bars at the bottom
indicate time intervals remaining significant after Holm correction across time points within the
analyzed post hoc time window. p-values displayed as 0 correspond to values below the numerical
resolution afforded by the 10,000 permutations and should therefore be interpreted as p < 0.0001;
Figure S10: Permutation-based post hoc p-values across time for the comparison between the Pre and
During2 conditions at electrode CP3 in the Music group. Both panels display the same analyzed time
window but with complementary p-value ranges. The upper panel focuses on p-values above 0.08,
whereas the lower panel provides a magnified view of the lower p-value range from 0 to 0.08. The
horizontal black line indicates the nominal significance threshold (p = 0.05), whereas the horizontal
grey line indicates the Bonferroni-corrected threshold applied to post hoc comparisons (p = 0.0166).
Grey bars at the bottom indicate time intervals remaining significant after Holm correction across
time points within the analyzed post hoc time window. p-values displayed as 0 correspond to
values below the numerical resolution afforded by the 10,000 permutations and should therefore be
interpreted as p < 0.0001; Tables S1: Peak amplitudes and corresponding latencies of somatosensory
evoked potentials (SEPs) in the Noise group across four conditions: before (Pre), during (During1 and
During2), and after (Post) pink noise exposure. Values are presented as mean ± standard deviation
(SD); Table S2: Peak amplitudes and corresponding latencies of somatosensory evoked potentials
(SEPs) in the Music group across four conditions: before (Pre), during (During1 and During2), and
after (Post) music exposure. Values are presented as mean ± standard deviation (SD); Table S3: Peak
amplitudes and corresponding latencies of somatosensory evoked potentials (SEPs) in the Control
group across three consecutive recordings (1st, 2nd, and 3rd) temporally aligned with the sequence of
the Music and Noise groups (Pre, During1, and During2). Values are presented as mean ± standard
deviation (SD).

Author Contributions: Conceptualization, A.M.C.; methodology, A.M.C. and G.C.; investigation,
A.M.C., G.C., P.R., S.-I.H., V.V., M.C., C.S. and O.V.H.; data curation, P.R., S.-I.H., V.V., M.C. and
C.S.; writing original draft preparation, A.M.C.; writing—review and editing, G.C., A.M.C., P.R.,
V.V., S.-I.H., C.S., M.C. and O.V.H. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was approved by the Ethics Committee of the Brug-
mann University Hospital, Brussels (Ref. CE2023/182), approved on 12 December 2023, conformed
to the Declaration of Helsinki. All participants signed informed consent forms.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author because the data are part of an ongoing study.

Acknowledgments: We would like to thank the EEGLAB’s Team for their generous gift of the
software; David Zarka and Dominique Ristori for discussions; and Mathieu Petieau for technical
support. We would also like to thank the Fonds Leibu.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/brainsci16080802

https://doi.org/10.3390/brainsci16080802


Brain Sci. 2026, 16, 802 14 of 16

References
1. Kikumoto, A.; Mayr, U. Conjunctive representations that integrate stimuli, responses, and rules are critical for action selection.

Proc. Natl. Acad. Sci. USA 2020, 117, 10603–10608. [CrossRef]
2. Terlau, J.; Ethofer, S.; Naros, G.; Fonken, Y.; Lin, J.J.; Knight, R.T.; Helfrich, R.F. Conjunctive population coding integrates sensory

evidence to guide adaptive behavior. Proc. Natl. Acad. Sci. USA 2025, 122, e2520444122. [CrossRef] [PubMed]
3. Desmedt, J.E.; Cheron, G. Central somatosensory conduction in man: Neural generators and interpeak latencies of the far-field

components recorded from neck and right or left scalp and earlobes. Electroencephalogr. Clin. Neurophysiol. 1980, 50, 382–403.
[CrossRef] [PubMed]

4. Jones, S.J.; Halonen, J.P.; Shawkat, F. Centrifugal and centripetal mechanisms involved in the “gating” of cortical SEPs during
movement. Electroencephalogr. Clin. Neurophysiol. 1989, 74, 36–45. [CrossRef] [PubMed]

5. Kimura, K.; Murase, N.; Nagao, Y.; Nozaki, M.; Fukumizu, M.; Kita, Y.; Hayashi, M.; Hoshino, K. Pre-movement gating of
somatosensory evoked potentials in Tourette syndrome. Brain Dev. 2023, 45, 324–331. [CrossRef] [PubMed]

6. Cebolla, A.M.; De Saedeleer, C.; Bengoetxea, A.; Leurs, F.; Balestra, C.; d’Alcantara, P.; Palmero-Soler, E.; Dan, B.; Cheron, G.
Movement gating of beta/gamma oscillations involved in the N30 somatosensory evoked potential. Hum. Brain Mapp. 2009, 30,
1568–1579. [PubMed]

7. Cebolla, A.M.; Palmero-Soler, E.; Dan, B.; Cheron, G. Modulation of the N30 generators of the somatosensory evoked potentials
by the mirror neuron system. NeuroImage 2014, 95, 48–60. [CrossRef] [PubMed]

8. Cheron, G.; Borenstein, S. Specific gating of the early somatosensory evoked potentials during active movement. Electroencephalogr.
Clin. Neurophysiol. 1987, 67, 537–548. [CrossRef] [PubMed]

9. Cheron, G.; Borenstein, S. Gating of the early components of the frontal and parietal somatosensory evoked potentials in different
sensory-motor interference modalities. Electroencephalogr. Clin. Neurophysiol. 1991, 80, 522–530. [CrossRef] [PubMed]

10. Cheron, G.; Borenstein, S. Mental movement simulation affects the N30 frontal component of the somatosensory evoked potential.
Electroencephalogr. Clin. Neurophysiol. 1992, 84, 288–292. [CrossRef] [PubMed]

11. Campbell, D.; Treleaven, J.; Jull, G.; Reid, S.A.; Takasaki, H.; Sterling, M. The cervico-ocular reflex changes following treatment in
individuals with subclinical neck pain: A randomized controlled trial. Exp. Brain Res. 2024, 242, 2531–2544. [CrossRef] [PubMed]

12. Mauguière, F.; Courjon, J.; Schott, B. Dissociation of early SEP components in unilateral traumatic section of the lower medulla.
Ann. Neurol. 1983, 13, 309–313. [CrossRef] [PubMed]

13. Mauguière, F.; Desmedt, J.E.; Courjon, J. Astereognosis and dissociated loss of frontal or parietal components of somatosensory
evoked potentials in hemispheric lesions: Detailed correlations with clinical signs and computerized tomographic scanning. Brain
1983, 106, 271–311. [CrossRef] [PubMed]

14. Mauguière, F.; Desmedt, J.E.; Courjon, J. Neural generators of N18 and P14 far-field somatosensory evoked potentials studied in
patients with lesion of thalamus or thalamo-cortical radiations. Electroencephalogr. Clin. Neurophysiol. 1983, 56, 283–292. [CrossRef]
[PubMed]

15. McCracken, H.S.; Murphy, B.A.; Ambalavanar, U.; Glazebrook, C.M.; Yielder, P.C. Source Localization of Audiovisual Multisensory
Neural Generators in Young Adults with Attention-Deficit/Hyperactivity Disorder. Brain Sci. 2022, 12, 809. [CrossRef] [PubMed]

16. McCracken, H.S.; Murphy, B.A.; Ambalavanar, U.; Glazebrook, C.M.; Yielder, P.C. Source Localization of Somatosensory Neural
Generators in Adults with Attention-Deficit/Hyperactivity Disorder. Brain Sci. 2023, 13, 370. [CrossRef] [PubMed]

17. Shimizu, T.; Nakayama, Y.; Bokuda, K.; Takahashi, K. Sensory Gating during Voluntary Finger Movement in Amyotrophic Lateral
Sclerosis with Sensory Cortex Hyperexcitability. Brain Sci. 2023, 13, 1325. [CrossRef]

18. Shimizu, T.; Nakayama, Y.; Hayashi, K.; Mochizuki, Y.; Matsuda, C.; Haraguchi, M.; Bokuda, K.; Komori, T.; Takahashi,
K. Somatosensory pathway dysfunction in patients with amyotrophic lateral sclerosis in a completely locked-in state. Clin.
Neurophysiol. 2023, 156, 253–261. [CrossRef] [PubMed]

19. Capezuti, E.; Pain, K.; Alamag, E.; Chen, X.; Philibert, V.; Krieger, A.C. Systematic review: Auditory stimulation and sleep. J. Clin.
Sleep Med. 2022, 18, 1697–1709. [CrossRef] [PubMed]

20. Lam, K.; Kakigi, R.; Kaneoke, Y.; Naka, D.; Maeda, K.; Suzuki, H. Effects of visual and auditory stimulation on somatosensory
evoked magnetic fields. Clin. Neurophysiol. 1999, 110, 295–304. [CrossRef] [PubMed]

21. Lam, K.; Hoshiyama, M.; Kakigi, R. Attention and visual interference stimulation affect somatosensory processing: A magnetoen-
cephalographic study. Neuroscience 2001, 104, 689–703. [CrossRef] [PubMed]

22. Foster, N.E.; Zatorre, R.J. Cortical structure predicts success in performing musical transformation judgments. NeuroImage 2010,
53, 26–36. [CrossRef] [PubMed]

23. Kim, C.H.; Seo, J.-E.; Seol, J.; Chung, C.K. Figure–ground relationship of voices in musical structure modulates reciprocal
frontotemporal connectivity. Front. Neurosci. 2025, 19, 1605800. [PubMed]

24. Sammler, D.; Koelsch, S.; Ball, T.; Brandt, A.; Elger, C.E.; Friederici, A.D.; Grigutsch, M.; Huppertz, H.-J.; Knösche, T.R.; Wellmer,
J.; et al. Overlap of musical and linguistic syntax processing: Intracranial ERP evidence. Ann. N. Y. Acad. Sci. 2009, 1169, 494–498.
[CrossRef] [PubMed]

https://doi.org/10.3390/brainsci16080802

https://doi.org/10.1073/pnas.1922166117
https://doi.org/10.1073/pnas.2520444122
https://www.ncbi.nlm.nih.gov/pubmed/41439712
https://doi.org/10.1016/0013-4694(80)90006-1
https://www.ncbi.nlm.nih.gov/pubmed/6160982
https://doi.org/10.1016/0168-5597(89)90049-x
https://www.ncbi.nlm.nih.gov/pubmed/2463147
https://doi.org/10.1016/j.braindev.2023.02.002
https://www.ncbi.nlm.nih.gov/pubmed/36878743
https://www.ncbi.nlm.nih.gov/pubmed/18661507
https://doi.org/10.1016/j.neuroimage.2014.03.039
https://www.ncbi.nlm.nih.gov/pubmed/24662578
https://doi.org/10.1016/0013-4694(87)90056-3
https://www.ncbi.nlm.nih.gov/pubmed/2445546
https://doi.org/10.1016/0168-5597(91)90134-j
https://www.ncbi.nlm.nih.gov/pubmed/1720728
https://doi.org/10.1016/0168-5597(92)90010-9
https://www.ncbi.nlm.nih.gov/pubmed/1375888
https://doi.org/10.1007/s00221-024-06915-7
https://www.ncbi.nlm.nih.gov/pubmed/39261352
https://doi.org/10.1002/ana.410130314
https://www.ncbi.nlm.nih.gov/pubmed/6847144
https://doi.org/10.1093/brain/106.2.271
https://www.ncbi.nlm.nih.gov/pubmed/6850271
https://doi.org/10.1016/0013-4694(83)90253-5
https://www.ncbi.nlm.nih.gov/pubmed/6193941
https://doi.org/10.3390/brainsci12060809
https://www.ncbi.nlm.nih.gov/pubmed/35741694
https://doi.org/10.3390/brainsci13020370
https://www.ncbi.nlm.nih.gov/pubmed/36831913
https://doi.org/10.3390/brainsci13091325
https://doi.org/10.1016/j.clinph.2023.09.004
https://www.ncbi.nlm.nih.gov/pubmed/37827876
https://doi.org/10.5664/jcsm.9860
https://www.ncbi.nlm.nih.gov/pubmed/34964434
https://doi.org/10.1016/s0168-5597(98)00059-8
https://www.ncbi.nlm.nih.gov/pubmed/10210619
https://doi.org/10.1016/s0306-4522(01)00101-4
https://www.ncbi.nlm.nih.gov/pubmed/11440802
https://doi.org/10.1016/j.neuroimage.2010.06.042
https://www.ncbi.nlm.nih.gov/pubmed/20600982
https://www.ncbi.nlm.nih.gov/pubmed/41607409
https://doi.org/10.1111/j.1749-6632.2009.04792.x
https://www.ncbi.nlm.nih.gov/pubmed/19673829
https://doi.org/10.3390/brainsci16080802


Brain Sci. 2026, 16, 802 15 of 16

25. Sammler, D.; Koelsch, S.; Friederici, A.D. Are left fronto-temporal brain areas a prerequisite for normal music-syntactic processing?
Cortex 2011, 47, 659–673. [CrossRef] [PubMed]

26. Koelsch, S.; Friederici, A.D. Toward the neural basis of processing structure in music: Comparative results of different neurophys-
iological investigation methods. Ann. N. Y. Acad. Sci. 2003, 999, 15–28. [CrossRef] [PubMed]

27. Koelsch, S.; Fritz, T.; von Cramon, D.Y.; Müller, K.; Friederici, A.D. Investigating emotion with music: An fMRI study. Hum. Brain
Mapp. 2006, 27, 239–250. [PubMed]

28. Buzsáki, G. Rhythms of the Brain; Oxford University Press: New York, NY, USA, 2006.
29. Zhou, J.; Liu, D.; Li, X.; Ma, J.; Zhang, J.; Fang, J. Pink noise: Effect on complexity synchronization of brain activity and sleep

consolidation. J. Theor. Biol. 2012, 306, 68–72. [CrossRef] [PubMed]
30. Delorme, A.; Makeig, S. EEGLAB: An open source toolbox for analysis of single-trial EEG dynamics including independent

component analysis. J. Neurosci. Methods 2004, 134, 9–21. [CrossRef] [PubMed]
31. Budinger, E.; Heil, P.; Hess, A.; Scheich, H. Multisensory processing via early cortical stages: Connections of the primary auditory

cortical field with other sensory systems. Neuroscience 2006, 143, 1065–1083. [CrossRef] [PubMed]
32. Cappe, C.; Rouiller, E.M.; Barone, P. Multisensory anatomical pathways. Hear. Res. 2009, 258, 28–36. [CrossRef] [PubMed]
33. Driver, J.; Noesselt, T. Multisensory interplay reveals crossmodal influences on “sensory-specific” brain regions, neural responses,

and judgments. Neuron 2008, 57, 11–23. [CrossRef] [PubMed]
34. Donishi, T.; Kimura, A.; Imbe, H.; Yokoi, I.; Kaneoke, Y. Sub-threshold cross-modal sensory interaction in the thalamus: Lemniscal

auditory response in the medial geniculate nucleus is modulated by somatosensory stimulation. Neuroscience 2011, 174, 200–215.
[CrossRef] [PubMed]

35. Desmedt, J.E. Introduction: Electromyography and clinical neurophysiology in legal medicine. Electromyography 1971, 11, 125–130.
[PubMed]

36. Mauguière, F.; Courjon, J.; Schott, B.; Déjerine, J. Neurophysiologic study of two cases of hemianesthesia as a result of subcortical
lesions: Results of recording far-field somatosensory evoked potentials. Rev. Neurol. 1983, 139, 141–148. [PubMed]

37. Abbruzzese, G.; Abbruzzese, M.; Favale, E.; Ratto, S.; Favale, E. The effect of hand muscle vibration on the somatosensory evoked
potential in man: An interaction between lemniscal and spinocerebellar inputs? J. Neurol. Neurosurg. Psychiatry 1980, 43, 433–437.
[CrossRef]

38. Cheron, G.; Dan, B.; Borenstein, S. Sensory and motor interfering influences on somatosensory evoked potentials. J. Clin.
Neurophysiol. 2000, 17, 280–294. [CrossRef] [PubMed]

39. Perri, R.L.; Rossani, F.; Di Russo, F. Neuroelectric evidence of top-down hypnotic modulation associated with somatosensory
processing of sensory and limbic regions. NeuroImage 2019, 202, 116104. [CrossRef] [PubMed]

40. Türker, B.; Manasova, D.; Béranger, B.; Naccache, L.; Sergent, C.; Sitt, J.D. Distinct dynamic connectivity profiles promote
enhanced conscious perception of auditory stimuli. Commun. Biol. 2024, 7, 856. [CrossRef] [PubMed]

41. Sergent, C.; Corazzol, M.; Labouret, G.; Stockart, F.; Wexler, M.; King, J.-R.; Meyniel, F.; Pressnitzer, D. Bifurcation in brain
dynamics reveals a signature of conscious processing independent of report. Nat. Commun. 2021, 12, 1149. [CrossRef] [PubMed]

42. Desmedt, J.E.; Cheron, G. Somatosensory evoked potentials to finger stimulation in healthy octogenarians and in young adults:
Wave forms, scalp topography and transit times of parietal and frontal components. Electroencephalogr. Clin. Neurophysiol. 1980,
50, 404–425. [CrossRef] [PubMed]

43. Cebolla, A.M.; Palmero-Soler, E.; Dan, B.; Cheron, G. Frontal phasic and oscillatory generators of the N30 somatosensory evoked
potential. NeuroImage 2011, 54, 1297–1306. [CrossRef] [PubMed]

44. Hyvärinen, J.; Poranen, A. Function of the parietal associative area 7 as revealed from cellular discharges in alert monkeys. Brain
1974, 97, 673–692. [CrossRef] [PubMed]

45. Hyvärinen, J. Regional distribution of functions in parietal association area 7 of the monkey. Brain Res. 1981, 206, 287–303.
[CrossRef] [PubMed]

46. Leinonen, L.; Nyman, G. II. Functional properties of cells in anterolateral part of area 7 associative face area of awake monkeys.
Exp. Brain Res. 1979, 34, 321–333. [CrossRef] [PubMed]

47. Thaut, M.H.; Davis, W.B. The influence of subject-selected versus experimenter-chosen music on affect, anxiety, and relaxation. J.
Music Ther. 1993, 30, 210–223.

48. Burns, J.L.; Labbe, E.; Williams, K.; McCall, J. Perceived and physiological indicators of relaxation: As different as Mozart and
Alice in Chains. Appl. Psychophysiol. Biofeedback 1999, 24, 197–202. [CrossRef] [PubMed]

49. Salamon, E.; Bernstein, S.R.; Kim, S.-A.; Kim, M.; Stefano, G.B. The effects of auditory perception and musical preference on
anxiety in naïve human subjects. Med. Sci. Monit. 2003, 9, CR396–CR399. [PubMed]

50. Höller, Y.; Thomschewski, A.; Schmid, E.V.; Höller, P.; Crone, J.S.; Trinka, E. Individual brain-frequency responses to self-selected
music. Int. J. Psychophysiol. 2012, 86, 206–213. [CrossRef] [PubMed]

51. Koelsch, S.; Jäncke, L. Music and the heart. Eur. Heart J. 2015, 36, 3043–3049. [CrossRef] [PubMed]

https://doi.org/10.3390/brainsci16080802

https://doi.org/10.1016/j.cortex.2010.04.007
https://www.ncbi.nlm.nih.gov/pubmed/20570253
https://doi.org/10.1196/annals.1284.002
https://www.ncbi.nlm.nih.gov/pubmed/14681114
https://www.ncbi.nlm.nih.gov/pubmed/16078183
https://doi.org/10.1016/j.jtbi.2012.04.006
https://www.ncbi.nlm.nih.gov/pubmed/22726808
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://www.ncbi.nlm.nih.gov/pubmed/15102499
https://doi.org/10.1016/j.neuroscience.2006.08.035
https://www.ncbi.nlm.nih.gov/pubmed/17027173
https://doi.org/10.1016/j.heares.2009.04.017
https://www.ncbi.nlm.nih.gov/pubmed/19410641
https://doi.org/10.1016/j.neuron.2007.12.013
https://www.ncbi.nlm.nih.gov/pubmed/18184561
https://doi.org/10.1016/j.neuroscience.2010.11.041
https://www.ncbi.nlm.nih.gov/pubmed/21111788
https://www.ncbi.nlm.nih.gov/pubmed/5160167
https://www.ncbi.nlm.nih.gov/pubmed/6878976
https://doi.org/10.1136/jnnp.43.5.433
https://doi.org/10.1097/00004691-200005000-00006
https://www.ncbi.nlm.nih.gov/pubmed/10928640
https://doi.org/10.1016/j.neuroimage.2019.116104
https://www.ncbi.nlm.nih.gov/pubmed/31425795
https://doi.org/10.1038/s42003-024-06533-7
https://www.ncbi.nlm.nih.gov/pubmed/38997514
https://doi.org/10.1038/s41467-021-21393-z
https://www.ncbi.nlm.nih.gov/pubmed/33608533
https://doi.org/10.1016/0013-4694(80)90007-3
https://www.ncbi.nlm.nih.gov/pubmed/6160983
https://doi.org/10.1016/j.neuroimage.2010.08.060
https://www.ncbi.nlm.nih.gov/pubmed/20813188
https://doi.org/10.1093/brain/97.1.673
https://www.ncbi.nlm.nih.gov/pubmed/4434188
https://doi.org/10.1016/0006-8993(81)90533-3
https://www.ncbi.nlm.nih.gov/pubmed/7214136
https://doi.org/10.1007/bf00235676
https://www.ncbi.nlm.nih.gov/pubmed/105919
https://doi.org/10.1023/a:1023488614364
https://www.ncbi.nlm.nih.gov/pubmed/10652638
https://www.ncbi.nlm.nih.gov/pubmed/12960929
https://doi.org/10.1016/j.ijpsycho.2012.09.005
https://www.ncbi.nlm.nih.gov/pubmed/23000014
https://doi.org/10.1093/eurheartj/ehv430
https://www.ncbi.nlm.nih.gov/pubmed/26354957
https://doi.org/10.3390/brainsci16080802


Brain Sci. 2026, 16, 802 16 of 16

52. Koelsch, S.; Cheung, V.K.M.; Jentschke, S.; Haynes, J.-D. Neocortical substrates of feelings evoked with music in the ACC, insula,
and somatosensory cortex. Sci. Rep. 2021, 11, 10119. [CrossRef] [PubMed]

53. Desmedt, J.E.; Tomberg, C. Mapping early somatosensory evoked potentials in selective attention: Critical evaluation of control
conditions used for titrating by difference the cognitive P30, P40, P100 and N140. Electroencephalogr. Clin. Neurophysiol. 1989, 74,
321–346. [CrossRef] [PubMed]

54. Desmedt, J.E.; Tomberg, C. Transient phase-locking of 40 Hz electrical oscillations in prefrontal and parietal human cortex reflects
the process of conscious somatic perception. Neurosci. Lett. 1994, 168, 126–129. [CrossRef] [PubMed]

55. Tomberg, C.; Desmedt, J.E. Non-averaged human brain potentials in somatic attention: The short-latency cognition-related P40
component. J. Physiol. 1996, 496, 559–574. [CrossRef] [PubMed]

56. Desmedt, J.E.; Debecker, J. Slow potential shifts and decision P350 interactions in tasks with random sequences of near-threshold
clicks and finger stimuli delivered at regular intervals. Electroencephalogr. Clin. Neurophysiol. 1979, 47, 671–679. [CrossRef]
[PubMed]

57. Desmedt, J.E.; Debecker, J. Wave form and neural mechanism of the decision P350 elicited without pre-stimulus CNV or readiness
potential in random sequences of near-threshold auditory clicks and finger stimuli. Electroencephalogr. Clin. Neurophysiol. 1979, 47,
648–670. [CrossRef] [PubMed]

58. Desmedt, J.E.; Huy, N.T.; Bourguet, M. The cognitive P40, N60 and P100 components of somatosensory evoked potentials and
the earliest electrical signs of sensory processing in man. Electroencephalogr. Clin. Neurophysiol. 1983, 56, 272–282. [CrossRef]
[PubMed]

59. Budinger, E.; Scheich, H. Anatomical connections suitable for the direct processing of neuronal information of different modalities
via the rodent primary auditory cortex. Hear. Res. 2009, 258, 16–27. [CrossRef] [PubMed]

60. Henschke, J.U.; Noesselt, T.; Scheich, H.; Budinger, E. Possible anatomical pathways for short-latency multisensory integration
processes in primary sensory cortices. Brain Struct. Funct. 2015, 220, 955–977. [PubMed]

61. Liang, M.; Mouraux, A.; Hu, L.; Iannetti, G.D. Primary sensory cortices contain distinguishable spatial patterns of activity for
each sense. Nat. Commun. 2013, 4, 1979. [CrossRef] [PubMed]

62. Foxe, J.J.; Wylie, G.R.; Martinez, A.; Schroeder, C.E.; Javitt, D.C.; Guilfoyle, D.; Ritter, W.; Murray, M.M. Auditory-somatosensory
multisensory processing in auditory association cortex: An fMRI study. J. Neurophysiol. 2002, 88, 540–543. [CrossRef] [PubMed]

63. Kato, D.D.; Bruno, R.M. Stability of cross-sensory input to primary somatosensory cortex across experience. Neuron 2025, 113,
291–306.e7. [CrossRef] [PubMed]

64. Cheron, G.; Cebolla, A.M.; De Saedeleer, C.; Bengoetxea, A.; Leurs, F.; Leroy, A.; Dan, B. Pure phase-locking of beta/gamma
oscillation contributes to the N30 frontal component of somatosensory evoked potentials. BMC Neurosci. 2007, 8, 75. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/brainsci16080802

https://doi.org/10.1038/s41598-021-89405-y
https://www.ncbi.nlm.nih.gov/pubmed/33980876
https://doi.org/10.1016/0168-5597(89)90001-4
https://www.ncbi.nlm.nih.gov/pubmed/2476292
https://doi.org/10.1016/0304-3940(94)90432-4
https://www.ncbi.nlm.nih.gov/pubmed/8028764
https://doi.org/10.1113/jphysiol.1996.sp021707
https://www.ncbi.nlm.nih.gov/pubmed/8910238
https://doi.org/10.1016/0013-4694(79)90294-3
https://www.ncbi.nlm.nih.gov/pubmed/91496
https://doi.org/10.1016/0013-4694(79)90293-1
https://www.ncbi.nlm.nih.gov/pubmed/91495
https://doi.org/10.1016/0013-4694(83)90252-3
https://www.ncbi.nlm.nih.gov/pubmed/6193940
https://doi.org/10.1016/j.heares.2009.04.021
https://www.ncbi.nlm.nih.gov/pubmed/19446016
https://www.ncbi.nlm.nih.gov/pubmed/24384580
https://doi.org/10.1038/ncomms2979
https://www.ncbi.nlm.nih.gov/pubmed/23752667
https://doi.org/10.1152/jn.2002.88.1.540
https://www.ncbi.nlm.nih.gov/pubmed/12091578
https://doi.org/10.1016/j.neuron.2024.10.020
https://www.ncbi.nlm.nih.gov/pubmed/39561767
https://doi.org/10.1186/1471-2202-8-75
https://www.ncbi.nlm.nih.gov/pubmed/17877800
https://doi.org/10.3390/brainsci16080802

	Introduction 
	Participants, Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

