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Abstract

Background: Transcutaneous vagus nerve stimulation (tVNS) has emerged as a method for
interrogating the role of the locus coeruleus (LC) norepinephrine system in human behavior.
Tuning of excitability in the corticospinal tract is central to many cognitive and motor processes,
but little is known about how the LC contributes to this tuning. In particular, no existing studies
have examined the effect of tVNS on corticospinal excitability “online” during active stimulation,

where the largest effects on pupil size are observed.

Method: To address this question, we delivered repeated 4-second trains of tVNS and sham
stimulation and elicited MEPs during stimulation trains (online) and shortly after train offset

(offline). Pupil size was concurrently recorded throughout each train.

Results: We discovered that tVNS significantly increases corticospinal excitability compared to
sham stimulation, but only when measured online and not offline. The excitatory effects on
corticospinal excitability were greater in the latter half of tVNS trains. Pupil size was also
significantly increased by tVNS compared to sham; however, the effect on pupil size peaked earlier
during the tVNS trains compared to corticospinal excitability. In line with these distinct temporal
profiles, changes in corticospinal excitability and pupil size were not significantly correlated,

likely reflecting differences in the anatomical circuits underpinning each effect.

Conclusions: This work demonstrates for the first time that tVNS increases corticospinal
excitability at rest, but the effect only emerges when corticospinal excitability is measured online

during active tVNS. Implications for basic and clinical neuroscientific research are discussed.
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1 Introduction

Transcutaneous vagus nerve stimulation (tVNS) is an emerging form of non-invasive brain
stimulation that shows promise as a method to better understand the role of the locus coeruleus
(LC) in human behavior and neurological disease. tVNS involves electrical stimulation of the
cymba conchae within the ear, which drives activation of the auricular branch of the vagus nerve'
3. This activation spreads to the nucleus tractus solitarii, which in turn activates the LC*® and
releases norepinephrine (NE) throughout the central nervous system (CNS). The effect of tVNS
on LC activity is evidenced through studies showing that tVNS increases neurophysiological
markers of NE release, including pupil size’~"°, heart rate', and skin conductance'. Functional
magnetic resonance imaging further indicates that LC activity is increased during tVNS. Similarly,
animal studies show dose-dependent increases in LC activity during VNS and increases in basal
LC firing found after repeated bouts of VNS. These induced increases in LC activity are associated

with excitation across a broad array of cortical and subcortical regions!>1°.

While the effect of tVNS on traditional makers of NE release are relatively well understood, little
is known about its effect on corticospinal excitability. This is important to address since the
corticospinal tract is the largest descending pathway in the brain and critical for voluntary motor
control. Excitability in the corticospinal tract can be indexed with high temporal precision by
analyzing the amplitude of motor evoked potentials (MEPs) in peripheral muscle(s) elicited by
single pulses of transcranial magnetic stimulation (TMS) over the primary motor cortex (M1).
Studies combining TMS with behavioral tasks have shown that rapid fluctuations in corticospinal

16-18

excitability are a feature of multiple cognitive and motor processes , Including motor

19-32 33,34

, decision making®**, movement cancellation® 38

preparation , and complex bimanual

control***°, The prevalence of corticospinal tract disruption in numerous motor system diseases

41-44

including stroke*' ™, multiple sclerosis®® and Parkinson’s disease*®*’ further showcases the

centrality of the corticospinal activity in adaptive movement.

Existing investigations into the effect of tVNS on corticospinal excitability have yielded mixed
results. All studies have focused on the “offline” changes in corticospinal excitability before and
after a 30-60 minute bout of continuous tVNS, with the majority finding no significant effect on

corticospinal excitability**°. Other work showed an increase in corticospinal excitability after
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tVINS®', but this was with electrodes placed bilaterally on the neck, making it difficult to ascertain

the locus of stimulation.

The lack of a clear effect of tVNS on corticospinal excitability may be caused in part by the focus
on measuring corticospinal excitability “offline” before and after a bout of tVNS. In these
scenarios, even if tVNS did influence activity in the corticospinal tract, it is possible that
homeostatic plasticity may have been engaged to normalize cortical activity, resulting in no
observable changes after the stimulation®**, A more appropriate approach might be to assess
effects on corticospinal excitability “online” while tVNS is actively applied. Work from our lab’
and others®?® indicates that tVNS has very rapid acting effects on pupil size, with the application
of 4-second trains of tVNS at rest resulting in a significant increase in pupil size often less than a
second after tVNS onset when compared to a sham stimulation condition’. Notably, pupil size

returned to baseline levels just 1 second after tVNS offset’.

To assess the online effects of tVNS on corticospinal excitability, we elicited MEPs before
(baseline), during (online) and after (offline) repeated 4-second trains of tVNS. These MEP data
were compared with MEPs elicited during intensity matched sham stimulation trials in which 4-
second trains of stimulation were applied to the ear lobes. We predicted that corticospinal
excitability would be increased by tVNS, but only when measured online and not offline. We
concurrently recorded pupil size throughout every tVNS/sham train to assess the effect of tVNS
on this traditional marker of NE release. We predicted that a significant increase in tVNS relative
to sham would be found’. Finally, we also predicted that normalized increases in corticospinal

excitability and pupil size would be correlated.

2 Methods

2.1 Participants and experimental setup

Twenty-nine participants were recruited; one was excluded due to a technical issue with tVNS,
leaving 28 (21 female/7 male; age 25.1 + 3.2; 26 right-handed/2 left-handed). All had normal or
corrected vision, no neurological or psychiatric disorders, and no physical injuries. Participants
provided written informed consent, received financial compensation, and the study was approved
by the Ethics Committee of the Université catholique de Louvain and the Cliniques

universitaires Saint-Luc (Brussels, Belgium; 2024/05JUI/292 - NEURAL OSCILLATIONS) in
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accordance with the Declaration of Helsinki. Experiments were conducted in a quiet, moderately
lit room. Participants sat at a chin rest with hands flat on a table, facing a computer screen (Figure

1A).

2.2 tVNS

tVNS and sham stimulation were delivered in 4-s trains via a custom electrical stimulation
platform’. Stimulation targeted the left cymba conchae (tVNS) or left earlobe (sham) using flexible
pad electrodes (Axiothera, Germany) connected to Digitimer DS7A devices (Digitimer, UK), with
intensity and pulse duration controlled on the DS7A. Both devices were linked to a Master-9
multichannel stimulator (A.M.P.L., Israel) to control pulse frequency and train duration. Electrode
placement mirrored previous work (Figure 1B), and intensity was calibrated according to

established protocols (Figure 1C).

23 TMS

Single-pulse TMS and surface electromyography (EMG) were used to determine resting motor
threshold (RMT) and measure corticospinal excitability. EMG was recorded from the right flexor
dorsal interosseous (FDI) muscle using bipolar Neuroline electrodes (Ambu, Denmark) with a
ground on the ulnar styloid process. Signals were amplified x1,000, bandpass filtered (50—450 Hz;
Digitimer, UK) and sampled at 2,000 Hz using Signal (Cambridge Electronic Design, UK). TMS
was delivered over left M1 using a MagVenture stimulator (Denmark) with a C-B60 coil, guided
by a Visor2 neuronavigation system (ANT Neuro, Germany). The ‘“hotspot” which elicited
consistent MEPs in the contralateral FDI was identified. RMT was then delineated by finding the
lowest stimulation intensity that elicited >0.05 mV MEPs in 5 out of 10 trials. TMS was applied
at an intensity of 115% RMT throughout the experiment.
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Figure 1. Experimental setup and design. A. Participants sat in front of a monitor and fixated on a white
cross displayed in the center of a black screen while receiving tVNS/SHAM stimulation every 14—15s at
rest. TMS was deliver over left M1 to elicit motor evoked potentials (MEPs) in the right flexor dorsal
interosseous (FDI). An eye-tracking camera was used to capture pupillometry and EMG was used to capture
right FDI MEPs. B. Electrode montage in tVNS and SHAM conditions. Electrodes were placed on the
cymba conchae and tragus of the left ear in tVNS condition”>>". This generates an electric field covering
the area innervated by the auricular branch of the vagus nerve (ABVN)'=, thereby specifically activating
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the vagal afferent pathway up to the nucleus tractus solitarii (NTS), which in turn transmits impulses to
locus coeruleus (LC)**® and activates norepinephrine (NE) neurons that project throughout the CNS. For
sham stimulation, electrodes were put on the left earlobe. This allows to generate an electric field covering
the area of the greater auricular nerve (GAN), where stimulation is not expected to induce brainstem
activation®. Pulses (200 us) were delivered at 25 Hz for 4 s in both conditions. C. A “Method of Limits”
procedure was used to select the maximal comfortable tVNS intensity for each participant. Participants
received increasing and decreasing series of 4s tVNS trials and rated their subjective sensation for each
stimulation on a 10-point scale. The intensity started at 0.1 mA and was increased by 0.2 mA until
participants reported a sensation of 9. Before starting the decreasing series, the same intensity was repeated.
Then, it was reduced trial by trial in 0.2 mA steps until a subjective sensation of 6 or below was experienced.
The final intensity for tVNS was calculated based on the average of the intensities rated as 8. To match the
perception in the two conditions, intensity in the sham condition was set to the equal perception of the final
intensity in tVNS condition. D. Participants received repeated and randomly interleaved 4-second trains of
tVNS and sham stimulation. MEPs were elicited at one of 8 timepoints relative to the start of tVNS/sham
trains. Trains of tVNS/sham were separated by a 9-10 second intertrial period.

2.4  Combined tVNS/TMS/Pupillometry

Participants completed 10 blocks of 40 stimulation trains each (20 tVNS, 20 sham) while at rest.
Single TMS pulses were applied at —1, +0.2, +1, +2, +3, +4, +5, or +6 s relative to train onset
(Figure 1D) to assess corticospinal excitability, measured via peak-to-peak MEP amplitude. Two
MEPs were elicited per timepoint per condition, totaling 36 MEPs per block and 20 MEPs per trial
type across the experiment. Each block also included two tVNS and two sham trains without TMS
to assess pupil responses in the absence of TMS pulses. Train types were randomly interleaved,
separated by 9—10 s intertrial intervals to allow pupil time to return to baseline’. Pupillometry was
recorded continuously at 1000 Hz using an Eyelink 1000+ eye tracker (SR Research, Canada), and
train/TMS timing was controlled using a custom MATLAB script. Participants completed a brief

Eyelink calibration procedure before TMS blocks to ensure stable pupil size measurements.

2.5 Data processing

2.5.1 TMS/EMG data

TMS/EMG data were analyzed offline using the VETA MATLAB toolbox. MEP peak-to-peak
amplitude was the primary variable. MEPs were automatically detected with ‘findEMG.m’ and
visually verified with ‘visualizeEMG.m’; onsets and offsets were adjusted as needed. Trials
showing >0.05 mV background EMG within 50 ms pre-TMS were excluded (~2%). MEPs were
normalized to each participant’s mean baseline amplitude (1 s pre-tVNS/sham onset) and

expressed as ratios. Extreme outliers were removed before averaging to minimize skew.
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2.5.2  Pupillometric data

Pupil data were analyzed offline using custom MATLAB scripts. One participant was excluded
due to poor tracking. Blink periods were removed via linear interpolation (=100 ms) and data low-
pass filtered at 10 Hz (fourth-order Butterworth, zero-phase). Trials with >50% interpolated
samples were excluded (~3%). Data were segmented from 1 s pre- to 12 s post-event for
tVNS/sham trains and 5 s post-event for TMS pulses. Each trial was baseline-corrected using the

mean pupil size in the 1 s pre-event period to control for session-wide fluctuations.
2.6 Data analysis

2.6.1 Model selection

For most analyses, generalized linear mixed-effects regression (GLMER) with a gamma
distribution and identity link was used. This approach accommodates the skewness typical of

neurophysiological data>®>°

and provides superior handling of interindividual variability through
random effects compared to traditional ANOVA or linear regression® %2, Participant ID was
always included as a random intercept. Simple main effects were tested using estimated marginal

means with Tukey-adjusted pairwise comparisons.

2.6.2  Effect of tVNS on corticospinal excitability

This study primarily assessed whether tVNS modulates corticospinal excitability when applied
online (during stimulation) versus offline (after stimulation). MEP data were divided into three
timeframes: Baseline (—1 s pre-train), Online (+0.2—4 s post-onset), and Offline (+5-6 s). Baseline
MEPs, collected prior to the onset of either stimulation type, were entered as identical values for
both tVNS and sham conditions to provide a shared reference level for the GLMER, allowing
interaction terms to reflect stimulation-specific deviations. Normalized MEPs were averaged
within each timeframe and stimulation condition, and a GLMER tested the fixed effects of Time

(Baseline, Online, Offline) and Stimulation Type (tVNS, Sham).

A secondary analysis examined whether tVNS effects on corticospinal excitability were uniform
across all online timepoints or specific to certain intervals. Mean normalized MEPs were computed
at each timepoint (—1 [shared reference], +0.2, +1, +2, +3, +4 s), and a GLMER assessed fixed

effects of Time and Stimulation Type on normalized MEP amplitude.
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2.6.3 Effect of tVNS on pupil size

To assess pupil responses to 4-s tVNS trains, only no-TMS trials were analyzed, to control for the
potential contaminating effects of TMS pulses. Baseline-normalized pupil data were averaged
across 40 trials per stimulation condition. Differences between tVNS and sham were tested using
a cluster-based paired #-test (20,000 Monte Carlo permutations). Mean pupil size within significant

clusters was entered into a GLMER with Stimulation Type as a fixed factor.

2.6.4 Association between corticospinal excitability and pupil size

An exploratory analysis tested whether changes in corticospinal excitability correlated with
changes in pupil size. For each post-onset timepoint (+0.2—6 s), MEP change scores (tVNS — sham)
and pupil change scores (tVNS — sham, 500 ms pre-TMS window) were computed. An LMER
assessed Pupil Change and Time as fixed effects on MEP Change.

2.6.5 Effect of TMS pulses on pupil size

To isolate TMS effects on pupil size, only post-train sham trials were analyzed, with pupil data
from no-TMS trials used as control to compare changes against. Baseline-normalized pupil data
(—1 to +5 s around TMS onset time) were averaged across 40 trials per condition. A cluster-based
paired #-test (20,000 permutations) compared TMS and no-TMS conditions, and mean pupil size

from significant clusters was entered into a GLMER with TMS Type as a fixed factor.

3 Results

3.1 tVNS trains drive online but not offline increases in corticospinal excitability

A GLMER testing whether tVNS modulated online corticospinal excitability showed a significant
Time x Stimulation Type interaction (B = 0.05, 95% CI1[0.03, 0.08], p <0.001). Estimated marginal
means indicated greater excitability online during tVNS than sham (u=0.051 £ 0.014, p <0.0005),
but no difference offline after stimulation (p = 0.28; Figure 2A), suggesting effects were confined

to the active stimulation period.

A follow-up GLMER examining individual timepoints within the train revealed a significant Time
x Stimulation Type interaction (f = 0.03, 95% CI [0, 0.03], p < 0.05). Excitability was higher in
tVNS than sham at +3 s (u=0.081 = 0.03, p <0.01) and +4 s (L =0.07 £ 0.03, p < 0.05), but not
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earlier (+0.2, +1, +2 s; all p > 0.17; Figure 2B). Thus, tVNS online effects were driven by

measurements in the latter half of the stimulation train.
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Figure 2. Effect of tVNS on mean corticospinal excitability. A. tVNS significantly increased mean
corticospinal excitability relative to sham when measured online during stimulation trains, but not offline
after stimulation trains. Crossbars represent grand means, individual dots represent participant means, and
lines link participants across tVNS and sham conditions. B. tVNS-induced increases in corticospinal
excitability were primarily driven by measurements taken in the latter half of the stimulation trains (+3 and
+4 s post train onset). Crossbars represent grand means, and individual dots represent participant means.
*p<0.05, **p<0.01, ***p<0.0005.

3.2 tVNS trains drive online increases in pupil size

A cluster-based paired #-test revealed greater pupil size during tVNS than sham from 1.1 to 3.2 s
after train onset (p < 0.05; Figure 3A). A GLMER on mean pupil size within this window
confirmed a significant Stimulation Type effect (f =70, 95% CI [35, 104], p <0.001), with higher
pupil size during tVNS (u =70 £ 17, p <0.0005; Figure 3B).

10
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Figure 3. Effect of tVNS on pupil size. A. Grand mean of pupil size measurements corrected for pre
stimulation train onset pupil size. Shaded regions represent the standard error of the grand mean. tVNS
significantly increased pupil size relative to sham from 1.1 seconds post train onset to 3.2 seconds post train
onset (black bar). B. Mean pupil size was significantly greater under tVNS compared to sham within the
significant window outlined in A. Crossbars represent grand means, individual dots represent participant
means, and lines link participants across tVNS and sham conditions. *p<0.0005.

3.3 tVNS-related changes in corticospinal excitability and pupil size are uncorrelated

An LMER showed no significant relationship between tVNS-induced changes in pupil size and
corticospinal excitability (B = 30, 95% CI [-190, 260], p = 0.79) at any timepoint where MEPs

were elicited.

3.4 TMS pulses drive increases in pupil size

A cluster-based paired #-test showed greater pupil size after TMS than noTMS from 0.47 to 4.3 s
post-pulse (p < 0.05; Figure 4A). A GLMER on mean pupil size within this window confirmed a
significant Stimulation Type effect (B = 79, 95% CI [42, 116], p < 0.001), with larger pupil size
during TMS trials (u =79 £ 18, p < 0.0005; Figure 4B).

11
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Figure 4. Effect of TMS on pupil size. A. Grand mean of pupil size measurements corrected for pre TMS
pulse pupil size. Shaded regions represent the standard error of the grand mean. TMS significantly increased
pupil size relative to matched trials with no TMS from 0.47 seconds post TMS onset to 4.3 seconds post
TMS onset (black bar). B. Mean pupil size was significantly greater after TMS compared to matched trials
with no TMS within the significant window outlined in A. Crossbars represent grand means, individual dots
represent participant means, and lines link participants across tVNS and sham conditions. *p<0.0005.

4 Discussion

The current study demonstrates that tVNS drives increases in corticospinal excitability.
Importantly, a significant effect of tVNS was found only when corticospinal excitability was
measured online during tVNS trains and not offline shortly after tVNS train offset (Figure 2A). In
line with expectations’”, a significant effect of tVNS on pupil size was also found (Figure 3).
Average changes in corticospinal excitability during tVNS, relative to sham, did not relate to
tVNS-induced changes in pupil size. Interestingly, TMS pulses were also found to increase pupil
size (Figure 4), as has been reported in previous work®**. The degree of increase in pupil size
after TMS was similar to that observed during tVNS trains. This suggests that TMS pulses may be
capable of inducing NE release, although the precise mechanism of effect likely differs from that
seen during tVNS. Taken together, these findings deepen our understanding of LC-corticospinal

circuits, and open new avenues for investigation in basic and clinical neuroscience.

12


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

4.1 tVNS drives increases in corticospinal excitability

Previous investigations into the relationship between tVNS and corticospinal excitability have
focused on assessing whether corticospinal excitability is altered by a 30-60 minute bout of
continuous tVNS. This work failed to find a consistent effect of tVNS on corticospinal
excitability*®-*°, This seems surprising, given that excitation of the LC is associated with the release
of the excitatory neurotransmitter NE widely throughout the CNS, including motor areas!*'°.
Based on the finding that the effects of tVNS on pupil size are very fast acting and also decay
rapidly after tVNS offset, we reasoned that eliciting MEPs after, rather than during, tVNS may be
masking the effect on corticospinal excitability. We addressed this by eliciting MEPs “online” at
regularly spaced timepoints during repeated tVNS trains and contrasted their amplitude with those
elicited “offline” shortly after the offset of tVNS trains. Using this novel approach, we discovered

that tVNS drove up to 8% average increases in corticospinal excitability relative to sham, but only

when measured online and not oftline (Figure 2).

4.2 Pupil size is increased by tVNS but changes are uncorrelated with corticospinal excitability

The effect of tVNS on pupil size largely mirrored what has previously been reported’. Average
pupil size was significantly greater under tVNS compared to sham from 1.1 seconds to 3.2 seconds
post train onset (Figure 3). Average pupil size under tVNS peaked at ~1.5 seconds post tVNS
onset and was more than double that observed under sham within the time window of significant
difference. Importantly, sham was matched for perception of tVNS intensity for each participant.
Therefore, while sensory inputs are known to induce changes in pupil size® as is evidenced in our
data by the small increase in pupil size under sham, the much larger increase under tVNS cannot

be driven by sensory input alone and is likely driven by LC activation.

Interestingly, an exploratory analysis aimed at assessing the degree to which changes in pupil size
and corticospinal excitability under tVNS were related revealed no significant relationship
between the two measures. This is further reflected in the different temporal profiles of the two
measures. While pupil size was shown to ramp rapidly towards a peak at around 1.5 seconds post
stimulation onset and then gradually decay, corticospinal excitability was shown to build more
slowly across time, becoming significantly greater under tVNS compared to sham only at 3- and

4-seconds post stimulation train onset.
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When considering the distinct anatomical circuitry involved in modulating both
neurophysiological measures, an absence of correlation may not be surprising. The effect of LC
activation on pupil size is thought to be driven by concurrent inhibition of the Edinger—Westphal

nucleus and excitation of the intermediolateral cell column®®¢7

, which synapse directly with the
ciliary ganglion and superior cervical sympathetic ganglion respectively. These nuclei in turn
directly innervate the iris sphincter and ciliary muscles and exert control over pupil dilation. The
precise pathway connecting LC with corticospinal neurons is not known, but it is likely to be far
more nebulous than that observed between LC and the iris. The LC does have efferent projections
to M16%686% which could be the primary pathway for the excitation of corticospinal neurons
observed in the current study. However, the LC also has efferent projections to a multitude of other

68,69

cortical and subcortical regions, including the somatosensory cortices®®%, the parietal cortices’’,

3

the prefrontal cortices’’, the thalamus’'’?, the cerebellum’®, and the spinal cord’®, which

themselves also have known direct and/or indirect connectivity with corticospinal neurons'”>-82,
Therefore, the changes observed in corticospinal excitability under tVNS are likely driven by the
operation of multiple cortical circuits in parallel. While many more studies are needed to pin down
the precise anatomical pathway underpinning the increase in corticospinal excitability observed
under tVNS, an appreciation of the fundamental difference in the complexity underpinning the
MEP effect versus that observed in pupil size may help to explain the lack of correlation between

both measures in the current study.

4.3 TMS pulses produced similar increases in pupil size as tVNS

While single pulse TMS is primarily used to elicit MEPs to provide a proxy measure for
corticospinal excitability, previous studies have also shown that TMS pulses can drive increases in
pupil size®*%*. Therefore, we analyzed the effect of TMS pulses on pupil size in the current study
to examine how they compare with changes induced by tVNS. Only TMS pulses that were
delivered after the offset of sham stimulation were included to avoid any contaminating effects of
tVNS on the pupil signal. Interestingly, TMS pulses were found to increase pupil size to a similar
degree as tVNS trains (Figure 4). The precise mechanism through which TMS pulses increase
pupil size is not well understood. One possibility is that TMS pulses over M1 directly activate the
LC, which in turn initiates the pupil response. However, this seems unlikely as although the cortex

183

does have some descending efferent projections to the LC, these are located in the prefrontal® and

anterior cingulate cortices®, with no evidence for direct projections from the sensorimotor
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cortices. Another more likely possibility is that the sensorial effects of TMS pulses indirectly
increase LC activity via sensory relays. Sensory events are known to drive phasic increases in
pupil size®, particularly highly salient® and multisensory events®'-*#  This is particularly
relevant to TMS pulses, which evoke near simultaneous sensory processing of (1) the sensation of
the pulse on the scalp, (2) the sound of the pulse, and (3) the sensation of the MEP. In this sense,
the increases in pupil size in the wake of TMS pulses could be thought of as more potent version
of the small change in pupil size observed after sham stimulation to the earlobes, driven by the

additional multisensory features of the stimulus.

4.4  Future directions

Results from the current study have broader implications for the use of tVNS in future basic and
clinical research. From a practical point of view, they support the use of short train-based
approaches where tVNS is applied at specific timepoints within a trial rather than before or
constantly throughout a block of trials, as this may reduce the capacity for the brain to compensate
for the effects of tVINS®?*4. They also indicate that 4 seconds is a suitable train length for inducing
effects in M1, and that TMS pulses should be timed near the end of the train to best capture the

effects of tVNS on corticospinal excitability.

In more conceptual terms, the finding that tVNS drives increases in corticospinal excitability opens
the door for use of tVNS within behavioral paradigms where changes in behavioral state are
underpinned by modulation of corticospinal excitability. Indeed, while we found relatively modest
average effects of tVNS on corticospinal excitability (8% increase), effects may be larger during
behavior when the LC is endogenously engaged. For example, corticospinal excitability is reduced

during preparation of simple movements!8-2331-33

, and the application of tVNS during preparation
may help delineate the role of the LC in this so-called preparatory suppression'®'8, Furthermore,
the transition from preparation to movement after the presentation of an imperative “Go” stimulus
is also associated with a rapid increase in corticospinal excitability in the selected effector?*?>3
and a concurrent rapid decrease in non-selected effectors?®, the onset of which may represent an
underlying shift in the neural dynamics of M1 between preparatory and execution related states>’.
The addition of tVNS in paradigms focused on this effect may help clarify the precise role of the

LC in this transition.
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A particularly interesting overarching question for future studies combining tVNS, TMS, and
behavior will be whether the effects of tVNS are always excitatory or if they depend on behavioral
state. Within the domain of preparatory suppression, for example, we might expect the application
of tVNS to instead strengthen suppressive effects, since greater suppression is associated with

faster responses?>>2

and therefore greater task success, and the LC is broadly thought to intervene
to maximize task success within reward rich environments®**°. Even if NE (the output of the LC)
is an excitatory transmitter, it could achieve net suppression of corticospinal neurons through

excitation of local inhibitory interneurons.

Our results also have implications for clinical research. tVNS has been touted as treatment for
motor system diseases including stroke’!, Parkinson’s disease”? and multiple sclerosis”, since it is
believed to have the potential to broadly excite the brain including the corticospinal tract, which
is often damaged or dysfunctional in these populations*'#®, Many existing studies have been
interested in the potential “priming” effects of tVNS, with the belief that a bout of tVNS would
place the brain in an excited and plastic state which could be taken advantage of to maximize
neural recovery in a following behavioural therapy session. This is reflected in existing literature
examining the effects of tVNS on corticospinal excitability, where measures of corticospinal
excitability were taken before and after a 30-60 minute bout of continuous tVNS*-*". Our finding
that corticospinal excitability was only found to be reliably affected by tVNS “online” while
stimulation is actively applied speak against the notion of tVNS priming. Instead, they support an
approach in which tVNS is dynamically applied concurrently with behavior, possibly in short
bursts at salient timepoints within a given trial. Indeed, by using such an approach previous
investigations in our lab have been able to identify significant effects of tVNS on decision making
accuracy’~>. Furthermore, this approach has already been demonstrated to have superior efficacy
in clinical studies assessing the effects of invasive VNS in chronic stroke populations®®. Therefore,
assessing the efficacy of a paired tVNS/behaviour approach in clinical populations and identifying
the optimal timing, duration, intensity and dose of such tVNS bursts represent important questions

for future work.

4.5 Conclusions

The current study demonstrates that the increases in pupil size at rest observed during tVNS are

also observed in corticospinal excitability. The effect of tVNS on corticospinal excitability only
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emerges during active stimulation. The temporal profile of change in corticospinal excitability
differs from that observed for pupil size, with the greatest increases observed in the late rather than
early period of stimulation. This is likely driven by differences in the anatomical circuits
underpinning each effect, and future studies leveraging other TMS techniques such as dual coil
TMS, directional TMS, and paired pulse TMS along with functional neuroimaging will help to
better define the precise pathway of the effect of tVNS on corticospinal excitability. Evidence that
corticospinal excitability is modulated by tVNS opens new avenues for applying the method to
further understanding of LC-corticospinal circuits during various behavioral paradigms, including
motor preparation and decision making. In terms of future clinical applications, given that our
results indicate that the effects of tVNS on cortical activity are strongest during active stimulation,
they support the approach of pairing tVNS with behavioural interventions to maximize clinical

outcomes.

CRediT authorship contribution statement

Ronan Denyer: Conceptualization, Methodology, Software, Validation, Formal analysis,
Investigation, Data curation, Writing — original draft, Writing — review & editing, Visualization,
Project administration, Funding acquisition. Su Shiyong: Methodology, Software, Formal
analysis, Writing - Review & Editing. Mantosh Patnaik: Investigation, Writing - Review &
Editing Julie Duque: Conceptualization, Methodology, Validation, Resources, Writing — review

& editing, Project administration, Funding acquisition.

Declaration of competing interest

The authors declare no conflicts of interest.

Acknowledgement

This work was supported by a grant awarded to RD by the Belgian National Funds for Scientific
Research (FRS-FNRS:FC 59664), by a Coordinated Research Project (ARC) grant awarded to JD
by UCLouvain (Coaction), and by research credits awarded to JD by FNRS (PDR UrgeToAct:

T007023F and CDR-AROUSAT: J007424F).

17


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Data Availability Statement

The data that supports the findings of this study are currently available on request, and will be

placed in an open repository upon publication of the manuscript by a peer-reviewed journal.

18


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

References

1. Kreisberg, E. et al. High-resolution computational modeling of the current flow in the outer
ear during transcutaneous auricular Vagus Nerve Stimulation (taVNS). Brain Stimulat. 14,
1419-1430 (2021).

2. Safi, S., Ellrich, J. & Neuhuber, W. Myelinated Axons in the Auricular Branch of the Human
Vagus Nerve. Anat. Rec. 299, 1184-1191 (2016).

3. Tragus or cymba conchae? Investigating the anatomical foundation of transcutaneous
auricular vagus nerve stimulation (taVNS) - Brain Stimulation: Basic, Translational, and
Clinical Research in Neuromodulation. https://www.brainstimjrnl.com/article/S1935-
861X(18)30167-0/abstract.

4. Hilz, M. J. Transcutaneous vagus nerve stimulation - A brief introduction and overview.
Auton. Neurosci. 243, 103038 (2022).

5. Fornai, F., Ruffoli, R., Giorgi, F. S. & Paparelli, A. The role of locus coeruleus in the
antiepileptic activity induced by vagus nerve stimulation. Eur. J. Neurosci. 33, 2169-2178
(2011).

6. Burger, A. M., D’Agostini, M., Verkuil, B. & Van Diest, I. Moving beyond belief: A narrative
review of potential biomarkers for transcutaneous vagus nerve stimulation.
Psychophysiology 57, €13571 (2020).

7. Su, S. et al. Transcutaneous vagus nerve stimulation boosts accuracy during perceptual
decision-making. Brain Stimulat. 18, 975-986 (2025).

8. Sharon, O., Fahoum, F. & Nir, Y. Transcutaneous Vagus Nerve Stimulation in Humans

Induces Pupil Dilation and Attenuates Alpha Oscillations. J. Neurosci. 41, 320-330 (2021).

19


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

10.

11.

12.

13.

14.

15.

16.

17.

18.

available under aCC-BY 4.0 International license.

Lloyd, B., Wurm, F., de Kleijn, R. & Nieuwenhuis, S. Short-term transcutaneous vagus nerve
stimulation increases pupil size but does not affect EEG alpha power: A replication of Sharon
et al. (2021, Journal of Neuroscience). Brain Stimulat. 16, 1001-1008 (2023).

Desbeaumes Jodoin, V., Lespérance, P., Nguyen, D. K., Fournier-Gosselin, M.-P. & Richer,
F. Effects of vagus nerve stimulation on pupillary function. Int. J. Psychophysiol. 98, 455—
459 (2015).

De Couck, M. et al. Effects of short and prolonged transcutaneous vagus nerve stimulation
on heart rate variability in healthy subjects. Auton. Neurosci. 203, 88-96 (2017).

Tan, G. et al. Does vibrotactile stimulation of the auricular vagus nerve enhance working
memory? A behavioral and physiological investigation. Brain Stimulat. 17, 460—468 (2024).
Collins, L., Boddington, L., Steffan, P. J. & McCormick, D. Vagus nerve stimulation induces
widespread cortical and behavioral activation. Curr. Biol. 31, 2088-2098.e3 (2021).

Cao, J., Lu, K.-H., Powley, T. L. & Liu, Z. Vagal nerve stimulation triggers widespread
responses and alters large-scale functional connectivity in the rat brain. PLOS ONE 12,
e0189518 (2017).

Chae, J.-H. et al. A review of functional neuroimaging studies of vagus nerve stimulation
(VNS). J. Psychiatr. Res. 37, 443-455 (2003).

Bestmann, S. & Duque, J. Transcranial magnetic stimulation: decomposing the processes
underlying action preparation. The Neuroscientist 22, 392—405 (2016).

Derosiere, G. & Duque, J. Tuning the Corticospinal System: How Distributed Brain Circuits
Shape Human Actions. The Neuroscientist 26, 359-379 (2020).

Duque, J., Greenhouse, 1., Labruna, L. & Ivry, R. B. Physiological Markers of Motor

Inhibition during Human Behavior. Trends Neurosci. 40, 219-236 (2017).

20


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

19.

20.

21.

22.

23.

24.

25.

26.

27.

available under aCC-BY 4.0 International license.

Hasbroucq, T., Kaneko, H., Akamatsu, M. & Possamai, C.-A. Preparatory inhibition of
cortico-spinal excitability: a transcranial magnetic stimulation study in man. Cogn. Brain
Res. 5, 185-192 (1997).

Duque, J., Lew, D., Mazzocchio, R., Olivier, E. & Ivry, R. B. Evidence for Two Concurrent
Inhibitory Mechanisms during Response Preparation. J. Neurosci. 30, 3793-3802 (2010).
Klein, P.-A., Olivier, E. & Duque, J. Influence of reward on corticospinal excitability during
movement preparation. J. Neurosci. Off- J. Soc. Neurosci. 32, 18124—18136 (2012).
Vassiliadis, P., Derosiere, G., Grandjean, J. & Duque, J. Motor training strengthens
corticospinal suppression during movement preparation. J. Neurophysiol. 124, 1656—1666
(2020).

Vassiliadis, P. et al. Using a Double-Coil TMS Protocol to Assess Preparatory Inhibition
Bilaterally. Front. Neurosci. 12, (2018).

Klein, P.-A., Duque, J., Labruna, L. & Ivry, R. B. Comparison of the two cerebral
hemispheres in inhibitory processes operative during movement preparation. Neurolmage
125, 220-232 (2016).

Duque, J., Labruna, L., Cazares, C. & Ivry, R. B. Dissociating the influence of response
selection and task anticipation on corticospinal suppression during response preparation.
Neuropsychologia 65, 287-296 (2014).

Greenhouse, 1., Saks, D., Hoang, T. & Ivry, R. B. Inhibition during response preparation is
sensitive to response complexity. J. Neurophysiol. 113, 2792-2800 (2015).

Greenhouse, 1., Sias, A., Labruna, L. & Ivry, R. B. Nonspecific Inhibition of the Motor

System during Response Preparation. J. Neurosci. 35, 10675-10684 (2015).

21


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

28.

29.

30.

31.

32.

33.

34.

35.

available under aCC-BY 4.0 International license.

Wadsley, C. G., Nguyen, T., Horton, C. & Greenhouse, I. Goal-directed action preparation in
humans entails a mixture of corticospinal neural computations. J. Physiol. 603, 1589-1605
(2025).

Leocani, L., Cohen, L. G., Wassermann, E. M., Ikoma, K. & Hallett, M. Human corticospinal
excitability evaluated with transcranial magnetic stimulation during different reaction time
paradigms. Brain 123, 1161-1173 (2000).

Denyer, R., Greeley, B., Greenhouse, I. & Boyd, L. A. Interhemispheric inhibition between
dorsal premotor and primary motor cortices is released during preparation of unimanual but
not bimanual movements. Eur. J. Neurosci. 59, 415-433 (2024).

Touge, T., Taylor, J. L. & Rothwell, J. C. Reduced excitability of the cortico-spinal system
during the warning period of a reaction time task. Electroencephalogr. Clin. Neurophysiol.
Mot. Control 109, 489—495 (1998).

Hannah, R., Cavanagh, S. E., Tremblay, S., Simeoni, S. & Rothwell, J. C. Selective
Suppression of Local Interneuron Circuits in Human Motor Cortex Contributes to Movement
Preparation. J. Neurosci. 38, 1264-1276 (2018).

Quoilin, C., Fievez, F. & Duque, J. Preparatory inhibition: Impact of choice in reaction time
tasks. Neuropsychologia 129, 212-222 (2019).

Cuypers, K. ef al. Age-related differences in corticospinal excitability during a choice
reaction time task. Age 35, 1705-1719 (2013).

Badry, R. ef al. Suppression of human cortico-motoneuronal excitability during the Stop-

signal task. Clin. Neurophysiol. 120, 1717-1723 (2009).

22


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

36.

37.

38.

39.

40.

41.

42.

43.

available under aCC-BY 4.0 International license.

Tatz, J. R., Soh, C. & Wessel, J. R. Common and unique inhibitory control signatures of
action-stopping and attentional capture suggest that actions are stopped in two stages. J.
Neurosci. 41, 8826—8838 (2021).

Hynd, M., Soh, C., Rangel, B. O. & Wessel, J. R. Paired-pulse TMS and scalp EEG reveal
systematic relationship between inhibitory GABAa signaling in M1 and fronto-central
cortical activity during action stopping. J. Neurophysiol. 125, 648—-660 (2021).

Wessel, J. R., Diesburg, D. A., Chalkley, N. H. & Greenlee, J. D. A causal role for the human
subthalamic nucleus in non-selective cortico-motor inhibition. Curr. Biol. 32, 3785-3791
(2022).

Liuzzi, G., HorniB3, V., Zimerman, M., Gerloff, C. & Hummel, F. C. Coordination of
uncoupled bimanual movements by strictly timed interhemispheric connectivity. J. Neurosci.
31,9111-9117 (2011).

Fujiyama, H. ef al. Performing two different actions simultaneously: The critical role of
interhemispheric interactions during the preparation of bimanual movement. Cortex 77, 141—
154 (2016).

Borich, M. R., Mang, C. & Boyd, L. A. Both projection and commissural pathways are
disrupted in individuals with chronic stroke: investigating microstructural white matter
correlates of motor recovery. BMC Neurosci. 13, 107 (2012).

Feldman, S. J., Boyd, L. A, Neva, J. L., Peters, S. & Hayward, K. S. Extraction of
corticospinal tract microstructural properties in chronic stroke. J. Neurosci. Methods 301,
34-42 (2018).

Zhu, L. L., Lindenberg, R., Alexander, M. P. & Schlaug, G. Lesion load of the corticospinal

tract predicts motor impairment in chronic stroke. Stroke 41, 910-915 (2010).

23


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

44,

45.

46.

47.

48.

49.

50.

51.

52.

available under aCC-BY 4.0 International license.

Maraka, S. et al. Degree of corticospinal tract damage correlates with motor function after
stroke. Ann. Clin. Transl. Neurol. 1, 891-899 (2014).

Neva, J. L. et al. Multiple measures of corticospinal excitability are associated with clinical
features of multiple sclerosis. Behav. Brain Res. 297, 187-195 (2016).

Wilhelm, E. et al. Corticospinal Suppression Underlying Intact Movement Preparation Fades
in Parkinson’s Disease. Mov. Disord. 37, 23962406 (2022).

Wilhelm, E. et al. Subthalamic DBS does not restore deficits in corticospinal suppression
during movement preparation in Parkinson’s disease. Clin. Neurophysiol. 165, 107-116
(2024).

Gerges, A. N. H. et al. Transcutaneous auricular vagus nerve stimulation modifies cortical
excitability in middle-aged and older adults. Psychophysiology €14584 (2024)
doi:10.1111/psyp.14584.

Capone, F. et al. The effect of transcutaneous vagus nerve stimulation on cortical excitability.
J. Neural Transm. 122, 679-685 (2015).

Mertens, A. et al. Investigating the Effect of Transcutaneous Auricular Vagus Nerve
Stimulation on Cortical Excitability in Healthy Males. Neuromodulation Technol. Neural
Interface 25, 395406 (2022).

Wang, M.-X. et al. Transcutaneous cervical vagus nerve stimulation improved motor cortex
excitability in healthy adults: a randomized, single-blind, self-crossover design study. Front.
Neurosci. 17, 1234033 (2023).

Siebner, H. R. ef al. Preconditioning of Low-Frequency Repetitive Transcranial Magnetic
Stimulation with Transcranial Direct Current Stimulation: Evidence for Homeostatic

Plasticity in the Human Motor Cortex. J. Neurosci. 24, 3379-3385 (2004).

24


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

53.

54.

55.

56.

57.

58.

59.

60.

available under aCC-BY 4.0 International license.

Fricke, K. et al. Time course of the induction of homeostatic plasticity generated by repeated
transcranial direct current stimulation of the human motor cortex. J. Neurophysiol. 105,
1141-1149 (2011).

O’Shea, J., Johansen-Berg, H., Trief, D., Gobel, S. & Rushworth, M. F. S. Functionally
Specific Reorganization in Human Premotor Cortex. Neuron 54, 479—490 (2007).

Su, S., Vanvoorden, T., Denmat, P. L., Zenon, A. & Duque, J. Transcutaneous Vagus Nerve
Stimulation boosts evidence accumulation during perceptual decision-making. bioRxiv
2025-06 (2025).

Badran, B. W. ef al. Motor Activated Auricular Vagus Nerve Stimulation as a Potential
Neuromodulation Approach for Post-Stroke Motor Rehabilitation: A Pilot Study.
Neurorehabil. Neural Repair 37, 374-383 (2023).

Jenkins, D. D. et al. Higher Dose Noninvasive Transcutaneous Auricular Vagus Nerve
Stimulation Increases Feeding Volumes and White Matter Microstructural Complexity in
Open-Label Study of Infants Slated for Gastrostomy Tube. J. Pediatr. 262, 113563 (2023).
Bolker, B. M. ef al. Generalized linear mixed models: a practical guide for ecology and
evolution. Trends Ecol. Evol. 24, 127-135 (2009).

Faraway, J. J. Extending the Linear Model with R: Generalized Linear, Mixed Effects and
Nonparametric Regression Models, Second Edition. (Chapman and Hall/CRC, New York,
2016). doi:10.1201/9781315382722.

Baayen, R. H., Davidson, D. J. & Bates, D. M. Mixed-effects modeling with crossed random

effects for subjects and items. J. Mem. Lang. 59, 390—412 (2008).

25


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

61.

62.

63.

64.

65.

66.

67.

68.

69.

available under aCC-BY 4.0 International license.

Magezi, D. A. Linear mixed-effects models for within-participant psychology experiments:
an introductory tutorial and free, graphical user interface (LMMgui). Front. Psychol. 6,
(2015).

Nimon, K. F. Statistical Assumptions of Substantive Analyses Across the General Linear
Model: A Mini-Review. Front. Psychol. 3, (2012).

Niehaus, L., Guldin, B. & Meyer, B.-U. Influence of transcranial magnetic stimulation on
pupil size. J. Neurol. Sci. 182, 123—-128 (2001).

Phylactou, P. et al. Transcranial magnetic stimulation induced pupil dilations can serve as a
cortical excitability measure. 2025.08.02.668303 Preprint at
https://doi.org/10.1101/2025.08.02.668303 (2025).

Grujic, N., Polania, R. & Burdakov, D. Neurobehavioral meaning of pupil size. Neuron 112,
3381-3395 (2024).

Benarroch, E. E. Locus coeruleus. Cel/ Tissue Res. 373, 221-232 (2018).

Joshi, S. & Gold, J. I. Pupil Size as a Window on Neural Substrates of Cognition. Trends
Cogn. Sci. 24, 466480 (2020).

Morrison, J. H., Foote, S. L., O’Connor, D. & Bloom, F. E. Laminar, tangential and regional
organization of the noradrenergic innervation of monkey cortex: Dopamine-f-hydroxylase
immunohistochemistry. Brain Res. Bull. 9,309-319 (1982).

Gaspar, P., Berger, B., Febvret, A., Vigny, A. & Henry, J. P. Catecholamine innervation of the
human cerebral cortex as revealed by comparative immunohistochemistry of tyrosine

hydroxylase and dopamine-beta-hydroxylase. J. Comp. Neurol. 279, 249-271 (1989).

26


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

70. Lewis, D. A. & Morrison, J. H. Noradrenergic innervation of monkey prefrontal cortex: A
dopamine-B-hydroxylase immunohistochemical study. J. Comp. Neurol. 282, 317-330
(1989).

71. Morrison, J. H. & Foote, S. L. Noradrenergic and serotoninergic innervation of cortical,
thalamic, and tectal visual structures in old and new world monkeys. J. Comp. Neurol. 243,
117-138 (1986).

72. Vogt, B. A., Hof, P. R, Friedman, D. P., Sikes, R. W. & Vogt, L. J. Norepinephrinergic
afferents and cytology of the macaque monkey midline, mediodorsal, and intralaminar
thalamic nuclei. Brain Struct. Funct. 212, 465-479 (2008).

73. Nystrom, B., Olson, L. & Ungerstedt, U. Noradrenaline nerve terminals in human cerebral
cortices: first histochemical evidence. Science 176, 924-926 (1972).

74. Westlund, K. N. & Coulter, J. D. Descending projections of the locus coeruleus and
subcoeruleus/medial parabrachial nuclei in monkey: axonal transport studies and dopamine-
B-hydroxylase immunocytochemistry. Brain Res. Rev. 2, 235-264 (1980).

75. Ridding, M. C. & Rothwell, J. C. Afferent input and cortical organisation: a study with
magnetic stimulation. Exp. Brain Res. 126, 536544 (1999).

76. Vesia, M. & Crawford, J. D. Specialization of reach function in human posterior parietal
cortex. Exp. Brain Res. 221, 1-18 (2012).

77. Breveglieri, R. et al. Functional Connectivity at Rest between the Human Medial Posterior
Parietal Cortex and the Primary Motor Cortex Detected by Paired-Pulse Transcranial

Magnetic Stimulation. Brain Sci. 11, 1357 (2021).

27


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

78.

79.

80.

81.

82.

83.

84.

85.

86.

available under aCC-BY 4.0 International license.

Duque, J., Labruna, L., Verset, S., Olivier, E. & Ivry, R. B. Dissociating the Role of
Prefrontal and Premotor Cortices in Controlling Inhibitory Mechanisms during Motor
Preparation. J. Neurosci. 32, 806-816 (2012).

Ugawa, Y., Uesaka, Y., Terao, Y., Hanajima, R. & Kanazawa, 1. Magnetic stimulation over
the cerebellum in humans. Ann. Neurol. Off. J. Am. Neurol. Assoc. Child Neurol. Soc. 37,
703-713 (1995).

Daskalakis, Z. J. et al. Exploring the connectivity between the cerebellum and motor cortex
in humans. J. Physiol. 557, 689-700 (2004).

Mooney, R. A., Casamento-Moran, A. & Celnik, P. A. The reliability of cerebellar brain
inhibition. Clin. Neurophysiol. 132, 2365-2370 (2021).

Inghilleri, M. et al. Effects of transcranial magnetic stimulation on the H reflex and F wave
in the hand muscles. Clin. Neurophysiol. 114, 1096—-1101 (2003).

Arnsten, A. F. T. & Goldman-Rakic, P. S. Selective prefrontal cortical projections to the
region of the locus coeruleus and raphe nuclei in the rhesus monkey. Brain Res. 306, 9-18
(1984).

Gompf, H. S. ef al. Locus Ceruleus and Anterior Cingulate Cortex Sustain Wakefulness in a
Novel Environment. J. Neurosci. 30, 14543—-14551 (2010).

Yamagishi, S. & Furukawa, S. Factors Influencing Saccadic Reaction Time: Effect of Task
Modality, Stimulus Saliency, Spatial Congruency of Stimuli, and Pupil Size. Front. Hum.
Neurosci. 14, (2020).

Rigato, S., Rieger, G. & Romei, V. Multisensory signalling enhances pupil dilation. Sci. Rep.

6, 26188 (2016).

28


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.11.14.688461; this version posted November 16, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

87. Liu, W., Cheng, Y., Yuan, X. & Jiang, Y. Linear integration of multisensory signals in the
pupil. Psychophysiology 61, 14453 (2024).

88. Van der Stoep, N., Van der Smagt, M. J., Notaro, C., Spock, Z. & Naber, M. The additive
nature of the human multisensory evoked pupil response. Sci. Rep. 11, 707 (2021).

89. Aston-Jones, G. & Cohen, J. D. AN INTEGRATIVE THEORY OF LOCUS COERULEUS-
NOREPINEPHRINE FUNCTION: Adaptive Gain and Optimal Performance. Annu. Rev.
Neurosci. 28, 403—450 (2005).

90. Aston-Jones, G. & Cohen, J. D. Adaptive gain and the role of the locus coeruleus—
norepinephrine system in optimal performance. J. Comp. Neurol. 493, 99—110 (2005).

91. Baig, S. S. et al. tVNS in Stroke: A Narrative Review on the Current State and the Future.
Stroke 54, 2676-2687 (2023).

92. Shan, J. et al. Transcutaneous vagus nerve stimulation for Parkinson’s disease: a systematic
review and meta-analysis. Front. Aging Neurosci. 16, 1498176 (2025).

93. Welle, C., Huang, R., Carter, E. & Hughes, E. Transcutaneous auricular VNS to for myelin
repair after demyelination injury. Brain Stimul. Basic Transl. Clin. Res. Neuromodulation 18,
261-262 (2025).

94. Schambra, H. M. & Hays, S. A. Vagus nerve stimulation for stroke rehabilitation: Neural
substrates, neuromodulatory effects and therapeutic implications. J. Physiol. 603, 723735

(2025).

29


https://doi.org/10.1101/2025.11.14.688461
http://creativecommons.org/licenses/by/4.0/

