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ARTICLE INFO ABSTRACT

Keywords: Recent studies have indicated the potential of transcutaneous auricular vagus nerve stimulation (taVNS) as an
Transcutaneous auricular vagus nerve intervention for cognitive decline. In this study, we systematically analyzed the effects of taVNS on cognitive
stimulation

enhancement from the perspective of brain networks, by combining functional near-infrared spectroscopy
(fNIRS) signal analysis with virtual brain simulations. Behavioral experiments with older adults demonstrated
that participants with low baseline performance experienced significant improvements in working memory
performance following taVNS, while those with high baseline performance tended to decline. This pattern was
closely associated with functional connectivity (FC) in the prefrontal cortex (PFC) concurrently measured during
the behavioral tasks, i.e., task performance correlated with FC in the PFC, particularly in the medial PFC (mPFC).
Moreover, the changes in performance due to taVNS, which varied based on baseline performance, exhibited a
notable alignment with the FC changes in the mPFC. These findings were further explored through virtual brain
simulations. The simulation results demonstrated that the brain’s functional state could vary depending on the
network coupling parameter—capable of reflecting loss of structural brain connectivity associated with aging-
—and that the modulation effects induced by taVNS may also differ based on those functional states. Current
results indicate that the efficacy of taVNS interventions for cognitive enhancement may vary according to the
pre-intervention structural and functional states of individual brains. Therefore, the development of personalized
optimization strategies for taVNS intervention is crucial, and digital brain research holds significant promise in
advancing this field.

Cognitive enhancement

Cognitive aging

Functional near-infrared spectroscopy
Virtual brain simulation

1. Introduction significant benefits (Wang et al., 2024; Sjogren et al., 2002; Broncel

et al., 2020).

Since clinical studies on vagus nerve stimulation (VNS) for treatment
of refractory epilepsy or treatment-resistant depression have indicated
the potential for improving cognitive function beyond regulation of
major symptoms (Jodoin et al., 2018; Sun et al., 2017; Wang et al.,
2024), VNS has been actively explored as an intervention of cognitive
decline. Although its effectiveness for cognitive enhancement is some-
what controversial (Wang et al., 2024; Kong et al., 2024), studies in
neurocognitive disorders such as Alzheimer’s disease have reported

Recent evidence suggests that non-invasive techniques like trans-
cutaneous auricular vagus nerve stimulation (taVNS) can replicate the
benefits of invasive VNS (Austelle et al., 2024; Badran and Austelle,
2022; Sharon et al., 2021). These findings have broadened the potential
applications of VNS, leading researchers to investigate its effects on mild
cognitive impairment (MCI) and cognitive function in healthy older
adults (Jacobs et al., 2015; Wang et al., 2022; Trifilio et al., 2023;
Naparstek and Yeh, 2023; Murphy et al., 2023). These studies overall
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suggest a promising implication that non-invasive VNS may contribute
to modulating cognitive decline, although heterogeneous outcomes
were observed depending on the cognitive subdomains or the timing of
assessments (i.e., acute or long-term effects).

Alongside the studies evaluating behavioral performance, neuro-
imaging research utilizing functional magnetic resonance imaging
(fMRI), electroencephalography (EEG), or functional near-infrared
spectroscopy (fNIRS) to explore the modulation effects of non-invasive
VNS on brain networks has also been actively conducted (Badran
et al., 2018; Fischer et al., 2018; Kamoga et al., 2024; Zhu et al., 2024).
These studies have demonstrated significant changes induced by
non-invasive VNS not only in brain regional activities but also in
inter-regional functional connectivity (FC) through modulation of
neuronal signaling via afferent pathways of the vagus nerve. However,
considering the limitations in optimizing the efficacy of non-invasive
VNS due to inter-individual differences, further research into the
mechanisms of the VNS modulatory system is required.

Our previous behavioral study has revealed that the effects of taVNS
in healthy older adults can vary depending on baseline performance;
that is, the low-performance group demonstrated a significant
improvement in cognitive ability following taVNS, while the high-
performance group exhibited no significant changes or even a ten-
dency to decline, depending on the type of cognitive task (Oh et al.
submitted). This suggests that neurostimulation may lead to varied ef-
fects depending on the functional state of an individual’s brain, which
may explain the heterogeneous results observed in previous behavioral
studies involving aging populations. Building upon our behavioral
research, this study aims to systematically analyze the effects of taVNS
on cognitive enhancement from the perspective of brain networks. In
particular, we performed virtual brain simulations to investigate the
effects of taVNS across various functional states of the brain, along with
FC analysis using fNIRS. This novel approach demonstrates that the
intervention effects of taVNS may depend on the pre-intervention brain
state, thereby providing new insights into the mechanisms underlying
cognitive modulation.

2. Materials and methods
2.1. Experimental design

The experimental data obtained from a total of 74 healthy older
adults were used (Table 1) (Oh et al. submitted). Each participant

Table 1
Demographic characteristics of participants and changes in working memory
performance following taVNS.

Group Total (N Low- High-
=74) performance performance

group (N = 26) group (N = 48)

Demographic data

Age Years, 64.16 63.73 (4.31) 64.40 (3.83)
Mean (3.99)
(SD)
Gender Male : 46 : 28 17:9 29:19
Female
Education Years, 14.15 14.46 (2.96) 13.98 (3.04)
Mean (3.00)
(SD)
taVNS ear Left : 37:37 15:11 22: 26
Right
Task performance
Accuracy ( %) Sham, 75.61 59.79 (8.79) 84.19 (7.44)
(Visuospatial Mean (14.13)
2-back) (SD)
Active, 77.03 69.76 (14.31) 80.97 (14.02)
Mean (15.03)
(SD)
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performed behavioral tasks to evaluate working memory performance
under both sham and active taVNS conditions during two visits, spaced
at least one week apart. In the active session, taVNS was administered
with a frequency of 25 Hz, a pulse width of 200 ps, and a 30-second
on/off scheme (allears, TODOC, Seoul, Republic of Korea). taVNS was
applied continuously, including for 15 min prior to the behavioral tasks
(resting state) and while performing the tasks (a total of 40-45 min). The
stimulation site was the cymba conchae of the left or right ear (Fig. 1A,
Table 1), with counterbalancing applied, and the intensity was set be-
tween 2 and 4 mA taking into account each participant’s pain threshold.
In the sham session, taVNS was applied only during the first and last 30 s
of the experimental session (Sun et al., 2021).

Regarding the behavioral tasks, linguistic and visuospatial n-back
tests (1-back and 2-back tasks) were employed, with the task order and
the application sequence of sham/active sessions being counterbalanced
across participants (Oh et al. submitted). The linguistic n-back task was
modified from the SemBack version by Wright et al. (Wright et al.,
2007), incorporating words from three semantic categories—animals,
fruits, and clothing—with eight words per category, totaling 24 words.
The visuospatial n-back task, adapted from Christensen and Wright
(Christensen and Wright, 2010), comprised block stimuli consisting of
four sets of three-dimensional colored cubes organized in different ar-
rangements (Shepard and Metzler, 1971). Participants were required to
respond (by pressing the spacebar) when the current stimulus was from
the same category as the previous stimulus (1-back or 2-back) in the
linguistic task, and when it precisely matched with the previous stimulus
in the visuospatial task. Both tasks included 22 target stimuli from a total
of 73 stimuli in the 1-back condition and 22 target stimuli from 84
stimuli in the 2-back condition. Stimuli were presented using E-prime
software (version 2.0) (Walter et al., 2002; Schneider et al., 2002) with a
stimulus onset asynchrony of 3500 ms, displaying each stimulus for 750
ms followed by a 2750 ms interstimulus interval (Wright et al., 2007)
(Supplementary Figure 1).

To investigate the hemodynamics of the prefrontal cortex (PFC)
during the experiment, fNIRS signals were recorded using the OEG-Sp0O2
(Spectratech Inc., Yokohama, Japan). The system consists of six sources
and six detectors arranged at 3 cm intervals, forming a total of 16
measurement channels (Fig. 1A). The center of the bottom probe was
located at the FpZ position in the international 10/20 EEG electrode
system. The wavelengths of the near-infrared light used were 770 and
840 nm, and a sampling rate was 1.5259 Hz.

We categorized participants into low- and high-performance groups
(Table 1) based on their behavioral task scores during sham stimulation,
using the 95 % probability threshold of binomial distribution (high-
performance group: correct responses > 16 out of 22 target trials, low-
performance group: 7 < correct responses < 15). This approach was
motivated by our earlier observation that taVNS significantly enhanced
performance only in the low-performance group. We used performance
on the visuospatial n-back task as the basis for group division, as this
yielded adequately sample sizes for statistical comparison (low-perfor-
mance: n = 26; high-performance: n = 48 for visuospatial task; n = 13
and n = 56 for linguistic task). The experiment was conducted with the
approval of the Ewha Womans University Institutional Review Board
(No. 2022-0084), and all participants provided written consent prior to
the experiment. For detailed experimental procedures, please refer to Oh
et al. (submitted).

2.2. fNIRS data analysis

2.2.1. Pre-processing

The acquired fNIRS signals were preprocessed using the Homer3
MATLAB package (v1.80.2) (Huppert et al., 2009) according to the
following steps (Lin et al., 2023) (Fig. 1B). First, channels identified as
having poor quality were pruned from the raw light intensity signals
(dRange=[0 1010], SNRthresh=2, SDrange=[0.0 45.0]), and then the
intensity signals were converted to optical density (OD). Motion artifacts
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Fig. 1. Overview of the research methods. A. taVNS and fNIRS recording. Under both sham and active conditions for taVNS, fNIRS recordings were performed in the
prefrontal region alongside the evaluation of working memory performance. The left figure shows the taVNS device used in the experiment and the target area of the
cymba conchae, while the right figure illustrates the placement of optodes (red dots: sources, blue dots: detectors) and measurement channels (black dots) for fNIRS
recordings. B. fNIRS signal analysis. Based on the preprocessed fNIRS hemodynamic signals following the procedure described in the left figure, FC analysis was
performed. For the FC analysis between channel regions, four regions of interest (ROIs) were defined: vmPFC, dmPFC, 1IPFC, and rIPFC (purple squares). C. Virtual
brain stimulation. The structural brain reconstructed from a standard brain MRI was re-sampled and constructed into a triangular mesh with 13,145 vertices. Each
vertex (brain node) was equipped with a NMM that reproduces the activities of neuronal populations, and these brain nodes were coupled via two types of structural
connectivity: 1) global connectivity based on a normative connectome (white-matter tracts; red lines), and 2) local connectivity based on the geodesic distance
between nodes on the brain surface (blue lines). taVNS was applied by activating the white matter tracts projecting from the LC in the brainstem to other brain
regions. The administered stimulation initially triggered changes in the directly stimulated region, and its effects propagated to other brain areas through inter-node
interactions, inducing network effects at the whole-brain level. The activities in brain nodes obtained from network simulations under with and without taVNS
conditions were converted into hemodynamic signals through a forward model, and then projected into the fNIRS channel space for comparison with empirical data.
The simulated fNIRS signals were analyzed for FC using the same methods as in the empirical data.

in the converted OD were detected on a channel-by-channel basis
(tMotion=1, tMask=1, STDEVthresh=50, AMPthresh=0.5) and cor- PS;; =
rected using wavelet transform (iqr=1.5). After the artifact removal, the

OD signals were bandpass filtered between 0.01 and 0.1 Hz, and con-
verted into concentrations of oxyhemoglobin and deoxyhemoglobin
based on the modified Beer-Lambert law (Villringer and Chance, 1997).

=
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To compare the FC between the lateral PFC on both sides and be-
tween the dorsal and ventral regions in the medial PFC, four regions of
interest (ROIs) were defined, each consisting of three measurement
channels (left lateral PFC (IIPFC); Ch 14, 15, 16, right lateral PFC
(rIPFC); Ch 1, 2, 3, ventromedial PFC (vmPFC); Ch 6, 9, 12, dorsomedial
PFC (dmPFC); Ch 5, 8, 11, Fig. 1B). The FC between the ROIs
(IIPFC~1IPFC, vinPFC~dmPFC) was defined based on the average
values of FC from each channel pair.

The derived FCs were statistically compared via three-way mixed
ANOVA with a group (low- and high-performance group), a taVNS
condition (sham and active), and an ROI pair (IIPFC-rlPFC,
vmPFC~dmPFC) as independent variables. The group was designated as
the between-subjects factor, while the taVNS condition and ROI pair
were designated as within-subject factors. The significance threshold

2.2.2. FC analysis

Preprocessed hemodynamic signals from each measurement channel
were used for FC analysis. For this analysis, oxyhemoglobin, known to
be the most sensitive indicator of regional cerebral blood flow (Naito
et al., 2024), was used, and the phase synchrony (PS) was employed as a
measure of FC. The PS between two signals was defined as shown in Eq.
(1) (Pedersen et al., 2018), where ¢(t) represents the instantaneous
phase extracted from each signal using the Hilbert transform, and T
denotes the length of the signal. The PS takes values ranging from O to 1,
with higher values indicating greater synchronization, and it was
calculated for all pairs of channels.
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was defined as p < 0.05, and post-hoc analyses were conducted using
paired or independent samples t-tests with Bonferroni correction.

The FCs were further compared on a channel-pair-wise basis, using
paired samples t-tests. In this case, corrections for multiple comparisons
were not performed in order to examine the overall spatial character-
istics of the channel pairs showing differences without disregarding
potentially meaningful channel pairs. All statistical analyses described
above were performed using IBM SPSS STATISTICS version 30.

2.3. Virtual brain simulation

2.3.1. Model construction

The virtual brain model was constructed based on a high-resolution
modeling approach (An et al., 2022), utilizing the MNI ICBM 152 brain
template (Fonov et al., 2009; Fonov et al., 2011) and normative con-
nectome (Elias et al., 2024) (Fig. 1C). To achieve this, the first step
involved reconstructing the cortical and subcortical surfaces from the
T1-weighted MRI (MNI template) using Freesurfer (version v6.0.0)
(FreeSurfer, 2012). The reconstructed brain surface was resampled into
a triangular mesh consisting of 13,145 vertices and 25,877 faces, with an
average distance of 5.60 mm between adjacent vertices.

Each vertex (brain node) was equipped with a neural mass model
(NMM) replicating the macroscopic dynamics of neuronal populations
(Fig. 1C). The Montbri6 et al. model, a mean-field representation of an
ensemble of infinitely connected quadratic-integrate-and-fire neurons,
was used as the NMM (Montbrié et al., 2015; Lavanga et al., 2023;
Fousek et al., 2022). The model is described by Eq. (2), and definitions of
the model variables and parameters are provided in Table 2 (Montbrio
et al., 2015; Hashemi et al., 2024; Rabuffo et al., 2021).

Tfi(t) = 2ri(t)vi(t) +%

wi(t) = v2(t) — (mri(t))z +Jtri(t) + 1+ &i(t) + Loup,i(t) + Litimi(t)

Icoup,i(t) = C{ a Iglob.i(t) + (1 - a)Iloc,i(t) } (3)
N
Loon,i(t) = Z Waob 75 (t — dy) 4
=
N g..2
Iloc.i(t) = J:Zl Vvloc.ijrj(t)7 VVlucij = eXp( - ﬁ) ®)
Table 2

Definition of variables and parameters in Montbrio’s neural mass model.

Variables Biophysical meaning

r Population firing rate

v Average membrane potential

& Dynamic random noise

Ieoup Coupling input from other nodes

Lstim External stimulus input

Parameters Biophysical meaning Value
J Average synaptic weight 14.5
n Average excitability -4.6
A Heterogeneous noise spread 0.7
T Characteristic time constant 1.0
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The NMM at each node was coupled with other NMMs via structural
brain connectome (I, Eq. (3)), considering both global and local
connectivity (Fig. 1C). Global connectivity was defined based on a
normative connectome, consisting of 12 million white matter tracts
assembled from 985 healthy adults’ diffusion-weighted images (Elias
et al., 2024). The coupling input due to global connectivity Iy, was
defined as in Eq. (4), where Wy, represents the connection weight
depending the number of fiber tracts between brain nodes, and d denotes
the transmission delay proportional to the length of the fiber tracts. The
transmission speed was set as 3 m/s, which is within a biologically
plausible range (Trebaul et al., 2018). Local connectivity was defined
based on the geodesic distance between nodes on the brain surface,
reflecting the strong interaction among spatially close neuronal pop-
ulations. The coupling input due to local connectivity I, was described
in Eq. (5), where W, represents the connection strength with a Gaussian
kernel applied to the geodesic distance g; (¢ = 8.0 mm) (Spiegler et al.,
2016). The ratio of global to local coupling was designated as 0.8:0.2 (i.
e., a = 0.8), and the network coupling parameter C, which controls the
overall intensity of the coupling input for the NMMs, was systematically
swept across a range of values.

2.3.2. Network simulation for taVNS

To simulate the network effects induced by taVNS, stimulation was
applied by activating white matter tracts projecting from the locus
coeruleus (LC), which is known as a major branch of the afferent
pathway of the vagus nerve (Sharon et al., 2021; Hilz, 2022; Colzato and
Beste, 2020) (Fig. 1C). The anatomical mask for the LC was used as
provided by Levinson et al. 2023 (Levinson et al., 2023). Because a
sufficient number of fiber tracts directly connecting the LC on both sides
were identified, all fiber tracts projecting from both LC to other brain

@

regions were activated, regardless of whether taVNS was applied to the
left or right ear. In other words, stimulation was applied by providing
immediate input in the form of a short pulse (200 ps) to the NMMs
connected to the activated fiber tracts, and this stimulus input I, was
repeatedly administered at a frequency of 25 Hz, consistent with the
experimental environment.

Resting state activity was simulated for 10 min with taVNS and
without taVNS conditions, respectively. Random noise inputs and the
initial values of model variables were maintained consistently across
both conditions to clearly ascertain the changes caused by taVNS.

2.3.3. Conversion to fNIRS hemodynamic signals

The electrical signals at each NMM acquired through network
simulation were converted into hemodynamic signals using the Balloon-
Windkessel model (Friston et al., 2003). The converted hemodynamic
signals at each NMM were projected into the fNIRS measurement
channel space identical to the experimental environment, i.e., 16
channels located in PFC. In this step, the sensitivity profile for each
measurement channel was calculated based on Monte Carlo photon
migration forward modeling using AtlasViewer software (Aasted et al.,
2015; Pfeifer et al., 2018). The inset images in Fig. 1C show the sensi-
tivity profiles for two example channels.

The simulated fNIRS signals were bandpass filtered from 0.01 Hz to
0.1 Hz, and FC analysis was conducted in the same manner as with the
empirical data.
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Fig. 2. FC analysis results of recorded fNIRS signals. A. Interaction between group and taVNS condition. Red and blue represent FC values (mean and standard error)
in the PFC for the low- and high-performance group, respectively. B. Channel ROI pair-based FC analysis results. The figure shows FC values according to taVNS
conditions (sham, active) in low- and high-performance groups. The left and right figures represent the results for the vmPFC~dmPFC and 1IPFC-1]PFC pairs,
respectively, and double asterisks indicate significant differences at the p < 0.01 level. C. Channel-pair-wise FC analysis results. The figures display the (mea-
surement) channel pairs that showed significant differences between taVNS conditions (sham, active) within each performance group. The purple lines indicate pairs
that exhibited stronger FC in the active condition compared to the sham condition, while the green lines represent pairs that showed weaker FC in the active
condition. Double asterisks denote significant differences at the p < 0.01 level, and the dotted lines represent the channel pair that was marginally rejected for

significance (p = 0.06).
3. Results
3.1. FC analysis of fNIRS signals

Three-way mixed ANOVA (group * taVNS condition * ROI pair)
revealed significant effects for: 1) the main effect of ROI pair (F(,61) =
58.932, p < 0.001, g2 = 0.491), 2) the interaction between group and
taVNS condition (F(; 61) = 4.358,p = 0.041, ¢2=0.067), and 3) the three-
way interaction (F1,61) = 6.045, p = 0.017, £2 = 0.090). The main effect
for the ROI pair was driven by greater FC between the vmPFC and dmPFC
compared to the FC between the 1IPFC and rlPFC (vmPFC~dmPFC =
0.524 + 0.068, 1IPFC—1]IPFC = 0.473 + 0.059). The significant two-way
interaction was driven by differential group patterns per each condition,
with the high-performance group showing higher FC in the sham con-
dition but lower FC in the active condition (Fig. 2A).

As post-hoc analyses for the three-way interaction, two separate two-
way ANOVAs were performed per each ROI pair. The interaction between
group and taVNS condition was significant only in the vimnPFC—~dmPFC
ROI pair (F(1,62) = 9.368, p = 0.003, € = 0.131). In the low-performance
group, FC significantly increased in the taVNS active condition compared
to the sham condition (sham = 0.509 & 0.068, active = 0.540 + 0.064,
p = 0.004). In contrast, in the high-performance group, FC tended to
decrease relative to the sham condition, although this change was not
statistically significant (sham = 0.535 + 0.069, active = 0.511 + 0.068,
p=0.062) (Fig. 2B). No significant effects were found in the lIPFC~rlPFC
ROI pair.

The channel-pair-wise FC analysis results are presented in Fig. 2C.
The channel pairs exhibiting significantly higher FC in the active con-
dition compared to the sham condition were identified only in the low-

performance group, and these channel pairs were located between the
dorsal and ventral regions in the mPFC. In the high-performance group,
significantly lower FC was observed in several channel pairs, but no
specific spatial pattern was identified. The channel-pair-wise results for
group differences within the taVNS condition are provided in Supple-
mentary Figure 2. In the sham condition, the high-performance group
demonstrated higher FC compared to the low-performance group,
especially in channel pairs in the mPFC. In the active condition, no
particular pattern was observed in FC differences between groups;
however, the high-performance group exhibited lower FC in a channel
pair between the dorsal and ventral regions of the mPFC, as well as in a
channel pair within ventral regions.

3.2. Virtual brain simulation for taVNS

The virtual brain model generated spontaneous network activities on
a whole-brain scale, based on the intrinsic properties of each brain node
and the inter-node coupling via the structural connectome. When taVNS
was applied, brain nodes directly connected to the white matter tracts
projected from the LC were immediately affected by the stimulation, and
the impact propagated through inter-node interactions, thereby
inducing modulation effects at the network level.

The network effects induced by taVNS were systematically investi-
gated through a parameter sweep of the network coupling parameter C.
Fig. 3A visualizes the mean difference in hemodynamic signals at each
brain node with and without taVNS applied, across specific C values.
When the C was low, indicating that the overall coupling strength of the
network was weak, the effect of taVNS was restricted to the thalamus,
amygdala, and some posterior areas of the superior frontal cortex where
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Fig. 3. Virtual brain simulation results. A. Changes in regional hemodynamic activities induced by taVNS. The figure illustrates the distribution of brain regions
where activity changes are induced by taVNS, depending on the value of the network coupling parameter C, which regulates the overall strength of inter-node
interactions in the model. The color code represents the average difference (absolute value) in simulated hemodynamic signals between the conditions with and
without taVNS. Specifically, the red areas indicate regions that showed greater changes due to taVNS. B. Channel ROI pair-based FC analysis results of simulated
fNIRS signals. The figure exhibits FC values between the vmPFC and dmPFC under conditions without (gray dots) and with taVNS (yellow dots), depending on the
coupling parameter C. The red (blue) arrows denote enhanced (reduced) FC following taVNS. The right figure presents a scatter plot indicating the negative cor-
relation (p = 0.005) between FC values under the without taVNS condition and the FC changes induced by taVNS. C. Channel-pair-wise FC analysis results of
simulated fNIRS signals. The figure presents the channel-pair-wise FC (16 by 16 matrix) under conditions with and without taVNS across several values of C. rl: right

lateral, rm: right medial, Im: left medial, 1l: left lateral region.

the stimulus was directly applied. However, as the C increased, changes
due to taVNS were observed across most subcortical areas (including
hippocampus, amygdala and thalamus), the posterior cingulate cortex,
the superior frontal cortex, and the PFC, particularly in the medial and
ventral regions (Fig. 3A).

The results of the FC analysis in the fNIRS measurement channel
space are presented in Fig. 3B First, after a certain level of coupling was
applied to the model (C > 0.123), the FC between vmPFC and dmPFC

tended to increase overall as the C increased. When taVNS was applied,
in cases where the C was low (ranging from 0.123 to 0.128), the FC
(vimPFC~dmPFC) increased compared to the FC without taVNS (base-
line FC); however, in cases where the C was high, i.e., when the baseline
FC was already strong (ranging from 0.129 to 0.132), the FC showed no
change or a rather decreasing pattern following taVNS. The right subplot
in the Fig. 3B demonstrates a negative correlation between baseline FC
and changes in FC (vmPFC~dmPFC) induced by taVNS. Regarding the
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FC between 1IPFC and rlPFC, a similar pattern was observed overall,
although it was not as pronounced as that between vmPFC and dmPFC
(Supplementary Figure 3).

The channel-pair-wise FC analysis results of simulated fNIRS signals
are presented in Fig. 3C. The results indicate that 1) FC within the PFC
(particularly between channels on the medial side rather than on the
lateral side) is enhanced overall as the C increases, and 2) FC is
strengthened by taVNS when baseline FC is weak, but weakened when
baseline FC is strong.

4. Discussion

The current study systematically analyzed the effects of taVNS on
cognitive enhancement from the perspective of brain networks. The
fNIRS signal analysis indicated that FC in the PFC was associated with
task performance in older adults. Particularly, FC within mPFC
(vmPFC~dmPFC) showed a stronger correlation, with the high-
performance group (at the baseline) exhibiting relatively higher FC
compared to the low-performance group. mPFC is a core hub of the
default mode network (DMN) and has traditionally been understood as
being activated at rest and inhibited during cognitive tasks. However,
recent neuroimaging studies have provided accumulating evidence that
mPFC also plays a crucial role in various cognitive functions, including
working memory, long-term memory, attention, and decision-making
(Hampson et al., 2006; Jobson et al., 2021; de Oliveira Jereissati
et al., 2023). Moreover, FC alteration between mPFC and other corti-
cal/subcortical areas have been consistently found across the progres-
sion of aging, neurocognitive disorders including MCI and Alzheimer’s
disease, as well as psychiatric diseases that are accompanied by cogni-
tive deficits (Jobson et al., 2021; de Oliveira Jereissati et al., 2023;
Andrews-Hanna et al., 2007; Xu et al., 2019; Dugré et al., 2021). This
suggests that FC changes of the mPFC may serve as an important indi-
cator for cognitive decline. Due to the limitations of our measurement
environment restricted to the PFC, we were unable to analyze mPFC FC
at the whole-brain network level. However, considering that the dmPFC
has major connections to cortical areas while the vmPFC is primarily
linked to the limbic system, and that both regions are highly inter-
connected with subcortical areas including the thalamus, hippocampus,
and amygdala (Jobson et al., 2021), the decrease in FC between the
dmPFC and vmPFC may imply a decline in the overall function of the
frontal-subcortical circuitry.

Such a low FC between the dmPFC and vmPFC significantly
increased due to taVNS, along with the improvement in task perfor-
mance. This benefit from taVNS was observed only in the low-
performance group. In the high-performance group, which had higher
baseline FC (vimnPFC~dmPFC), both FC and behavioral performance
showed a relative decrease during the taVNS active session compared to
the sham session. These results indicate that when baseline FC is low,
taVNS can lead to sequential involvement and entrainment along the
afferent pathway of the vagus nerve (Broncel et al., 2020; Hilz, 2022;
Colzato and Beste, 2020), enhancing synchronization in the PFC (espe-
cially in the medial part), whereas when baseline synchronization is
high, the same conditions of taVNS may elicit neural desynchronization
effects, as demonstrated in clinical studies on epilepsy that showed VNS
can suppress on-going seizures (Boon et al., 2015) or induce EEG
desynchronization (Vespa et al., 2021). This suggests that the modula-
tion effects of taVNS may differ depending on the functional state of
each individual’s brain network.

Regarding the relationship between baseline behavioral perfor-
mance and responses to taVNS, a recent study has reported findings that
are contrary to the current results (Thakkar et al., 2025). They investi-
gated the effects of taVNS on word learning and found a significant
correlation between its efficacy and baseline verbal working memory
performance, i.e., participants with higher baseline working memory
performance demonstrated better outcomes in word learning with
taVNS and retention one week later. However, it is important to note
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that the study focused on young adults, in contrast to the current study,
which targeted older adults. The authors interpreted that the interaction
between the existing working memory circuitry and the hippocampus
engaged by taVNS may facilitate enhanced neural plasticity, leading to
more rapid learning. However, in older adults, enhancing plasticity
through neurostimulation may be more challenging compared to
younger adults (Ghasemian-Shirvan et al., 2020). The age-related dif-
ferences in the effects of taVNS should be systematically investigated in
conjunction with neuroimaging studies. Furthermore, a comprehensive
examination from multiple perspectives is required, encompassing both
the targeted functional network and the translation into related
networks.

Although fNIRS signal analysis yielded interesting results regarding
the response to taVNS, it was restricted to only the PFC, which is closely
related to cognitive functions. Therefore, we further performed high-
resolution virtual brain simulations to explore the network effects at
the whole-brain level induced by taVNS. The virtual brain model, con-
structed from the structural brain characteristics (anatomy and con-
nectome) and equipped with NMM, enables the reproduction of the
brain’s functional properties, thereby enhancing our understanding of
the underlying causes of functional changes based on interactions with
structural characteristics (Lavanga et al., 2023; Marti-Juan et al., 2023).

In this study, we systematically examined taVNS-induced network
effects according to the network coupling parameter C, which can reflect
structural alterations related to aging. Numerous brain imaging studies
have reported a loss of overall structural connectivity in the brain due to
white matter degradation as aging progresses, and studies are also being
conducted to clarify the relationship between this loss and functional
alterations (Petkoski et al., 2023; Groh and Simons, 2024; Gunning--
Dixon et al., 2009; Coelho et al., 2021). Given that each brain node in the
model is coupled through structural connectivity, with the coupling
strength scaled by parameter C, the C can be considered to reflect the
loss of structural connectivity at the whole-brain level. That is, a smaller
value of parameter C may indicate a more severe loss of structural
connectivity due to aging.

The network simulations demonstrated that as the C decreases,
coupling between brain nodes weakens, leading to reduced FC, which
indicates that a weakening of structural connectivity may be associated
with a decline in FC. This pattern was particularly pronounced in the FC
between the vmPFC and dmPFC, although it was also observed between
the left and right IPFC. This result is in line with previous brain imaging
studies showing that the DMN involving the mPFC is most severely
disrupted with the aging (Jobson et al., 2021; Andrews-Hanna et al.,
2007).

The simulations applying taVNS demonstrated the modulatory
pathway from LC in the brainstem to subcortical areas and PFC. In
particular, when the coupling parameter C was small, the stimulation
effects were limited to regions directly connected to the activated white
matter tracts, whereas as the C increased, the effects propagated to other
regions through strong inter-node interaction, ultimately reaching the
PFC. The brain areas that exhibited changes following stimulation were
similar to those where activity changes due to taVNS were observed in
previous fMRI-based studies (Badran et al., 2018).

In terms of FC in the PFC, the effects of taVNS varied depending on
the coupling parameter C. When the C was small (indicating a loss of
structural connectivity) and the baseline FC was low accordingly,
stimulation enhanced FC; however, when the C was high and the
baseline FC was already elevated, the stimulation under the same con-
ditions resulted in a decrease in FC. This pattern aligns well with find-
ings from fNIRS measurements and reaffirms that the intervention effect
of taVNS may differ depending on the functional state of the brain.
Moreover, considering that such functional state could be affected by
structural characteristics, we can speculate that individuals with lower
baseline behavioral performance may have experienced relatively
greater structural loss in white matter, contributing to a further decrease
in baseline FC. A positive aspect of our current findings is that taVNS was
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effective in those individuals. In other words, the results suggest that
taVNS may provide greater benefits for individuals whose brain struc-
tural and functional decline has already progressed due to aging or
cognitive impairment. Nevertheless, the aspects related to structural loss
need to be further verified. Structural connectome analysis based on
individual diffusion-weighted MRI will enable this.

The simulation results convey another important message. Given the
degree of FC increase in the PFC due to taVNS, in cases of excessive loss
of structural connectivity leading to significantly reduced baseline FC,
achieving recovery to an adequate level may be challenging, even if FC
improves following taVNS (please compare the improved FC values by
taVNS in the C ranges of 0.123-0.126 and 0.127-0.128 in Fig. 3B).
Therefore, the results suggest that early intervention could be effective
in normalizing the functional state of the brain, considering that struc-
tural and functional alterations progress with aging.

The current study explored the intervention effects of taVNS con-
cerning changes in brain network characteristics and their association
with behavioral changes; however, it still has several limitations.
Regarding the administration of taVNS in the experiment, participants
were counterbalanced to receive stimulation on either the left or right
ear. Studies to date have predominantly employed left ear stimulation
due to safety concerns related to cardiac activity, but this practice has
emerged from traditional cervical VNS. Considering the anatomical
pathway of the auricular branch of the vagus nerve (ABVN), it has been
indicated that taVNS may avoid the risk of adverse cardiac events;
accordingly, recent studies have reported on the safety and therapeutic
potential of right ear or bilateral stimulation (Yap et al., 2020; Kim et al.,
2022; Peng et al., 2023). In our original experimental design, we
investigated potential differences based on the stimulation side (left vs.
right ear groups); however, no significant differences in behavioral
performance were found (Supplementary Table 1). Consequently, we
merged the two groups to enhance statistical power for subsequent an-
alyses. Given the preference for left ear stimulation, a clear evaluation of
the stimulation side remains unachieved, indicating the need for further
research to carefully assess the effects of taVNS on cognitive enhance-
ment from this perspective.

Regarding the active/sham conditions, we targeted the cymba
conchae for the active condition and applied stimulation to the same
area for a short duration for the sham condition. However, there is still
considerable debate regarding the target area and application methods.
For active stimulation, in addition to the cymba conchae, other areas
such as the cavum conchae, tragus, and antihelix have been targeted for
various applications, including epilepsy, depression, and tinnitus, and
have shown effects due to ABVN stimulation (Yap et al., 2020; Kim et al.,
2022). For sham stimulation, active control methods primarily have
involved stimulating the ear lobe or superior scapha, which have been
considered to minimize innervation of the ABVN (Yap et al., 2020; Kim
et al., 2022). However, recent studies have reported that such sham
stimulation can yield effects comparable to active stimulation targeting
the ABVN, not only in terms of brain activation patterns but also in
neurophysiological indicators, including pupillary responses and car-
diac vagal activity (Burger et al., 2020; Borges et al., 2021). As alter-
natives to active control for the sham condition, differentiated
approaches such as passive control—where electrodes are attached but
no stimulation is delivered—stimulation with very low frequencies (e.g.,
1 Hz), and short-term stimulation have been explored (Ludwig et al.,
2021; Chen et al., 2023; Badran et al., 2019; Rangon, 2018). Never-
theless, the validity of these approaches is still under discussion (Ludwig
et al., 2021; Butt et al., 2020). In this study, we adopted a strategy to
apply stimulation only during the first and last 30 s of the experimental
session in order to explicitly avoid stimulation of the ABVN while
incorporating placebo manipulation (Sun et al., 2021). However, it still
has a limitation in that, considering the continuous sensations experi-
enced by participants due to the stimulation, it might be distinguishable
from the active condition. Thus, systematic analytical studies based on
extensive experimental data are required to specify the target area and
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sham condition in taVNS. Furthermore, considering the variations in
efficacy associated with stimulation parameters (Thakkar et al., 2025), it
is necessary to establish a standardized taVNS protocol through
comprehensive validation of stimulation parameters.

The virtual brain simulation has elicited meaningful outcomes by
linking experimental findings with age-related white matter decline,
suggesting that the modulation effects of taVNS may vary depending on
the strength of structural connectivity in the brain. It has also demon-
strated changes in functional characteristics (especially, FC changes)
induced by taVNS at the whole-brain level, extending beyond the PFC,
which can be analyzed based on fNIRS recordings (Supplementary
Figure 4). However, validation studies based on extensive empirical data
are still essential. Combining neuroimaging methods, such as fMRI or
EEG/Magnetoencephalography (MEG), to observe neural responses
induced by taVNS at the whole-brain level is crucial for optimizing the
virtual brain model. Meanwhile, this study utilized standard structural
MRI and normative connectome data due to the absence of individual
MRI data, which prevented the reflection of each individual’s structural
brain characteristics. Personalized virtual brain models that accurately
mimic the characteristics of brain networks based on individual struc-
tural and functional brain images can facilitate a more precise investi-
gation of the modulation effects of taVNS in individual environments.

The current study focused on identifying the acute effects of taVNS.
The observed acute effects on task performance and prefrontal FC (in the
low-performance group) are quite promising. However, considering that
most neuromodulation therapies primarily achieve plasticity changes
and long-term effects through repetitive stimulations, in-depth analyses
of longitudinal changes in brain networks conducted alongside behav-
ioral experiments following repetitive stimulation sessions are crucial
for elucidating the mechanism of taVNS.

Digital brain research can contribute to understanding the modula-
tory mechanisms of taVNS as an intervention for cognitive decline
associated with aging or neurocognitive disorders, as well as to devel-
oping personalized strategies to optimize its effects, by integrating with
behavioral assessments and brain signal analyses.
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