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Multimodal stimulation can reverse pathological neural activity and improve symptoms in neuropsychiatric
diseases. Recent research shows that multimodal acoustic-electric trigeminal-nerve stimulation (TNS) (i.e.,
musical stimulation synchronized to electrical stimulation of the trigeminal nerve) can improve consciousness in
patients with disorders of consciousness. However, the reliability and mechanism of this novel approach remain
largely unknown. We explored the effects of multimodal acoustic-electric TNS in healthy human participants by
assessing conscious perception before and after stimulation using behavioral and neural measures in tactile and
auditory target-detection tasks. To explore the mechanisms underlying the putative effects of acoustic-electric
stimulation, we fitted a biologically plausible neural network model to the neural data using dynamic causal
modeling. We observed that (1) acoustic-electric stimulation improves conscious tactile perception without a
concomitant change in auditory perception, (2) this improvement is caused by the interplay of the acoustic and
electric stimulation rather than any of the unimodal stimulation alone, and (3) the effect of acoustic-electric
stimulation on conscious perception correlates with inter-regional connection changes in a recurrent neural
processing model. These results provide evidence that acoustic-electric TNS can promote conscious perception.
Alterations in inter-regional cortical connections might be the mechanism by which acoustic-electric TNS ach-
ieves its consciousness benefits.

1. Introduction

Over the past decades, an increasing variety of consciousness-
promoting therapies have been proposed. These therapies include
pharmacological treatments (e.g., zolpidem, apomorphine) (Sanz et al.,
2019; Thonnard et al., 2013) and nonpharmacologic interventions, such
as sensory or electric stimulation (Cooper et al., 2005; Thibaut et al.,
2019). A recent approach, inspired by the increasing knowledge of the
neural mechanisms underlying consciousness, involves non-invasive
electric stimulation of the trigeminal nerve (Fan et al., 2019; Wu
et al., 2022). This cranial nerve projects facial sensation to the brainstem
and the cortex, and connects to the reticular activating system, thal-
amus, insula, and somatosensory brain structures (Simpson et al.,
1997)—regions which have been proposed to play a role in conscious-
ness (Gallace and Spence, 2010; Schiff et al., 2007; Steriade, 1996).

Trigeminal nerve stimulation (TNS) has already been widely used in
many neurological disorders (DeGiorgio et al., 2013; McGough et al.,
2019) and its initial applications in consciousness have yielded
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promising results. Both animal and human studies indicate that TNS can
promote the recovery from consciousness disorders (Dong et al., 2022;
Feng et al., 2022; Zheng et al., 2021). In addition to its effect on
conscious levels, the potential of TNS to modulate perception in healthy
subjects has been investigated. For example, TNS has been observed to
attenuate the P300 amplitude in an auditory oddball paradigm, sug-
gesting that TNS might support the release of noradrenaline and thereby
influence cortical processing and promoting detection abilities (Tra-
monti Fantozzi et al., 2021). In contrast, other studies found that TNS
exhibited no significant effect on event-related potential (ERP) compo-
nents during a visual oddball task and a paired-click paradigm in healthy
young participants (Mercante et al., 2023). These conflicting results
raise questions regarding the precise influence of TNS on conscious
perception.

Compared to unimodal stimulation, multimodal stimulation has
been shown to modulate more widespread brain regions and cause
stronger neural activation (Godenzini et al., 2021; Markovitz et al.,
2015; Marks et al., 2018). For example, combined acoustic and visual
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stimulation in Alzheimer’s disease (AD) mice has been found to reduce
amyloid load (a pathological hallmark of AD) across much broader
cortical regions than acoustic or visual stimulation alone (Martorell
et al., 2019). Similar benefits of multimodal stimulation have been
observed in tinnitus studies, which found that combined acoustic and
electric stimulation, but not unimodal stimulation, can reverse
tinnitus-related pathological neural activity and alleviate tinnitus
symptoms (Engineer et al., 2011; Marks et al., 2018). These findings
suggest that multimodal stimulation allows for a more effective treat-
ment of some cognitive disorders than unimodal stimulation.

Inspired by these findings, we recently conducted a stimulation study
in which we combined rhythmic acoustic music stimulation and rhyth-
mic transcutaneous electrical TNS in patients with disorders of con-
sciousness (Wu et al., 2022). We found that multimodal acoustic-electric
stimulation in the gamma band (40 Hz) can promote both gamma neural
activity and re-emergence of consciousness on the clinical population.
As the approach is novel, its reliability and functional principle are still
poorly understood and require further investigation.

In this study, we are extending our research to evaluate the impact of
acoustic-electric stimulation on healthy individuals. A commonly used
measure in studies of neural correlates of consciousness exploits par-
ticipants’ subjective experience of sensory input, as quantified with
perceptual performance on a near-threshold target-detection task
(Eklund and Wiens, 2019). In this assessment, healthy participants are
asked to report whether they are aware or unaware of a sensory stimulus
that is repeatedly presented at a fixed intensity near the perceptual
detection threshold. While this measure can serve merely as a proxy for
consciousness, it has the advantage that it directly reflects the partici-
pant’s subjective experience and can be readily coupled with objective
measures. For example, neural markers of conscious perception can be
identified by comparing neural responses to detected vs. undetected
identical stimuli while controlling for confounding variations in sensory
input. Results of previous electroencephalography (EEG) studies using
this approach suggest that conscious perception involves two prominent
ERP components: an early negative component in sensory regions
120-200 ms after the stimulus onset and a late positive component in
occipital-parietal regions 250-500 ms after the stimulus onset (Dembski
et al., 2021; Eklund and Wiens, 2019; Koivisto and Revonsuo, 2010). If
multimodal acoustic-electric stimulation can reliably promote con-
sciousness, one would expect it to effectively enhance these alternative
measures of consciousness.

Despite the converging results of the aforementioned AD and tinnitus
studies, the empirical evidence for stronger benefits from multimodal
(compared with unimodal) stimulation for consciousness is still very
limited. So far, consciousness benefits from multimodal stimulation
have been investigated primarily by stimulating in different sensory
modalities consecutively (Cheng et al., 2018; Megha et al., 2013), rather
than simultaneously (Wu et al., 2022). Thus, it is still unclear whether
the consciousness benefit from multimodal acoustic-electric stimulation
results from the multimodal nature of the stimulation. More generally,
the mechanism by which the multimodal stimulation may improve
consciousness is still unclear. Therefore, it remains to be determined
whether and how consciousness benefits from multimodal
acoustic-electric stimulation are driven by the acoustic or electric
stimulation, or their simultaneous combination.

The present study aimed to investigate (1) whether the effect of
multimodal stimulation combining music stimulation and electrical TNS
(hereafter shortly called “acoustic-electric stimulation™) on conscious-
ness is reproducible in healthy participants using behavioral and neural
measures of conscious perception in a target-detection task; (2) whether
the effect is primarily driven by the combination of the acoustic and
electric stimulation or any of the unimodal inputs alone; and (3) po-
tential neural mechanisms underlying the putative effects of acoustic-
electric stimulation. To achieve aims 1 and 2, we performed two ex-
periments in healthy human participants using a double-blinded, ran-
domized, crossover design. We applied acoustic-electric (AE) and
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acoustic-sham electric (AsE) stimulation (Experiment 1), and electric-
only (E) and sham-electric (sE) stimulation (Experiment 2). We
assessed conscious perception before and after the stimulation based on
participants’ perceptual performance on tactile and auditory target-
detection tasks and EEG responses to undetected vs. detected targets.
To achieve aim 3, we applied a dynamic-causal modeling (DCM)
approach to fit a biologically plausible neural network model to the EEG
data. DCM is a useful tool to study the neural architecture underlying
observed electrophysiological features in terms of effective connectivity
(Stephan et al., 2010). Previous EEG studies have utilized this approach
to investigate neural mechanisms of tactile conscious perception and
found a potential role of recurrent neural processing in the cortex
(Auksztulewicz and Blankenburg, 2013; Auksztulewicz et al., 2012). On
this basis, we hypothesized that changes in effectivity connectivity
might be the mechanisms by which acoustic-electric stimulation induces
consciousness benefits. We analyzed the connectivity parameters of the
best-fitting neural network model to test whether acoustic-electric
stimulation can modulate estimates of inter-regional cortical
connections.

We hypothesized that (1) acoustic-electric stimulation elicits an
improvement of conscious perception in healthy human participants, as
indicated by increases in both detection performance and awareness-
related ERP components after vs before the stimulation, (2) this
improvement in conscious perception is larger after acoustic-electric
stimulation than after acoustic or electric stimulation alone, and (3)
the putative effect of acoustic-electric stimulation on consciousness
correlates with inter-regional connection changes in a recurrent neural
processing model.

2. Methods
2.1. Participants

Participants were recruited from the student population of Maas-
tricht University. Fifty-four participants (42 females, 12 males; ages:
18-30 years) completed the study. Two participants with poor EEG data
quality (Experiment 1, see section EEG for details) were excluded. The
remaining 52 participants were included for further analysis: 26 par-
ticipants in Experiment 1 and another 26 participants in Experiment 2.
All participants reported normal hearing and no history of neurological
or psychiatric disorders. No participants had contraindications to
transcutaneous electric stimulation. Written informed consent was ob-
tained prior to the experiment. Participants were compensated with
study credits or monetary reward for their participation. The experi-
mental procedure was approved by the local research ethics committee
(Ethical Review Committee Psychology and Neuroscience, Maastricht
University).

2.2. Study overview

The study included two double-blinded, randomized, crossover ex-
periments. Each experiment consisted of two sessions separated by at
least 48 h. Each session comprised three phases: an assessment of
conscious perception before stimulation (i.e., pretest), application of the
stimulation, and an assessment of conscious perception after stimulation
(i.e., posttest) (Fig.1). The only difference between two sessions was the
type of applied stimulation: in Experiment 1, it was either acoustic-
electric or acoustic-sham electric, and in Experiment 2, it was either
electric-only or sham-electric. The order of stimulation type was coun-
terbalanced across participants. Participants and data collectors were
blinded to stimulation type throughout the experiment. During the
pretest and posttest phases, behavioural responses (Experiments 1 and
2) and neural responses (Experiment 1) were measured in tactile (Ex-
periments 1 and 2) and auditory (Experiment 1) detection tasks.
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A. Experiment 1
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Fig. 1. Stimulation approach and study design. (A). Experiment 1: Multimodal acoustic-electric TN stimulation involved the simultaneous application of music via
earphones and electric current via electrodes attached to the middle and lower parts of the participant’s face (see red and blue squares). The crossover design
involved two sessions separated by more than 48 h. Each session consists of three phases: assessment of conscious perception before stimulation (pretest), application
of acoustic-electric/acoustic-sham electric stimulation, and assessment of conscious perception after stimulation (posttest). The green and lavender waveforms
respectively represent electric and auditory stimulation. The length of each waveform corresponds to the duration of stimulation. (B). Experiment 2: same as (A), but
the stimulation involved electric-only and sham-electric stimulation and the assessment focused only on conscious tactile perception.

2.3. Experiment 1

2.3.1. Conscious perception assessment

To allow assessing conscious perception during the pretest and
posttest phases, a target-detection task adopted from previous studies
was used (Auksztulewicz and Blankenburg, 2013; Eklund and Wiens,
2019; Sanchez et al., 2020; Schroder et al., 2021). Tactile stimuli were
1-ms biphasic square wave pulses generated by a constant current
stimulator (DS5, Digitimer). The tactile stimuli were delivered via
Ag/AgCl electrodes adhered to the tip of the left index finger to stimulate
the median nerve. Auditory stimuli were 1000-Hz pure tones with a
duration of 100 ms (including 5 ms fade-in and 5 ms fade-out),
embedded in continuous white noise (44.8 dB SPL). The auditory
stimuli were presented binaurally via insert earphones.

Prior to the main assessment, individual tactile and auditory target-
detection thresholds were measured with a two-step procedure
involving the method of adjustment (step 1) and the method of constant
stimuli (step 2). In step 1, participants were asked to increase the current
intensity from 0.3 mA (in steps of 0.1 mA) to the lowest stimulus in-
tensity at which they could detect the electric pulse. In step 2,

participants were exposed to pulses with various intensities (ten equi-
distant levels centred on the current intensity determined in the first
step, with an increment size 0.06 mA). A total of 100 trials (10 for each
intensity) were presented in random order. Participants responded with
a button response on each trial to indicate whether they had detected the
pulse or not. The obtained data were fitted with a logistic psychometric
function, from which three intensities yielding the following perfor-
mance levels were derived: 1 % detection rate (intensity 1), 50 %
detection rate (intensity 5, equal to detection threshold), and 99 %
detection rate (intensity 9). Intensities 1 and 9 were used to define the
intensity range that was presented in the subsequent assessment of
conscious perception. The auditory-threshold assessment followed the
same procedure as the tactile-threshold assessment above, with the ex-
ceptions that the loudness of the tone started at an audible level (45 dB)
and decreased in steps of 4 dB in the first step, and the increment was 2
dB in the second step.

After the threshold measurements, four blocks of detection-task trials
were presented while EEG was recorded. Each block contained 150 trials
and lasted ~9 min. Two blocks contained only tactile trials and two
blocks contained only auditory trials. The presentation order was TATA
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or ATAT (T: tactile; A: auditory) and counterbalanced across partici-
pants. In each block, the 150 trials were presented at nine intensities,
which were equidistantly spaced between 1 % (intensity 1) and 99 %
(intensity 9) detection rate, as described above. The number of trials
presented at each intensity level followed a normal distribution to
maximize the trials with intensities near the detection threshold
(Fig.2B).

Each block started with the presentation of a task instruction on the
screen, which instructed participants to perform the tactile or auditory
task. Each trial started with a white central fixation cross on a black
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screen for 2000 ms. A tactile or auditory stimulus was applied with a
random delay between 1000 and 1500 ms after the fixation onset. Next,
a response screen was displayed, instructing participants to report
whether they had detected a stimulus or not by pressing one of two
buttons (“1” or “2”) within 1500 ms. No feedback on task performance
was given. Buttons “1” and “2” in first two blocks represented “Yes:
detected” and “No: undetected”. To control for motor-response map-
ping, the mapping was reversed in blocks 3 and 4 with “1” and “2”
indicating “No: undetected” and “Yes: detected” respectively (Fig.2A).
Participants could take a break after each block for as long as they
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Fig. 2. Trial design and trial distributions. (A). Schematic of an exemplary tactile-detection trial (upper) and an auditory-detection trial (bottom) presented in
different blocks. A trial started with the presentation of a fixation cross on the screen. A tactile or auditory stimulus followed with a random delay 1000-1500 ms after
the fixation onset. Next, a 1500-ms response screen was displayed, instructing participants to respond whether they had detected a stimulus or not. (B). Intensity
distribution of the presented trials. The number of trials across intensity levels followed a normal distribution, with a maximal number of trials at the threshold level
(intensity 5). (C). Intensity distribution of trials after subsampling for the neural data analysis. The subsampling resulted in a matched number of detected and

undetected trials, for each intensity.
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needed.

Two brief practice blocks of 30 trials were presented prior to the
main assessment to familiarize participants with the stimuli and tasks.
The threshold measurement and practice procedures were conducted
only in the pretest phase of each session.

2.3.2. Acoustic and electric stimulation

Acoustic stimulation consisted of eight pieces of Japanese music. To
control for a potential learning effect, the eight pieces of music were
divided into two sets that were played in individually randomized order
in the two sessions. The onset/offset of each excerpt was ramped up/
down using 5-s long ramps. Excerpts were amplitude-compressed
(compression ratio: 120:1, threshold: —12 dB, aiming to flatten the
amplitude envelope of the music that served here as a carrier signal) and
sequenced to form a continuous 20-min stream of music. To enforce
rhythmic brain activity at gamma frequency, the sequence was
amplitude-modulated at a frequency of 40 Hz (sinusoidal modulation,
depth: 100 %). The amplitude of the overall sequence was scaled to
avoid clipping. The acoustic stimulation was presented diotically
through insert earphones at a comfortable sound level (70.8 dB SPL).

Electric stimulation consisted of the non-invasive application of
alternating currents to the participant’s face to facilitate rhythmic tri-
geminal nerve activity. Analogously to the acoustic stimulation, the
current waveform was a sinusoid with a frequency of 40 Hz. The current
was applied using two pairs of square-shaped rubber electrodes (size: 3
cm X 3 cm) placed at the bilateral middle and lower part of the par-
ticipant’s face to stimulate the second and third branches of the tri-
geminal nerve (i.e., the maxillary nerve and the mandibular nerve,
respectively). Based on previous research and pilot tests (McGough
et al., 2019), the intensity of the current was fixed to +4 mA. Note that
the fixed current intensity across participants might have resulted in
individual differences in perceived intensity. The onset/offset of the
current was ramped up/down using 5-s long ramps. The electrodes were
adhered to the participant’s skin using conductive paste and the
impedance was kept below 10 kQ. The electric stimulation was deliv-
ered using battery-powered DC stimulators (NeuroConn, Germany).

Acoustic and electric stimuli were digitally generated using a sam-
pling rate of 16 kHz and then converted simultaneously to analog signals
using a multi-channel D/A converter. In Experiment 1, phase-locked
acoustic stimulation and electric stimulation were simultaneously pre-
sented for 20 min during the acoustic-electric stimulation period. During
the acoustic-sham electric stimulation period, only acoustic stimulation
was presented for 20 min but the electric stimulation was slowly ramped
down after the initial 30 s. The continuous presentation of acoustic
stimulation ensured that participants did not receive auditory cues
differentiating the two stimulation conditions. The 30-s electric stimu-
lation at the beginning induced sensations similar to the electric stim-
ulation in the main stimulation condition. Together these measures
served to blind participants to the stimulation conditions.

Upon completion of each session, participants were asked to com-
plete a questionnaire in which they were asked to (1) guess the time
course of the delivered electric stimulation (“no stimulation”, “begin-
ning”, “end”, “continuous™), (2) report if they suffered any side effects,
(3) report their level of familiarity with the presented music.

2.4. Experiment 2

The assessment of conscious perception in Experiment 2 was similar
to that in Experiment 1, with the exceptions that only two tactile blocks
were presented and only behavioral data were recorded. The stimulation
administered in Experiment 2 was also similar to that in Experiment 1,
except that the acoustic stimulation was removed, resulting in electric-
only and sham-electric stimulation (Fig.1B).
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2.5. Data acquisition and processing

2.5.1. Behavior

Trials without responses were rejected and the remaining trials were
classified as “detected” or “undetected” depending on the participant’s
response. The detection rates were calculated as a function of stimulus
intensity (from 1 to 9) and then fitted by a logistic function using a
maximum likelihood criterion, as implemented in the Palamedes
toolbox (Prins and Kingdom, 2018). The function is given by:

where y and A are the lower and upper bounds of the psychometric
function, reflecting the guessing rate and lapse rate; « is a threshold
parameter indicating the center of the psychometric function’s dynamic
range; B is related to the slope of the function. The guessing rate and
lapse rate were fixed at zero and the other two parameters, detection
threshold and slope, were set as free parameters. In this study, the
threshold is the stimulation intensity yielding 50 % detection rate on the
fitted psychometric function and the slope is the steepness of the func-
tion at that intensity. The psychometric function was fitted separately
for each participant, phase (pretest and posttest), session, and sensory
task modality (tactile and auditory).

2.5.2. EEG

2.5.2.1. Recording. EEG signals were recorded during the target-
detection task in Experiment 1 using 39 scalp EEG electrodes (Brain-
Cap, Brain Products LiveAmp 64, Gilching, Germany) placed according
to a standard 10-20 system. The AFz electrode was used as the ground
electrode and the left mastoid electrode (Al) was used as an online
reference electrode. Vertical electrooculogram was recorded by placing
an extra electrode below the left eye. An additional electrocardiogram
electrode was placed under the left breast to record heart activity (not
analysed in the present study). Electrode impedances were kept below
10 kQ throughout the experiment. EEG recordings were online
bandpass-filtered between 0.01 and 70 Hz, and digitized with a sam-
pling rate of 500 Hz.

2.5.2.2. Data pre-processing and ERP analysis. Data preprocessing and
analysis was performed using EEGLAB 2019.1 (Delorme and Makeig,
2004) and MATLAB 9.4. First, bad channels with a leptokurtic voltage
distribution (i.e., kurtosis higher than five) were replaced by interpo-
lating between the surrounding electrodes (spherical spline interpola-
tion; mean number of interpolated channels across participants: 1.0).
Then, the interpolated channel data were re-referenced to the average of
left and right mastoids and were band-pass filtered between 0.5 Hz and
30 Hz using a Butterworth Infinite Impulse Response (IIR) filter (zero
phase shift, filter order: 6). Next, independent component analysis was
performed, and artifactual components were identified and discarded
(mean percentage of artifactual components: 15.4 %) using the EEGLAB
plugin ICLables (Pion-Tonachini et al., 2019). The continuous data were
segmented into epochs from —100 to 500 ms relative to stimulus onset
and artifactual epochs with amplitudes exceeding +70 pV were
removed (mean percentage of excluded epochs: 0.8 %). One partici-
pant’s data were excluded from further data analysis because of a
relatively large percentage (11.7 %) of artifactual epochs. The
artifact-free, epoched data were corrected for baseline drifts by sub-
tracting the average amplitude from —100 to —10 ms relative to the
stimulus onset from the epoch.

To control for stimulation-related confounds (i.e., number of epochs,
stimulation intensity) in the analysis, we balanced the number of epochs
between detected and undetected conditions per intensity level using
subsampling in the condition with a larger number of epochs. Compared
to randomly selecting an equal number of epochs, this method was
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designed to minimize the interval difference (i.e., the presentation in-
terval) between the conditions (i.e., detected vs. undetected), and con-
trol for the time-related confounds (e.g., fatigue and adaptation). One
participant was excluded from further data analysis due to a limited
number of epochs left (13.3 %) after balancing. Overall, the average
number of retained tactile and auditory epochs was 118 and 140,
respectively, with the greatest number of epochs near the detection
threshold as expected (Fig.2C). Finally, an equal number of detected and
undetected epochs were averaged in the time domain, creating time-
locked ERPs for each electrode, each condition (detected and unde-
tected), each modality (tactile and auditory) and each participant.

ERP components (and corresponding time windows for analysis)
were chosen based on previous research, with particular focus on an
early negative component (tactile: 125-180 ms; auditory: 130-230 ms)
and a late positive component (250-500 ms) related to conscious
perception (Dembski et al., 2021). Mean amplitudes were calculated
using time-window averages at each channel, separately for detected
and undetected trials. To find the channels showing significant differ-
ences related to conscious perception, the amplitudes for detected and
undetected trials were compared per channel with paired t-tests and the
false-discovery rate (FDR) was controlled to correct for multiple com-
parisons. Channel clusters that were found to show significant differ-
ences between detected and undetected trials in each phase and each
session were defined as regions of interest (ROIs). Finally, difference
(detected minus undetected) waves were computed for each phase and
each session, and the amplitudes of the early and late ERP components
were averaged across the aforementioned time windows and the ROIs.

2.6. Dynamic causal modeling

DCM is an effective connectivity analysis in which sensor-level data
(here: ERPs) are fitted with a generative model of observed responses
(David et al., 2005). The model consists of two main components: a
neuronal model, describing dynamics of neural activity in a network
comprising effective (directional) connectivity parameters between
network nodes (brain regions), and an observation model, mapping
hidden states (neural activity estimates) to sensor-level measurements.
Models are fitted to the data using variational Bayesian methods (Kiebel
et al., 2009) to obtain estimates of log-model evidence (enabling a
comparison between alternative models) and model parameters (e.g.,
connectivity estimates). The connectivity parameters comprise baseline
estimates shared across experimental conditions (“A matrix”), modula-
tory parameters denoting connectivity changes due to experimental
conditions (“B matrix”; e.g., stimulus detection), and input parameters
(“C matrix”, defining network nodes receiving sensory inputs). A
detailed formulation of DCM for ERPs and its application to tactile
detection can be found in a previous study (Auksztulewicz and Blan-
kenburg, 2013). In the present study, DCMs were used to identify (1) a
neural network model explaining ERP differences to detected and un-
detected stimuli (i.e., modeling conscious perception effects) and (2)
connection changes in the model induced by the acoustic-electric stim-
ulation. This analysis was conducted using the SPM 12 toolbox (http
://www.fil.ion.ucl.ac.uk/spm/).

The DCMs were fit to the stimulus-evoked ERPs from 1 to 500 ms
peristimulus time using an ERP convolution-based neural mass model
(Moran et al., 2013). Based on findings from a related study using DCM
(Auksztulewicz and Blankenburg, 2013), the contralateral primary so-
matosensory cortex (cSI), bilateral secondary somatosensory cortex
(cSIL, iSII) and bilateral premotor cortex (cPMC, iPMC) were defined as
sources constituting network nodes. The locations (MNI coordinates) of
the five sources were obtained from previous studies and were as fol-
lows: cSI (52, —22, 44), cSII (52, —16, 16), iSII (—58, —20, 16), cPMC
(30, —20, 54), and iPMC (—30, —20, 54) (Auksztulewicz and Blanken-
burg, 2013; Wacker et al., 2011).

Firstly, the basic DCM architecture (“A matrix”) was identified using
the ERPs evoked by both detected and undetected tactile stimuli. Five
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alternative models were constructed differing in the number of sources
and the extrinsic connections between them (Fig.6A). Each model was
fitted separately for each participant, resulting in 5 x 26 models in
pretest and posttest. These models were then compared using fixed-
effects Bayesian model selection (BMS), which resulted in the selec-
tion of a winning model that fitted the data best across all participants
(Stephan et al., 2010).

Secondly, the selected winning model was optimized with respect to
the condition-dependent changes (“B matrix™) in extrinsic connections
to explain the observed tactile ERP difference between detected and
undetected trials. Six models were constructed differing with respect to
their extrinsic connections (Fig.6C). Three models assumed modulatory
connections between ¢SI and cSII/iSII and the other three models added
modulatory connections between SII and PMC. The exogenous tactile
information is modeled as a direct input entering cSI (“C matrix”). As
above, each model was fitted separately for each participant, and BMS
was used to select the winning model.

To estimate the changes of model parameters caused by acoustic-
electric stimulation, a second-level analysis was conducted using para-
metric empirical Bayes (PEB) (Rosch et al., 2019; Zeidman et al., 2019).
PEB is used to estimate commonalities and differences in model pa-
rameters at the group level, modelled as a second-level design matrix
(typically, under the assumption that parameters are normally distrib-
uted in the participant sample) (Friston et al., 2007; Penny et al., 2010).
Our PEB design matrix contained two columns: the first column repre-
sented the group mean (i.e., 1), and the second column represented time
(i.e., —1 for pretest, 1 for posttest). The winning model from the pre-
vious step was entered per participant and time into the PEB, and sub-
jected to Bayesian model reduction (BMR) and averaging (BMA) to
prune away model parameters that did not contribute to the model ev-
idence. To enable statistical inference, we retained model parameters at
a posterior probability higher than 0.99 (i.e., strong evidence for a
change of the parameters induced by the acoustic-electric stimulation).

2.7. Statistical analysis

To test for successful participant blinding, Fisher’s exact test was run
to determine if the perceived stimulation type differed between two
stimulation sessions in both experiments. For within-subject compari-
sons, statistical tests for repeated measures were used. Assumptions of
normality and equal variance were verified respectively with Shapiro-
Wilk tests and Levene’s tests. For datasets that significantly deviated
from a normal distribution, we utilized the Wilcoxon signed-rank tests
for dependent samples. This was only applicable to the dataset of the
slope. For all other datasets, parametric statistical tests were used. More
specifically, to assess the effect of stimulation on behavioral and neural
measures within each stimulation session, two-sided paired t-tests were
used. To test whether the effect differed between stimulation sessions, a
two-way repeated-measures ANOVA with two within-subjects factors
"stimulation" (acoustic-electric vs. acoustic-sham electric in Experiment
1; electric-only vs. sham-electric in Experiment 2) and "time" (pretest vs.
posttest) was used. The correlation between behavioral and neural ef-
fects of stimulation and its significance were assessed using Pearson’s
correlation coefficient R. A significance criterion o = 0.05 was used and
type-I error probabilities inflated by multiple comparisons were cor-
rected by controlling the FDR.

3. Results

In both experiments, participants’ subjective reports of the received
electric stimulation did not differ between the two experimental ses-
sions, which involved respectively verum and sham electric stimulation
(p < 0.05, Fisher’s exact test). This suggests that participants could not
reliably distinguish between the presence and absence of the electric
stimulation. No participant reported any side effect. Two participants
reported that they were familiar with the music (i.e., the acoustic
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stimulation) in both sessions (familiarity scores: 3 and 4 out of 5), while
all other participants reported they were completely unfamiliar with the
music (familiarity score: 0 out of 5).

3.1. Acoustic-electric stimulation but not acoustic-sham electric
stimulation modulates conscious tactile perception

To assess whether acoustic-electric stimulation or acoustic-sham
electric stimulation can improve subsequent conscious perception, we
compared stimulus-detection thresholds (interpreted as response crite-
rion, as e.g. a leftward shift of the psychometric curve represents a bias
towards reporting “detected”) (Gold and Ding, 2013; Kar and Krekel-
berg, 2014; Ruzzoli et al., 2010), and psychometric slopes, (interpreted
as perceptual sensitivity, as e.g. steeper slope represents higher sensi-
tivity) (Gold and Ding, 2013; Parker and Newsome, 1998; Zazio et al.,
2019), on tactile and auditory target-detection tasks after vs before
stimulation in Experiment 1 (Fig.1A). We found a significant decrease in
detection threshold, but not in slope, in the tactile task after vs before
acoustic-electric stimulation (threshold: tos = 3.936, p = 5.8 X 1074,
effect size d = 0.772; slope: Z = —0.444, p = 0.671, effect size r =
—0.087, Fig.3A-C). In contrast, we found no significant change in either
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detection threshold or slope in the tactile task after vs before
acoustic-sham electric stimulation (threshold: ty5 = 1.831, p = 0.079, d
= 0.359; slope: Z = 1.054, p = 0.303, r = 0.206, Fig.3A-C). This
observation of a behavioral gain in tactile perception after
acoustic-electric stimulation (vs. acoustic-sham electric stimulation)
was statistically supported by results from a two-way repeated-measures
ANOVA, which revealed a significant stimulation (acoustic-electric
stimulation versus acoustic-sham electric stimulation) x time (pretest
versus posttest) interaction (F125 = 8.572, p = 0.007, effect size =
0.255). For conscious auditory perception, we found no significant
change in detection threshold or slope after vs before acoustic-electric
stimulation (threshold: tys5 = 0.380, p = 0.707, d = 0.075; slope: Z =
0.775, p = 0.452, r = 0.152) or acoustic-sham electric stimulation
(threshold: tps = —1.123, p = 0.272, d = —0.220; slope: Z = —0.140,p =
0.901, r = —0.027) (Fig.3D-F). These results indicate that (1)
acoustic-electric stimulation, but not acoustic-sham electric stimulation,
improved subsequent conscious tactile perception, and this improve-
ment affected exclusively participants’ response criterion, not percep-
tual sensitivity; (2) acoustic-electric stimulation and acoustic-sham
electric stimulation did not systemically modulate subsequent conscious
auditory perception.
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Fig. 3. Behavioral performance in the target-detection task before and after acoustic-electric stimulation and acoustic-sham electric stimulation. (A). Group-averaged
psychometric function in the tactile-detection task. (B). The left and right pairs of plots respectively represent the tactile-detection threshold before and after acoustic-
electric stimulation (left) and acoustic-sham electric stimulation (right). The tactile threshold decreased significantly after acoustic-electric stimulation, but not after
acoustic-sham electric stimulation. (C). Same as (B), but for the psychometric slope. No significant effect on psychometric slope was observed after acoustic-electric
stimulation or acoustic-sham electric stimulation. (D-F). Same as (A-C), but for behavioral performance in the auditory-detection task. No significant effect of
acoustic-electric stimulation or acoustic-sham electric stimulation on the auditory-detection threshold or slope was observed. Data are presented as mean =+ sem
across participants in (A, D). The raincloud plots in (B-C, E-F) visualize the data distribution, the horizontal line within each boxplot indicates the median value across
participants; the bottom and top edges of the box indicate the first and third quartile values, the whiskers indicate the most extreme values within 1.5 times the
interquartile range. The dots in (B-C, E-F) represent individual participants. Green and magenta respectively represent pretest and posttest. N.S. non-significant, **p

< 0.01, ***p < 0.001.
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To investigate neural responses reflecting conscious perception, we
computed ERPs evoked by identical stimuli that participants detected vs.

undetected. Channel-by-channel analysis revealed that detected (vs.
undetected) tactile stimuli elicited a larger negativity distributed in the
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contralateral temporal area, which was defined as a ROI (Fig.S1A). The
detected (vs. undetected) auditory stimuli evoked a similar negativity
distributed in the frontal and central scalp areas (Fig.S1B). Detected
stimuli in both modalities evoked a large positivity distributed widely
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Fig. 4. Neural responses in the target-detection task before and after acoustic-electric stimulation and acoustic-sham electric stimulation. (A). Group-averaged tactile
awareness-related difference waveforms of the early tactile component averaged over ROIs, which are highlighted as black dots on the topographic plot. (B). The left
and right pairs of plots respectively represent the amplitude of the early tactile component before and after acoustic-electric stimulation (left) and acoustic-sham
electric stimulation (right). No significant effect of either stimulation was observed on the early component. (C, D). Same as (A, B), but for the late tactile
component. The amplitude of the late tactile component increased after acoustic-electric stimulation, but not after acoustic-sham electric stimulation. (E-H). Same as
(A-D), but for neural responses in the auditory-detection task. No significant effect of either stimulation on the early or late auditory component was observed. Data
are presented as mean + sem across participants in (A, C, E, G). The raincloud plots in (B, D, F, H) visualize the data distribution, the horizontal line within each
boxplot indicates the median value across participants; the bottom and top edges of the box indicate the first and third quartile values, the whiskers indicate the most
extreme values within 1.5 times the interquartile range. The dots represent individual participants. Green and magenta respectively represent pretest and posttest. N.

S. non-significant, *p < 0.05, ***p < 0.001.
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over the scalp covering mainly centroparietal areas (Fig.S1). ERP
waveforms averaged over the aforementioned ROIs are depicted in Fig.
S2. Consistent with previous research (Al et al., 2020; Eklund and
Wiens, 2019), the early negativity evoked by the detected stimuli was
observed at ~140 ms from the target onset, and a later more sustained
positivity was observed 250-500 ms from the target onset (Fig.S2).
These components were reliably observed across phases (pretest, post-
test) and sessions. Next, an awareness-related difference waveform was
obtained by subtracting the responses to undetected stimuli from the
responses to detected stimuli.

To assess whether acoustic-electric stimulation or acoustic-sham
electric stimulation enhanced neural responses reflecting conscious
perception, we compared the awareness-related difference waveforms
(detected minus undetected) after vs before stimulation. We found a
significant increase in the amplitude of the late tactile component, but
not the early component, after vs before acoustic-electric stimulation
(late component: tys = —3.875, p = 6.8 x 1074 d = —0.760; early
component: tys = —0.297, p = 0.769, d = —0.058; Fig.4A-D). However,
we found no significant change in the amplitude of either early or late
tactile component after vs before acoustic-sham electric stimulation
(late component: tps = —0.279, p = 0.782, d = —0.055; early compo-
nent: tys = —0.628, p = 0.536, d = —0.123; Fig.4A-D). Analogous to the
behavioral analysis, the different effects of acoustic-electric and
acoustic-sham electric stimulation on the amplitude of the late tactile
component were confirmed by a significant stimulation (acoustic-electric
stimulation versus acoustic-sham electric stimulation) x time (pretest
versus posttest) interaction (F;25 = 5.002, p = 0.034, effect size =
0.167). For conscious auditory perception, we found no significant
change in the amplitude of early or late auditory component after vs
before acoustic-electric stimulation (late component: ty5 = —0.489, p =
0.629, d = —0.096; early component: tps = 0.285, p = 0.778, d = 0.056)
or acoustic-sham electric stimulation (late component: tys = 0.133,p =
0.896, d = 0.026; early component: tps = —0.951, p = 0.351, d =
—0.187) (Fig.4E-H). These results indicate that (1) acoustic-electric
stimulation but not acoustic-sham electric stimulation enhanced subse-
quent neural responses to conscious tactile perception and the effect
applied exclusively to the late but not the early response; (2) acoustic-
electric stimulation and acoustic-sham electric stimulation did not sys-
temically modulate subsequent neural responses to conscious auditory
perception.

3.2. No significant effect of electric-only stimulation on conscious tactile
perception

While the results from Experiment 1 suggest that acoustic-electric
stimulation, but not acoustic-sham electric stimulation, can improve
conscious tactile perception, it remains unclear whether the effect is
caused by the electric stimulation alone or its interplay with the acoustic
stimulation. To address this question, we performed Experiment 2 in
which we applied electric-only and sham-electric stimulation (Fig.1B,
see more details in Methods) and compared tactile-detection thresholds
and psychometric slopes after vs before stimulation. We found no sig-
nificant change in tactile-detection threshold or slope after vs before
electric-only (threshold: ty5 = 1.490, p = 0.149, d = 0.292; slope: Z =
—0.216, p = 0.842, d = —0.042) or sham-electric stimulation (threshold:
tas = 0.179, p = 0.859, d = 0.035; slope: Z = 1.714, p = 0.089, d =
0.336) (Fig.5). This result suggests that prior electric-only stimulation
and/or placebo-related changes do not systemically modulate conscious
tactile perception. Taken together, these results indicate that the
improvement of conscious tactile perception observed in Experiment 1
was caused by the interplay of acoustic-electric stimulation, rather than
by the acoustic stimulation alone (Experiment 1), the electric stimula-
tion alone, or any placebo-related change (Experiment 2).
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Fig. 5. Behavioral performance in the tactile-detection task before and after
electric-only stimulation and sham-electric stimulation. (A). Group-averaged
psychometric function in the tactile-detection task. (B). The left and right
pairs of plots respectively represent the tactile-detection threshold before and
after electric-only stimulation (left) and sham-electric stimulation (right). (C).
Same as (B), but for the psychometric slope. No significant effect of electric-
only stimulation or sham-electric stimulation on tactile-detection threshold or
slope was observed. Data are presented as mean =+ sem across participants in
(A). The raincloud plots in (B, C) visualize the data distribution, the horizontal
line within each boxplot indicates the median value across participants; the
bottom and top edges of the box indicate the first and third quartile values, the
whiskers indicate the most extreme values within 1.5 times the interquartile
range. The dots in (B, C) represent individual participants. Green and magenta
respectively represent pretest and posttest. N.S. non-significant.

3.3. Acoustic-electric stimulation modulates connections in a recurrent
neural processing model

To explore potential neural mechanisms underlying the observed
effects of acoustic-electric stimulation on tactile perception, we con-
ducted a DCM analysis of tactile neural responses in the following three
steps. Firstly, five models differing in the number of sources and the
extrinsic connections between these sources were fitted to the tactile-
evoked response (Fig.6A). Using BMS, we found decisive evidence for
amodel in both pretest and posttest (log-model evidence for the winning
model, relative to the second-best model: pretest, 3173; posttest, 2225;
both corresponding to an exceedance probability of >99 %) that
included reciprocal connections between cSI and cSII, and between
bilateral SII and bilateral PMC (Fig.6B, model 4). Secondly, six models
allowing for changes in the modulatory connectivity were fitted to
explain the tactile-response difference between detected and undetected
stimuli (Fig.6C). A model incorporating global recurrent connections
showed the greatest evidence (log-model evidence relative to the
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Fig. 6. Model space of dynamic causal modeling. (A). Five alternative models of effective connectivity were fitted to individual participants’ ERPs evoked by the
tactile stimulation. All models included the tactile input to the contralateral SI and differed with respect to the number of sources and the extrinsic connections
between these sources. (B). Fixed-effects Bayesian model selection revealed that model 4 (shaded dark gray) outperformed the other models. Model 4 included five
sources (cSI, cSII, iSII, cPMC, iPMC) and recurrent connections between cSI and cSII, and between SII and PMC. (C). Modeling the modulatory effect of acoustic-
electric stimulation on extrinsic connections. Six models were designed in which stimulation modulated a different subset of extrinsic connections between cSI
and cSII, and between bilateral SII and bilateral PMC. (D). Fixed-effects Bayesian model selection revealed that model 6 (i.e., global recurrent model, shaded dark
gray) outperformed the other models. Model 6 allowed for recurrent connections among the five sources to be modulated by acoustic-electric stimulation.

second-best model: pretest, 3223; posttest, 1570; exceedance probabil- perception (Auksztulewicz and Blankenburg, 2013). Thirdly, the win-
ity >99 %) and was therefore selected as the winning model (Fig.6D, ning model for each subject before and after stimulation was combined
model 6). This result is in accordance with the previous study that into a single PEB model. Connection changes induced by the
identified a role of recurrent neural processing in conscious tactile acoustic-electric stimulation were identified and calculated using BMR
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and BMA. We found that the acoustic-electric stimulation had an
excitatory effect on the connections from cSI to cSII (posterior estimate
(Ep) = 0.301, a log-scaling parameter corresponding to the connection
change modulated by acoustic-electric stimulation; posterior probability
(Pp) = 1), from iPMC to iSII (Ep = 0.389; Pp = 1), and from iPMC to
c¢PMC (Ep = 0.665; Pp = 1). Moreover, the acoustic-electric stimulation
had an inhibitory effect on the connection from iPMC to cSII (Ep =
—0.271; Pp = 1) (Fig.7A). These results indicate that the
acoustic-electric stimulation modulated connection strength within a
global recurrent processing model.

To assess whether the modulatory effects of acoustic-electric stimu-
lation on connection were related to the observed improvements of
conscious tactile perception, we next explored the correlation between
connection changes (i.e., posterior estimates) and tactile-threshold
changes after acoustic-electric stimulation. We found a significant
negative correlation between the connection change from cSI to cSII and
the change of tactile-detection threshold (R = —0.473, p = 0.029, FDR
corrected). We obtained a similar result for the connection change from
iPMC to cSII (R = —0.405, p = 0.040, FDR-corrected) (Fig.7B). These
results suggest that stronger improvements of conscious tactile percep-
tion were accompanied by increased bottom-up excitation from cSI to
¢SII and reduced top-down inhibition from iPMC to cSII.

Neurolmage 285 (2024) 120476

4. Discussion

We found that (1) acoustic-electric stimulation can lead to an
improvement of conscious tactile perception without a concomitant
change in auditory perception in healthy human participants, (2) this
improvement is caused by the interplay of acoustic and electric stimu-
lation rather than any of the unimodal stimulation alone, and (3) the
effect of acoustic-electric stimulation on consciousness correlates with
inter-regional connection changes in a recurrent neural processing
model. Overall, our findings provide evidence that multimodal acoustic-
electric stimulation can modulate conscious tactile perception and
propose modulation of inter-regional connections as a potential neural
mechanism.

4.1. Acoustic-electric stimulation modulates conscious tactile perception

We found that prior acoustic-electric stimulation improved
conscious tactile perception, as indicated by increases in both detection
performance and the awareness-related ERP component after vs before
acoustic-electric stimulation. These observations confirm and replicate
previous findings in DOC patients, showing that acoustic-electric stim-
ulation can reliably promote consciousness (Wu et al., 2022).

One potential explanation is that the observed effect is caused by the
mere presence of the acoustic-electric stimulation. This interpretation is
supported by an animal study which demonstrated that combined
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Fig. 7. Effects of acoustic-electric stimulation on model parameters estimated using PEB. (A). Posterior estimates of connections (left bar plot) as log-scaling values
relative to the priors and posterior probability of these connections (right bar plot). Significant changes (posterior probability > 99 %) induced by acoustic-electric
stimulation were observed in a subset of connections (right network graph) as the posterior estimates were significantly greater or smaller than the prior mean of zero
(i.e., a log scaling of 100 %): an excitation of connections between cSI and cSII, iPMC and iSII, and iPMC and ¢cPMC (red arrows), and an inhibition of connections
from iPMC to cSII (blue arrows). (B). The scatterplot shows results from a correlation analysis testing for an association between changes in tactile-detection
threshold and changes in connectivity parameter. Correlation coefficient R and p-value describe, respectively, the strength and statistical significance of the

coupling (linear regression line) across all participants.
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acoustic-electric stimulation (audio: broadband noise; tactile: 200 Hz
pulses) improves behavioral performance in a tactile-based task (God-
enzini et al., 2021). An alternative explanation is that the improvements
of conscious tactile perception may be attributed to stronger gamma
oscillations induced by the acoustic-electric stimulation. Both observa-
tional and experimental studies have linked gamma oscillations to
conscious tactile perception (Gross et al., 2007; Meador et al., 2002;
Siegle et al., 2014). For example, Siegle et al. optogenetically modulated
gamma activity in mice and found improved detection of weak tactile
stimulation (Siegle et al., 2014), thereby shedding light on a causal role
of gamma oscillations in conscious tactile perception. Although gamma
oscillations were not measured in this study, it has been well-established
that rhythmic stimulation can entrain rhythmic brain oscillations at the
exact frequency of the applied stimulation. For example, our previous
study has shown an increase of neural activity in the gamma band after
multimodal acoustic-electric stimulation in the gamma band (Wu et al.,
2022). However, given that our study exclusively focused on the 40 Hz
gamma frequency, it remains uncertain whether the observed effects are
due to the general influence of the acoustic-electric stimulation or its
specific frequency. To determine frequency specificity, future studies
should consider incorporating a control frequency.

Interestingly, we found that acoustic-electric stimulation affected
exclusively participants’ response criterion, not perceptual sensitivity to
tactile stimulation. This finding is compatible with prior work showing
effects of transcranial magnetic stimulation in gamma band on response
criterion, but not perceptual sensitivity, in a visual-detection task
(Chanes et al., 2013). The researchers proposed that gamma oscillations
reflect sensory evidence regardless of the stimulus presence and can
therefore account for response bias (Chanes et al., 2013; Riddle et al.,
2019). Thus, it is conceivable that our application of gamma
acoustic-electric stimulation induced gamma oscillations that reflected
accumulating sensory evidence of tactile stimulation input, which then
resulted in the observed shift of response criterion.

Similarly, we found acoustic-electric stimulation enhanced exclu-
sively the late but not the early neural response to detected vs. unde-
tected targets. The observation of significant ERP components that
discriminate between detected vs. undetected stimuli in an early and a
late time window is consistent with previous ERP studies on awareness
(Al et al., 2020; Auksztulewicz and Blankenburg, 2013; Auksztulewicz
et al., 2012; Eklund et al., 2020; Eklund and Wiens, 2019). The early
negative component has been associated with perceptual sensitivity and
is thought to be unaffected by response criterion (Koivisto and Grassini,
2016; Mazzi et al., 2020). As such, the lack of a significant stimulation
effect on the early component in the present study is consistent with the
null result on perceptual sensitivity. However, there is an ongoing
controversy on whether the late component is a reliable correlate of
consciousness or reflects post-perceptual processes (Cohen et al., 2020;
Forster et al., 2020). Recent research has shown that the late component
may not emerge in response to perceived yet unreported stimuli (stimuli
in that study were irrelevant to the participants’ task) (Pitts et al., 2014).
Similarly, Schroder et al. reported that the late component may not
emerge from target detection when report requirements are controlled
using a matching task (Schroder et al., 2021). Thus, our interpretation of
the stimulation-induced increase in the late positive component as an
effect on late conscious processing (as reflected by) needs to be treated
with caution. It remains possible that the acoustic-electric stimulation
modulated the post-perceptual reporting rather than conscious tactile
perception per se.

4.2. No effect of acoustic-electric stimulation on conscious auditory
perception

We found that acoustic-electric stimulation did not systemically
modulate subsequent conscious auditory perception. Even though a few
studies have shown that transcranial alternating current stimulation
(tACS) can directly modulate auditory perception in a phase-dependent
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manner (Neuling et al., 2012; Riecke et al., 2015), the evidence for
overall or sustained benefits from tACS (compared with sham stimula-
tion) for conscious auditory perception is scarce. For example, Riecke
et al. (2015) found that the relative phase of 4 Hz tACS modulated the
detection of 4 Hz click trains; however, click detection did not differ
significantly under 4 Hz tACS vs. sham stimulation.

Numerous neurophysiological studies have underscored the func-
tional relationship between gamma oscillations (30-60 Hz) and
phoneme processing (Giraud and Poeppel, 2012; Gross et al., 2013;
Marchesotti et al., 2020). Notably, a gamma resonance frequency
around 40 Hz is crucial for phoneme processing, given its synchrony
with the average phoneme duration. However, the tone duration in our
study was 100 ms, which is considerably longer than the typical
phoneme durations (20 ms-40 ms) often used in auditory temporal
tasks. This difference could potentially explain the null result observed
in auditory perception.

Furthermore, it is important to note that the relationship between
gamma activity and auditory perception is not necessarily linear. While
young adults may inherently exhibit optimal gamma oscillations in their
auditory cortex, this does not guarantee enhanced performance with
added neural oscillations (Rufener et al., 2016). On the other hand,
groups with neural oscillation deficit, such as the elderly or those with
developmental dyslexia, have shown improvements in auditory perfor-
mance following 40 Hz tACS (Rufener et al., 2019). This finding is
consistent with our result of no modulatory effects of stimulation on
auditory perception.

Meanwhile, our neural processing model reveals that acoustic-
electric stimulation specifically modulated the connections between
the somatosensory and motor regions, underscoring its specialized in-
fluence on the network dynamics related to tactile processing. However,
it is important to note that these interpretations remain speculative. For
more definitive insights, future studies might consider using auditory
stimuli of shorter durations or incorporating elderly participants into the
research design.

4.3. No effect of unimodal stimulation on conscious tactile perception

We found that prior acoustic-sham electric or electric-only stimula-
tion and/or potential placebo-related changes did not systemically
modulate conscious tactile perception, suggesting that the observed
improvement of conscious tactile perception after acoustic-electric
stimulation was caused by the interplay of the acoustic and electric
stimulation, rather than by the unimodal acoustic or electric stimulation
alone. These findings are in line with the studies in tinnitus and AD that
showed superior effects of multimodal stimulation over unimodal
stimulation (see Introduction).

One potential explanation could be that the unimodal acoustic and
electric stimulation have simple additive effects. However, this inter-
pretation is difficult to reconcile with our observation of non-significant
effects of either unimodal acoustic stimulation or unimodal electric
stimulation, rendering this alternative less plausible. Another, perhaps
more intriguing explanation is that the consciousness benefits were
driven by the integration of the acoustic and electric inputs. Indeed, this
notion has been supported by animal studies. For example, auditory-
tactile integration has been found in the primary auditory cortex of
monkeys (Lakatos et al., 2007). Moreover, animal studies in mice have
shown that auditory stimulation and forepaw tactile stimulation activate
neurons in the somatosensory cortex. When the tactile stimulation was
paired with the auditory stimulation, the neuronal activation in so-
matosensory cortex and behavioral performance in a tactile-based task
were significantly improved. These results indicate that the somato-
sensory cortex can encode multisensory information and auditory input
to it can enhance its sensory encoding, leading to changes in responses to
tactile input (Godenzini et al., 2021). Although we could not directly
extract participants’ somatosensory cortical activity, our DCM results
suggest a neuronal state change in the somatosensory cortex after
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acoustic-electric stimulation, which we discuss further below.

Our null results based on unimodal electric stimulation are consistent
with a recent tACS study that applied tACS over SI at alpha, beta, and
gamma frequencies and found no significant change in near-threshold
tactile perception and tactile temporal discrimination threshold
(Manzo et al., 2020). However, it remains possible that unimodal
stimulation did not reach the threshold for promoting consciousness.
Future research may examine this possibility by e.g. applying the stim-
ulation at an increased intensity.

4.4. Acoustic-electric stimulation modulates connections in a recurrent
neural processing model

Our finding that a recurrent neural processing model can account for
cortical responses reflecting conscious tactile perception aligns well
with results from a prior study (Auksztulewicz and Blankenburg, 2013).
We found that acoustic-electric stimulation had a modulatory effect on
the following inter-regional connections within the recurrent processing
model: from ¢SI to ¢SII, from iPMC to iSII, and from iPMC to ¢cPMC, and
from iPMC to cSII. These findings suggest that the acoustic-electric
stimulation affected both somatosensory areas and PMC, and modu-
lated the strength of the direct connections between them. However, it
remains possible that the observed alterations in inter-regional cortical
connections may be driven indirectly by more unspecific mechanisms,
such as changes in arousal or alertness, rather than by the
acoustic-electric stimulation directly. Furthermore, we observed that the
connection changes from cSI and iPMC to cSII were negatively corre-
lated to the stimulation effects on tactile perception. This suggests that
the observed improvement of conscious tactile perception may be
accompanied by greater excitatory projection from cSI to cSII and
weaker inhibitory projection from iPMC to cSII. The alterations of these
two putative connections to cSII might point to an essential role of SII in
conscious tactile perception. According to previous studies, the SI and
SII are responsible for transforming tactile input into tactile perception,
and the SII is the first cortical region to show response differences be-
tween detected and undetected tactile stimulation (Auksztulewicz et al.,
2012; Schroder et al., 2019; Wuhle et al., 2010). In combination with
our modeling results, these results converge on the idea that SII is a
crucial region for conscious tactile perception.

4.5. Limitation

Despite the encouraging results of the study, a few limitations should
be taken into account. Firstly, although we opted for music as the
auditory stimulation due to its naturalness and emotional content
(which may have stronger effects on the brain than neutral stimuli)
(Blood and Zatorre, 2001; Geethanjali et al., 2018; Koelsch, 2014), it
remains to be explored whether alternative sound stimuli such as tones
or noise may elicit similar or even more pronounced effects. Secondly, it
should be noted that the majority of our participants were female.
Although inclusion of “gender” as a factor in our analyses revealed no
significant gender-related effect (p > 0.05; data not shown), we
acknowledge that the gender imbalance may limit the generalizability of
our findings to the male population. Thirdly, we used generic MNI co-
ordinates, which might not represent the precise neural regions in in-
dividual participants. Nonetheless, the DCM explained a considerable
proportion of variance (R? > 80 %), indicating that our approach was
able to capture data feature effectively. Future studies could further
benefit from incorporating individualized MNI coordinates by obtaining
individual structural magnetic resonance imaging and taking
inter-individual anatomical variations into account.

4.6. Conclusion

Our study provides evidence that multimodal stimulation combining
music stimulation and electrical TNS can promote conscious tactile
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perception in healthy human participants and suggests modulation of
inter-regional cortical connections as a plausible mechanism. No such
perceptual benefit could be achieved by unimodal acoustic and electric
stimulation alone. In sum, this study provides insight into the reliability
and functional principle of multimodal acoustic-electric stimulation,
which can inspire the application of this novel approach in clinics to
promote patients’ consciousness.

CRediT authorship contribution statement

Min Wu: Conceptualization, Methodology, Investigation, Formal
analysis, Writing — original draft, Writing — review & editing. Ryszard
Auksztulewicz: Methodology, Supervision, Writing — review & editing.
Lars Riecke: Conceptualization, Methodology, Supervision, Writing —
original draft, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data are available in Open Science Framework (https://osf.
io/y9n84/) upon publication.

Acknowledgment

We thank S. Kuang for the assistance in data collection. We thank Y.
X. Feng for creating the head models in Fig. 1. This work was supported
by China Scholarship Council (CSC 201906320078 to M.W.).

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.neuroimage.2023.120476.

References

Al, E., lliopoulos, F., Forschack, N., Nierhaus, T., Grund, M., Motyka, P., Gaebler, M.,
Nikulin, V.V, Villringer, A., 2020. Heart-brain interactions shape somatosensory
perception and evoked potentials. Proc. Natl Acad. Sci. 117, 10575-10584. https://
doi.org/10.1073/pnas.1915629117.

Auksztulewicz, R., Blankenburg, F., 2013. Subjective rating of weak tactile stimuli is
parametrically encoded in event-related potentials. J. Neurosci. 33, 11878-11887.
https://doi.org/10.1523/JNEUROSCI.4243-12.2013.

Auksztulewicz, R., Spitzer, B., Blankenburg, F., 2012. Recurrent neural processing and
somatosensory awareness. J. Neurosci. 32, 799-805. https://doi.org/10.1523/
JNEUROSCI.3974-11.2012.

Blood, A.J., Zatorre, R.J., 2001. Intensely pleasurable responses to music correlate with
activity in brain regions implicated in reward and emotion. Proc. Natl. Acad. Sci. U.
S. A. 98, 11818-11823. https://doi.org/10.1073/pnas.191355898.

Chanes, L., Quentin, R., Tallon-Baudry, C., Valero-Cabre, A., 2013. Causal frequency-
specific contributions of frontal spatiotemporal patterns induced by non-invasive
neurostimulation to human visual performance. J. Neurosci. 33, 5000-5005. https://
doi.org/10.1523/JNEUROSCIL.4401-12.2013.

Cheng, L., Cortese, D., Monti, M.M., Wang, F., Riganello, F., Arcuri, F., Di, H.,
Schnakers, C., 2018. Do sensory stimulation programs have an impact on
consciousness recovery? Front. Neurol. 9, 826. https://doi.org/10.3389/
fneur.2018.00826.

Cohen, M.A.,, Ortego, K., Kyroudis, A., Pitts, M., 2020. Distinguishing the neural
correlates of perceptual awareness and postperceptual processing. J. Neurosci. 40,
4925-4935. https://doi.org/10.1523/JNEUROSCI.0120-20.2020.

Cooper, E.B., Scherder, E.J., Cooper, J.B., 2005. Electrical treatment of reduced
consciousness: experience with coma and Alzheimer’s disease. Neuropsychol.
Rehabil. 15, 389-405. https://doi.org/10.1080/09602010443000317.

David, O., Harrison, L., Friston, K.J., 2005. Modelling event-related responses in the
brain. Neuroimage 25, 756-770. https://doi.org/10.1016/].
neuroimage.2004.12.030.

DeGiorgio, C.M., Soss, J., Cook, I.A., Markovic, D., Gornbein, J., Murray, D., Oviedo, S.,
Gordon, S., Corralle-Leyva, G., Kealey, C.P., Heck, C.N., 2013. Randomized


https://osf.io/y9n84/
https://osf.io/y9n84/
https://doi.org/10.1016/j.neuroimage.2023.120476
https://doi.org/10.1073/pnas.1915629117
https://doi.org/10.1073/pnas.1915629117
https://doi.org/10.1523/JNEUROSCI.4243-12.2013
https://doi.org/10.1523/JNEUROSCI.3974-11.2012
https://doi.org/10.1523/JNEUROSCI.3974-11.2012
https://doi.org/10.1073/pnas.191355898
https://doi.org/10.1523/JNEUROSCI.4401-12.2013
https://doi.org/10.1523/JNEUROSCI.4401-12.2013
https://doi.org/10.3389/fneur.2018.00826
https://doi.org/10.3389/fneur.2018.00826
https://doi.org/10.1523/JNEUROSCI.0120-20.2020
https://doi.org/10.1080/09602010443000317
https://doi.org/10.1016/j.neuroimage.2004.12.030
https://doi.org/10.1016/j.neuroimage.2004.12.030

M. Wu et al.

controlled trial of trigeminal nerve stimulation for drug-resistant epilepsy.
Neurology 80, 786-791. https://doi.org/10.1212/WNL.0b013e318285c11a.

Delorme, A., Makeig, S., 2004. EEGLAB: an open source toolbox for analysis of single-
trial EEG dynamics including independent component analysis. J. Neurosci. Methods
134, 9-21.

Dembski, C., Koch, C., Pitts, M., 2021. Perceptual awareness negativity: a physiological
correlate of sensory consciousness. Trends Cogn. Sci. 25, 660-670. https://doi.org/
10.1016/j.tics.2021.05.009.

Dong, X.Y., Tang, Y.L., Fang, L.J., Feng, Z., 2022. Trigeminal nerve stimulation for
disorders of consciousness: evidence from 21 cases. Brain Network and Modulation
1, 110-114. https://doi.org/10.4103/2773-2398.348256.

Eklund, R., Gerdfeldter, B., Wiens, S., 2020. Is auditory awareness negativity confounded
by performance? Conscious. Cogn. 83, 102954 https://doi.org/10.1016/j.
concog.2020.102954.

Eklund, R., Wiens, S., 2019. Auditory awareness negativity is an electrophysiological
correlate of awareness in an auditory threshold task. Conscious. Cogn. 71, 70-78.
https://doi.org/10.1016/j.concog.2019.03.008.

Engineer, N.D., Riley, J.R., Seale, J.D., Vrana, W.A., Shetake, J.A., Sudanagunta, S.P.,
Borland, M.S., Kilgard, M.P., 2011. Reversing pathological neural activity using
targeted plasticity. Nature 470, 101-104. https://doi.org/10.1038/nature09656.

Fan, S., Wu, X, Xie, M., Li, X., Liu, C,, Su, Y., Chen, Y., Wu, S., Ma, C., 2019. Trigeminal
nerve stimulation successfully awakened an unconscious patient. Brain Stimul. 12,
361-363. https://doi.org/10.1016/j.brs.2018.11.001.

Feng, Z., Dong, X.Y., Tang, Y.L., Fang, L.J., 2022. Trigeminal nerve stimulation for
disorders of consciousness: evidence from 21 cases. Brain Netw. Modul. 1 https://
doi.org/10.4103/2773-2398.348256.

Forster, J., Koivisto, M., Revonsuo, A., 2020. ERP and MEG correlates of visual
consciousness: the second decade. Conscious. Cogn. 80, 102917 https://doi.org/
10.1016/j.concog.2020.102917.

Friston, K., Mattout, J., Trujillo-Barreto, N., Ashburner, J., Penny, W., 2007. Variational
free energy and the Laplace approximation. Neuroimage 34, 220-234. https://doi.
org/10.1016/j.neuroimage.2006.08.035.

Gallace, A., Spence, C., 2010. Touch and the body: the role of the somatosensory cortex
in tactile awareness. Psyche 16, 30-67. An Interdisciplinary Journal of Research on
Consciousness.

Geethanjali, B., Adalarasu, K., Jagannath, M., 2018. Music induced emotion and music
processing in the brain-A review. J. Clin. Diagnostic Res. 12 https://doi.org/
10.7860/JCDR/2018/30384.11060.

Giraud, A.L., Poeppel, D., 2012. Cortical oscillations and speech processing: emerging
computational principles and operations. Nat. Neurosci. 15, 511-517.

Godenzini, L., Alwis, D., Guzulaitis, R., Honnuraiah, S., Stuart, G.J., Palmer, L.M., 2021.
Auditory input enhances somatosensory encoding and tactile goal-directed behavior.
Nat. Commun. 12, 4509. https://doi.org/10.1038/541467-021-24754-w.

Gold, J.I, Ding, L., 2013. How mechanisms of perceptual decision-making affect the
psychometric function. Prog. Neurobiol. 103, 98-114. https://doi.org/10.1016/j.
pneurobio.2012.05.008.

Gross, J., Hoogenboom, N., Thut, G., Schyns, P., Panzeri, S., Belin, P., Garrod, S., 2013.
Speech rhythms and multiplexed oscillatory sensory coding in the human brain.
PLoS Biol. 11, e1001752 https://doi.org/10.1371/journal.pbio.1001752.

Gross, J., Schnitzler, A., Timmermann, L., Ploner, M., 2007. Gamma oscillations in
human primary somatosensory cortex reflect pain perception. PLoS Biol. 5, e133.
https://doi.org/10.1371/journal.pbio.0050133.

Kar, K., Krekelberg, B., 2014. Transcranial alternating current stimulation attenuates
visual motion adaptation. J. Neurosci. 34, 7334-7340. https://doi.org/10.1523/
JNEUROSCI.5248-13.2014.

Kiebel, S.J., Garrido, M.I., Moran, R., Chen, C.C., Friston, K.J., 2009. Dynamic causal
modeling for EEG and MEG. Hum. Brain Mapp. 30, 1866-1876. https://doi.org/
10.1002/hbm.20775.

Koelsch, S., 2014. Brain correlates of music-evoked emotions. Nat. Rev. Neurosci. 15,
170-180. https://doi.org/10.1038/nrn3666.

Koivisto, M., Grassini, S., 2016. Neural processing around 200ms after stimulus-onset
correlates with subjective visual awareness. Neuropsychologia 84, 235-243. https://
doi.org/10.1016/j.neuropsychologia.2016.02.024.

Koivisto, M., Revonsuo, A., 2010. Event-related brain potential correlates of visual
awareness. Neurosci. Biobehav. Rev. 34, 922-934. https://doi.org/10.1016/j.
neubiorev.2009.12.002.

Lakatos, P., Chen, C.M., O’Connell, M.N., Mills, A., Schroeder, C.E., 2007. Neuronal
oscillations and multisensory interaction in primary auditory cortex. Neuron 53,
279-292. https://doi.org/10.1016/j.neuron.2006.12.011.

Manzo, N., Guerra, A., Giangrosso, M., Belvisi, D., Leodori, G., Berardelli, A., Conte, A.,
2020. Investigating the effects of transcranial alternating current stimulation on
primary somatosensory cortex. Sci. Rep. 10, 17129. https://doi.org/10.1038/
s41598-020-74072-2.

Marchesotti, S., Nicolle, J., Merlet, I., Arnal, L.H., Donoghue, J.P., Giraud, A.L., 2020.
Selective enhancement of low-gamma activity by tACS improves phonemic
processing and reading accuracy in dyslexia. PLoS Biol. 18, e3000833 https://doi.
org/10.1371/journal.pbio.3000833.

Markovitz, C.D., Smith, B.T., Gloeckner, C.D., Lim, H.H., 2015. Investigating a new
neuromodulation treatment for brain disorders using synchronized activation of
multimodal pathways. Sci. Rep. 5, 9462. https://doi.org/10.1038/srep09462.

Marks, K.L., Martel, D.T., Wu, C., Basura, G.J., Roberts, L.E., Schvartz-Leyzac, K.C.,
Shore, S.E., 2018. Auditory-somatosensory bimodal stimulation desynchronizes
brain circuitry to reduce tinnitus in guinea pigs and humans. Sci. Transl. Med. 10
https://doi.org/10.1126/scitranslmed.aal3175.

Martorell, A.J., Paulson, A.L., Suk, H.J., Abdurrob, F., Drummond, G.T., Guan, W.,
Young, J.Z., Kim, D.N., Kritskiy, O., Barker, S.J., Mangena, V., Prince, S.M.,

14

Neurolmage 285 (2024) 120476

Brown, E.N., Chung, K., Boyden, E.S., Singer, A.C., Tsai, L.H., 2019. Multi-sensory
gamma stimulation ameliorates Alzheimer’s-associated pathology and improves
cognition. Cell 177. https://doi.org/10.1016/].cell.2019.02.014, 256-271 e222.

Mazzi, C., Mazzeo, G., Savazzi, S., 2020. Late positivity does not meet the criteria to be
considered a proper neural correlate of perceptual awareness. Front. Syst. Neurosci.
14, 36. https://doi.org/10.3389/fnsys.2020.00036.

McGough, J.J., Sturm, A., Cowen, J., Tung, K., Salgari, G.C., Leuchter, A.F., Cook, L.A.,
Sugar, C.A., Loo, S.K., 2019. Double-blind, sham-controlled, pilot study of trigeminal
nerve stimulation for attention-deficit/hyperactivity disorder. J. Am. Acad. Child
Adolesc. Psychiatry 58. https://doi.org/10.1016/j.jaac.2018.11.013, 403-411 e403.

Meador, K.J., Ray, P.G., Echauz, J.R., Loring, D.W., Vachtsevanos, G.J., 2002. Gamma
coherence and conscious perception. Neurology 59, 847-854. https://doi.org/
10.1212/wnl.59.6.847.

Megha, M., Harpreet, S., Nayeem, Z., 2013. Effect of frequency of multimodal coma
stimulation on the consciousness levels of traumatic brain injury comatose patients.
Brain Inj. 27, 570-577. https://doi.org/10.3109/02699052.2013.767937.

Mercante, B., Enrico, P., Ginatempo, F., Loi, N., Deriu, F., 2023. Short-term
transcutaneous trigeminal nerve stimulation does not affect visual oddball task and
paired-click paradigm ERP responses in healthy volunteers. Exp. Brain Res. 241,
327-339. https://doi.org/10.1007/500221-022-06525-1.

Moran, R., Pinotsis, D.A., Friston, K., 2013. Neural masses and fields in dynamic causal
modeling. Front. Comput. Neurosci. 7, 57. https://doi.org/10.3389/
fncom.2013.00057.

Neuling, T., Rach, S., Wagner, S., Wolters, C.H., Herrmann, C.S., 2012. Good vibrations:
oscillatory phase shapes perception. Neuroimage 63, 771-778. https://doi.org/
10.1016/j.neuroimage.2012.07.024.

Parker, A.J., Newsome, W.T., 1998. Sense and the single neuron: probing the physiology
of perception. Annu. Rev. Neurosci. 21, 227-277. https://doi.org/10.1146/annurev.
neuro.21.1.227.

Penny, W.D., Stephan, K.E., Daunizeau, J., Rosa, M.J., Friston, K.J., Schofield, T.M.,
Leff, A.P., 2010. Comparing families of dynamic causal models. PLoS Comput. Biol.
6, €1000709 https://doi.org/10.1371/journal.pcbi.1000709.

Pion-Tonachini, L., Kreutz-Delgado, K., Makeig, S., 2019. ICLabel: an automated
electroencephalographic independent component classifier, dataset, and website.
Neuroimage 198. https://doi.org/10.1016/j.neuroimage.2019.05.026.

Pitts, M.A., Metzler, S., Hillyard, S.A., 2014. Isolating neural correlates of conscious
perception from neural correlates of reporting one’s perception. Front. Psychol. 5,
1078. https://doi.org/10.3389/fpsyg.2014.01078.

Prins, N., Kingdom, F.A.A., 2018. Applying the model-comparison approach to test
specific research hypotheses in psychophysical research using the palamedes
toolbox. Front. Psychol. 9.

Riddle, J., Hwang, K., Cellier, D., Dhanani, S., D’Esposito, M., 2019. Causal evidence for
the role of neuronal oscillations in top-down and bottom-up attention. J. Cogn.
Neurosci. 31, 768-779. https://doi.org/10.1162/jocn_a_01376.

Riecke, L., Formisano, E., Herrmann, C.S., Sack, A.T., 2015. 4-Hz transcranial alternating
current stimulation phase modulates hearing. Brain Stimul. 8, 777-783. https://doi.
org/10.1016/j.brs.2015.04.004.

Rosch, R.E., Auksztulewicz, R., Leung, P.D., Friston, K.J., Baldeweg, T., 2019. Selective
prefrontal disinhibition in a roving auditory oddball paradigm under N-methyl-D-
aspartate receptor blockade. Biol. Psychiatry Cogn. Neurosci. Neuroimaging 4,
140-150. https://doi.org/10.1016/j.bpsc.2018.07.003.

Rufener, K.S., Krauel, K., Meyer, M., Heinze, H.J., Zaehle, T., 2019. Transcranial
electrical stimulation improves phoneme processing in developmental dyslexia.
Brain Stimul. 12, 930-937. https://doi.org/10.1016/].brs.2019.02.007.

Rufener, K.S., Oechslin, M.S., Zaehle, T., Meyer, M., 2016. Transcranial alternating
current stimulation (tACS) differentially modulates speech perception in young and
older adults. Brain Stimul. 9, 560-565. https://doi.org/10.1016/j.brs.2016.04.002.

Ruzzoli, M., Marzi, C.A., Miniussi, C., 2010. The neural mechanisms of the effects of
transcranial magnetic stimulation on perception. J. Neurophysiol. 103, 2982-2989.
https://doi.org/10.1152/jn.01096.2009.

Sanchez, G., Hartmann, T., Fusca, M., Demarchi, G., Weisz, N., 2020. Decoding across
sensory modalities reveals common supramodal signatures of conscious perception.
Proc. Natl. Acad. Sci. U. S. A. 117, 7437-7446. https://doi.org/10.1073/
pnas.1912584117.

Sanz, L.R.D., Lejeune, N., Blandiaux, S., Bonin, E., Thibaut, A., Stender, J., Farber, N.M.,
Zafonte, R.D., Schiff, N.D., Laureys, S., Gosseries, O., 2019. Treating disorders of
consciousness with apomorphine: protocol for a double-blind randomized controlled
trial using multimodal assessments. Front. Neurol. 10, 248. https://doi.org/
10.3389/fneur.2019.00248.

Schiff, N.D., Giacino, J.T., Kalmar, K., Victor, J.D., Baker, K., Gerber, M., Fritz, B.,
Eisenberg, B., Biondi, T., O’Connor, J., Kobylarz, E.J., Farris, S., Machado, A.,
McCagg, C., Plum, F., Fins, J.J., Rezai, A.R., 2007. Behavioural improvements with
thalamic stimulation after severe traumatic brain injury. Nature 448, 600-603.
https://doi.org/10.1038/nature06041.

Schroder, P., Nierhaus, T., Blankenburg, F., 2021. Dissociating perceptual awareness and
postperceptual processing: the p300 is not a reliable marker of somatosensory target
detection. J. Neurosci. 41, 4686-4696. https://doi.org/10.1523/JNEUROSCI.2950-
20.2021.

Schroder, P., Schmidt, T.T., Blankenburg, F., 2019. Neural basis of somatosensory target
detection independent of uncertainty, relevance, and reports. eLife 8. https://doi.
org/10.7554/eLife.43410.

Siegle, J.H., Pritchett, D.L., Moore, C.I., 2014. Gamma-range synchronization of fast-
spiking interneurons can enhance detection of tactile stimuli. Nat. Neurosci. 17,
1371-1379. https://doi.org/10.1038/nn.3797.


https://doi.org/10.1212/WNL.0b013e318285c11a
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0011
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0011
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0011
https://doi.org/10.1016/j.tics.2021.05.009
https://doi.org/10.1016/j.tics.2021.05.009
https://doi.org/10.4103/2773-2398.348256
https://doi.org/10.1016/j.concog.2020.102954
https://doi.org/10.1016/j.concog.2020.102954
https://doi.org/10.1016/j.concog.2019.03.008
https://doi.org/10.1038/nature09656
https://doi.org/10.1016/j.brs.2018.11.001
https://doi.org/10.4103/2773-2398.348256
https://doi.org/10.4103/2773-2398.348256
https://doi.org/10.1016/j.concog.2020.102917
https://doi.org/10.1016/j.concog.2020.102917
https://doi.org/10.1016/j.neuroimage.2006.08.035
https://doi.org/10.1016/j.neuroimage.2006.08.035
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0021
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0021
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0021
https://doi.org/10.7860/JCDR/2018/30384.11060
https://doi.org/10.7860/JCDR/2018/30384.11060
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0023
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0023
https://doi.org/10.1038/s41467-021-24754-w
https://doi.org/10.1016/j.pneurobio.2012.05.008
https://doi.org/10.1016/j.pneurobio.2012.05.008
https://doi.org/10.1371/journal.pbio.1001752
https://doi.org/10.1371/journal.pbio.0050133
https://doi.org/10.1523/JNEUROSCI.5248-13.2014
https://doi.org/10.1523/JNEUROSCI.5248-13.2014
https://doi.org/10.1002/hbm.20775
https://doi.org/10.1002/hbm.20775
https://doi.org/10.1038/nrn3666
https://doi.org/10.1016/j.neuropsychologia.2016.02.024
https://doi.org/10.1016/j.neuropsychologia.2016.02.024
https://doi.org/10.1016/j.neubiorev.2009.12.002
https://doi.org/10.1016/j.neubiorev.2009.12.002
https://doi.org/10.1016/j.neuron.2006.12.011
https://doi.org/10.1038/s41598-020-74072-2
https://doi.org/10.1038/s41598-020-74072-2
https://doi.org/10.1371/journal.pbio.3000833
https://doi.org/10.1371/journal.pbio.3000833
https://doi.org/10.1038/srep09462
https://doi.org/10.1126/scitranslmed.aal3175
https://doi.org/10.1016/j.cell.2019.02.014
https://doi.org/10.3389/fnsys.2020.00036
https://doi.org/10.1016/j.jaac.2018.11.013
https://doi.org/10.1212/wnl.59.6.847
https://doi.org/10.1212/wnl.59.6.847
https://doi.org/10.3109/02699052.2013.767937
https://doi.org/10.1007/s00221-022-06525-1
https://doi.org/10.3389/fncom.2013.00057
https://doi.org/10.3389/fncom.2013.00057
https://doi.org/10.1016/j.neuroimage.2012.07.024
https://doi.org/10.1016/j.neuroimage.2012.07.024
https://doi.org/10.1146/annurev.neuro.21.1.227
https://doi.org/10.1146/annurev.neuro.21.1.227
https://doi.org/10.1371/journal.pcbi.1000709
https://doi.org/10.1016/j.neuroimage.2019.05.026
https://doi.org/10.3389/fpsyg.2014.01078
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0050
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0050
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0050
https://doi.org/10.1162/jocn_a_01376
https://doi.org/10.1016/j.brs.2015.04.004
https://doi.org/10.1016/j.brs.2015.04.004
https://doi.org/10.1016/j.bpsc.2018.07.003
https://doi.org/10.1016/j.brs.2019.02.007
https://doi.org/10.1016/j.brs.2016.04.002
https://doi.org/10.1152/jn.01096.2009
https://doi.org/10.1073/pnas.1912584117
https://doi.org/10.1073/pnas.1912584117
https://doi.org/10.3389/fneur.2019.00248
https://doi.org/10.3389/fneur.2019.00248
https://doi.org/10.1038/nature06041
https://doi.org/10.1523/JNEUROSCI.2950-20.2021
https://doi.org/10.1523/JNEUROSCI.2950-20.2021
https://doi.org/10.7554/eLife.43410
https://doi.org/10.7554/eLife.43410
https://doi.org/10.1038/nn.3797

M. Wu et al.

Simpson, K.L., Altman, D.W., Wang, L., Kirifides, M.L., Lin, R.C., Waterhouse, B.D., 1997.
Lateralization and functional organization of the locus coeruleus projection to the
trigeminal somatosensory pathway in rat. J. Comp. Neurol. 385, 135-147.

Stephan, K.E., Penny, W.D., Moran, R.J., den Ouden, H.E.M., Daunizeau, J., Friston, K.J.,
2010. Ten simple rules for dynamic causal modeling. Neuroimage 49, 3099-3109.
https://doi.org/10.1016/j.neuroimage.2009.11.015.

Steriade, M., 1996. Arousal-revisiting the reticular activating system. Science 272.
https://doi.org/10.1126/science.272.5259.225, 225-225.

Thibaut, A., Schiff, N., Giacino, J., Laureys, S., Gosseries, O., 2019. Therapeutic
interventions in patients with prolonged disorders of consciousness. Lancet Neurol.
18, 600-614. https://doi.org/10.1016/51474-4422(19)30031-6.

Thonnard, M., Gosseries, O., Demertzi, A., Lugo, Z., Vanhaudenhuyse, A., Bruno, M.A.,
Chatelle, C., Thibaut, A., Charland-Verville, V., Habbal, D., Schnakers, C.,

Laureys, S., 2013. Effect of zolpidem in chronic disorders of consciousness: a
prospective open-label study. Funct. Neurol. 28, 259-264. https://doi.org/
10.11138/FNeur/2013.28.4.259.

Tramonti Fantozzi, M.P., Artoni, F., Di Galante, M., Briscese, L., De Cicco, V.,
Bruschini, L., d’Ascanio, P., Manzoni, D., Faraguna, U., Carboncini, M.C., 2021.
Effect of the trigeminal nerve stimulation on auditory event-related potentials.
Cereb. Cortex Commun. 2, tgab012. https://doi.org/10.1093/texcom/tgab012.

15

Neurolmage 285 (2024) 120476

Wacker, E., Spitzer, B., Liitzkendorf, R., Bernarding, J., Blankenburg, F., 2011. Tactile
motion and pattern processing assessed with high-field fMRI. PLoS One 6, €24860.
https://doi.org/10.1371/journal.pone.0024860.

Wu, M., Luo, B., Yu, Y., Li, X., Gao, J., Li, J., Sorger, B., Riecke, L., 2022. Rhythmic
musical-electrical trigeminal nerve stimulation improves impaired consciousness.
Neuroimage Clin. 36, 103170 https://doi.org/10.1016/j.nicl.2022.103170.

Wuhle, A., Mertiens, L., Ruter, J., Ostwald, D., Braun, C., 2010. Cortical processing of
near-threshold tactile stimuli: an MEG study. Psychophysiology 47, 523-534.
https://doi.org/10.1111/j.1469-8986.2010.00964.x.

Zazio, A., Bortoletto, M., Ruzzoli, M., Miniussi, C., Veniero, D., 2019. Perceptual and
physiological consequences of dark adaptation: a TMS-EEG study. Brain Topogr. 32,
773-782. https://doi.org/10.1007/s10548-019-00715-x.

Zeidman, P., Jafarian, A., Seghier, M.L., Litvak, V., Cagnan, H., Price, C.J., Friston, K.J.,
2019. A guide to group effective connectivity analysis, part 2: second level analysis
with PEB. Neuroimage 200, 12-25. https://doi.org/10.1016/j.
neuroimage.2019.06.032.

Zheng, Y., Wu, S., Yang, Q., Xu, Z., Zhang, S., Fan, S., Liu, C., Li, X., Ma, C., 2021.
Trigeminal nerve electrical stimulation: an effective arousal treatment for loss of
consciousness. Brain Res. Bull. 169, 81-93. https://doi.org/10.1016/j.
brainresbull.2021.01.008.


http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0063
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0063
http://refhub.elsevier.com/S1053-8119(23)00626-2/sbref0063
https://doi.org/10.1016/j.neuroimage.2009.11.015
https://doi.org/10.1126/science.272.5259.225
https://doi.org/10.1016/s1474-4422(19)30031-6
https://doi.org/10.11138/FNeur/2013.28.4.259
https://doi.org/10.11138/FNeur/2013.28.4.259
https://doi.org/10.1093/texcom/tgab012
https://doi.org/10.1371/journal.pone.0024860
https://doi.org/10.1016/j.nicl.2022.103170
https://doi.org/10.1111/j.1469-8986.2010.00964.x
https://doi.org/10.1007/s10548-019-00715-x
https://doi.org/10.1016/j.neuroimage.2019.06.032
https://doi.org/10.1016/j.neuroimage.2019.06.032
https://doi.org/10.1016/j.brainresbull.2021.01.008
https://doi.org/10.1016/j.brainresbull.2021.01.008

	Multimodal acoustic-electric trigeminal nerve stimulation modulates conscious perception
	1 Introduction
	2 Methods
	2.1 Participants
	2.2 Study overview
	2.3 Experiment 1
	2.3.1 Conscious perception assessment
	2.3.2 Acoustic and electric stimulation

	2.4 Experiment 2
	2.5 Data acquisition and processing
	2.5.1 Behavior
	2.5.2 EEG
	2.5.2.1 Recording
	2.5.2.2 Data pre-processing and ERP analysis


	2.6 Dynamic causal modeling
	2.7 Statistical analysis

	3 Results
	3.1 Acoustic-electric stimulation but not acoustic-sham electric stimulation modulates conscious tactile perception
	3.2 No significant effect of electric-only stimulation on conscious tactile perception
	3.3 Acoustic-electric stimulation modulates connections in a recurrent neural processing model

	4 Discussion
	4.1 Acoustic-electric stimulation modulates conscious tactile perception
	4.2 No effect of acoustic-electric stimulation on conscious auditory perception
	4.3 No effect of unimodal stimulation on conscious tactile perception
	4.4 Acoustic-electric stimulation modulates connections in a recurrent neural processing model
	4.5 Limitation
	4.6 Conclusion

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgment
	Supplementary materials
	References


