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Abstract

Background: Stroke is a leading cause of long-term disability worldwide. Non-invasive or
transcutaneous auricular vagus nerve stimulation (taVNS) shows promise in promoting
neuroplasticity and supporting motor recovery. There are currently no validated biomarkers
of taVNS. High-density diffuse optical tomography (HD-DOT) is a portable neuroimaging
technology that uses near-infrared light to map cortical activity via the quantification
of changes in blood oxygenation. The aim of this study was to determine whether HD-
DOT could detect motor task-related activity with concurrent taVNS. Methods: Thirty-
one healthy participants completed right and left finger tapping tasks with concurrent
sham (earlobe) and then active (tragus) taVNS in a within-subject block design. HD-DOT
was recorded across the bilateral sensorimotor cortex using 36 sources and 48 detectors
(1728 channels). Cortical reconstructions were parcellated and block-averaged task-related
oxygenated and deoxygenated haemoglobin changes were compared between sham and
active taVNS conditions. Results: In a group-level analysis, appropriate lateralised task-
related haemodynamic responses were seen in the contralateral sensorimotor regions,
demonstrating the validity of HD-DOT. Between-group comparisons showed no significant
change in task-related activation during right finger tapping tasks under active vs. sham
taVINS conditions. A non-significant redistribution of task-related activity to the right motor
cortex was seen with left finger tapping under active taVNS compared to sham taVNS.
Conclusions: Simultaneous recording of neural responses to taVNS during motor activity
was feasible and well tolerated. Reliable task-related activation was recordable. Future
studies of whole brain HD-DOT in people with stroke will help evaluate its potential as a
biomarker in taVNS.

Keywords: vagus nerve stimulation; functional near-infrared spectroscopy; diffuse optical
tomography; non-invasive brain stimulation; rehabilitation; stroke

1. Introduction

Stroke is a leading cause of adult-onset disability affecting 12.2 million people each
year [1]. Approximately 50% of people have persistent arm weakness which significantly
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impacts their ability to perform daily tasks and their quality of life [2]. Whilst rehabilitation
has been shown to promote motor plasticity in chronic stroke (>6 months post-onset), the
magnitude of improvement is small [3] and the number of hours of rehabilitation required
is cost-prohibitive in many settings [4]. As such, adjuncts to motor rehabilitation that
synergise with physiotherapy are an area of unmet need and a priority for stroke survivors.

Invasive vagus nerve stimulation (VNS) synchronised with motor rehabilitation has
been shown to improve arm motor recovery in chronic ischaemic stroke [5] and is the only
U.S. Food and Drug Administration (FDA)-approved adjunct to motor rehabilitation. In a
pivotal multicentre VNS-REHAB study, 6 weeks of invasive VNS delivered alongside upper
limb rehabilitation led to a clinically meaningful improvement in upper limb function (Fugl
Meyer Upper Extremity total motor score increase of >6 points) in 47% of participants in
the active VNS group vs. 24% of participants in the sham VNS group. VNS is thought
to increase motor plasticity through cholinergic reinforcement of motor learning [6] and to
influence other modulatory neurotransmitters such as noradrenaline, serotonin, dopamine
and gamma-aminobutyric acid (GABA) [7]. Non-invasive or transcutaneous vagus nerve
stimulation (tVNS) refers to the delivery of VNS through the skin via either the auricular
branch in the ear (taVNS) or the cervical branch in the neck (tcVNS) [8]. TaVNS has several
advantages over invasive VNS. It is not associated with any serious adverse events, does
not require surgical implantation and can be used immediately after stroke [8]. Pilot and
feasibility studies of taVNS after stroke are promising, showing increases in upper limb motor
function in individuals with subacute and chronic stroke [9,10] and the efficacy of taVNS in
stroke is currently being assessed in several multicentre randomised controlled trials [7,11].

There are several candidate biomarkers of taVNS-related activation including heart
rate variability, P300 potential, and salivary alpha amylase [12]. However, none have
reliably been shown to consistently detect activation-related changes in healthy volun-
teers [12]. Whilst functional magnetic resonance imaging (MRI) has shown taVNS-related
activation in the visuomotor areas and secondary visual cortex [13], it is not known how
taVNS-related activation is modulated during motor tasks. Identifying biomarkers of the
taVNS-movement interaction would enable more efficient clinical trial design and poten-
tially individualise stimulation parameters (laterality, amplitude, frequency, and pulse
width) by demonstrating engagement with recovering sensorimotor areas.

Functional near-infrared spectroscopy (fNIRS) uses near-infrared light to monitor the
haemodynamic response to cerebral activity [14]. Increases in neural activity are associated
with an increase in local oxygenated blood to support this activity which can be detected via
increases in oxygenated haemoglobin (HbO) and decreases in deoxygenated haemoglobin
(HbR) [14]. Traditional fNIRS systems have been low-density (1664 channels). High-
density diffuse optical tomography (HD-DOT) uses f{NIRS with dense optode arrays and
structural priors that allow the recovery of 3D images of oxygenation changes, which yield
much higher spatial resolution than low-density fNIRS [15,16].

No prior studies have utilised HD-DOT to monitor the effects of VNS. The aim of the
present study is to determine whether taVNS modulates cortical haemodynamic responses
during a simple motor task, using HD-DOT in healthy adults.

2. Materials and Methods
2.1. Participants

A total of 31 healthy adults (20 female, 11 male) were recruited through convenience
sampling from the University of Sheffield. Given our recruitment strategy, the cohort was
primarily young adults (Mg = 23.4, SD = 2.9). Participants were excluded if they had
contraindications to taVNS use as per the Nurosym™ device manual:

- Had open wounds affecting the scalp or ears.

https:/ /doi.org/10.3390/brainscil6020146
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- Were pregnant.

- Had a prior vagotomy.

- Had non-removable piercings at stimulation sites (i.e., left tragus or earlobe)

- Had implanted electronic medical devices such as pacemakers or cochlear implants.

- Had a known history of symptomatic bradycardia, second- or third-degree atrioven-
tricular block, or carotid artery stenosis exceeding 50%.

2.2. Experimental Design

A within-subjects block design was employed to investigate the cortical effects of
taVNS on motor execution and motor imagery tasks. Following informed consent, each
participant completed a demographic form recording age, sex, ethnicity, handedness, hair
colour and hair length. Each participant completed six experimental conditions:

Right-hand finger tapping (no stimulation);

Right-hand motor imagery (no stimulation);

Right-hand finger tapping with sham taVNS (left earlobe);
Left-hand finger tapping with sham taVNS (left earlobe);
Right-hand finger tapping with active taVNS (left tragus);
Left-hand finger tapping with active taVNS (left tragus).

A

For each condition, the experimental paradigm was structured in nine discrete blocks,
each consisting of a 20 s task period followed by a pseudo-jittered rest period (18-23 s)
(Figure 1). During the task, participants either performed self-paced, unilateral finger
tapping at approximately 1 Hz or imagined finger tapping with their right hand (motor
imagery task). Participants were trained in the finger tapping rate before the experimental
recording and consistency in tapping rate and force was monitored. The experimental
conditions were counterbalanced for left and right finger tapping and presented in Order
A(1,2,3,4,5,6)or Order B (2,1, 3, 4, 6, 5), with an alternating sequence for consecutive
participants. The data for the right-hand finger tapping task without stimulation and motor
imagery task (1 and 2) are the focus of a separate study on motor imagery.

Task Task Task Task Task Task Task Task Task
20 sec 20 sec 20 sec 20 sec sec sec 20 sec 20 sec 20 sec
Block Design Rest Rest Rest Rest Rest Rest Rest Rest Rest
18-23 18-23 18-23 18-23 18-23 18-23 18-23 18-23 18-23
sec sec sec sec sec sec sec sec sec
Stimulation +/- Continuous Active or Sham taVNS ]

Figure 1. Illustrative Block Design for one experimental condition.

2.3. Experimental Set-Up

Visual written cues indicating the current block type (“Rest” or “Finger Tapping”)
were presented using PsychoPy (v2024.2.24) on a 14-inch laptop positioned approximately
60 cm from the participant for the duration of the task. Prior to the start of the experiment,
researchers provided verbal instructions and demonstrated the tapping procedure. Data
collection took place in a private room at the University of Sheffield or in the Royal
Hallamshire Hospital Biomedical Research Centre. The experimental set-up is illustrated
in Figure 2.
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LUMO Cap

Display Computer

LUMO Hub
Recording Laptop

Participant

Figure 2. The experimental set-up included the HD-DOT acquisition laptop (left), the LUMO HD-
DOT hub (middle, black box) and a separate experimental presentation computer (right). The
participant wears a neoprene cap with 12 hexagonal tiles (36 sources, 48 detectors), placed over the
sensorimotor cortex.

2.4. HD-DOT Acquisition

The data were collected using the 56-58 cm LUMO system (Gowerlabs Ltd., London,
UK), a high-density continuous wave fNIRS system. Optical data were acquired using
12 tiles placed over the bilateral sensorimotor cortex, which sampled at 12.5 Hz (Figure 3).
The LUMO system consists of multidistance overlapping channels, enabling the dissociation
of haemodynamic data from the scalp (10-12 mm channels) and the cortex (12-42.5 mm) [17].
Each tile consists of three dual-wavelength LED sources (735 | 850 nm) and four photodiode
detectors, for a total of 36 sources and 48 detectors, where each source forms a channel with
each detector, for a total of 1728 possible channels. Default optode locations were used
for all subsequent analyses as no digitisation was conducted to register the location for
each participant.

® Source
® Detector
Landmark

200

180

160

140

Y (mm)

40

20

50 100 150
X (mm)

Figure 3. Source-Detector Registration to template brain showing locations of optodes and cranial
landmarks using the assumed locations provided by the HD-DOT System.
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2.5. TaVNS Delivery

TaVNS was delivered using the Nurosym™ device (Nurosym Ltd., London, UK).
During active stimulation, electrodes were placed on the left tragus, a site innervated by
the auricular branch of the vagus nerve [17] (Figure 4). For sham stimulation, electrodes
were positioned on the left earlobe, which lacks vagal innervation and is widely used as a
control site in taVNS studies [18].

O
O

Sham taVNS Active taVNS

Figure 4. Stimulation sites for sham and active taVNS. (left) Sham stimulation was delivered at the
left earlobe. (right) Active stimulation was delivered at the left tragus.

In both active and sham conditions, stimulation was delivered continuously through-
out each task block at a fixed frequency (25 Hz) and pulse width (250 ps), consistent with
prior taVNS protocols [8].

2.6. HD-DOT Preprocessing

Data preprocessing was conducted using MATLAB R2023b (MathWorks, Natick, MA,
USA), with a custom pipeline that incorporated functions from Homer2 [19] and the
DOT-HUB toolboxes (https:/ /github.com/DOT-HUB (accessed on 15 December 2025)).

Raw light intensity signals were first converted to changes in optical density (AOD)
using the Homer2 toolbox [19]. Channels were excluded if the raw light intensity
was outside [0, 1 x 10'!], the signal-to-noise ratio fell below 12, or source-detector
distances were over 100 mm [20,21]. Motion artefact burden was derived using the
DOTHUB_dataQualityCheck, which found low motion burden across the recordings (Me-
dian = 0%, M =20.5%, SD = 38.3%). Given the low prevalence of motion artefacts in this
task, no motion artefact correction was applied. Optical density data was converted to
concentration changes in HbO and HbR using the hmrOD2Conc function with a differ-
ential pathlength factor of 6. Short-channel regression (10-12 mm) was applied using the
DOTHUB_hmrSSRegressionByChannel function to reduce superficial signal contamination,
followed by a third-order Butterworth bandpass filter (0.01-0.1 Hz) [22]. In the instance
of missing values due to system error lasting less than 1 s (8 recordings: 2 Active Left
Motor, 1 Sham Left Motor, 4 Active Right Motor, 1 Sham Right Motor), data was imputed
using the mean of the two neighbouring values. Task-evoked haemodynamic responses
were extracted using block averaging, time-locked to stimulus onset. Averaging windows
spanned —2 to +20 s, with —2 to 0 s defined as the baseline and 10-20 s post stimulus onset
as the task period for analysis. The time window of 10-20 s for the task-related activity was
chosen to capture the peak, stable plateau of task-related activity, accounting for the delay
in haemodynamic response from task-onset.

https:/ /doi.org/10.3390/brainscil6020146
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2.7. Participant Exclusion

All participants completed the full experimental protocol. Recordings were excluded
from further analysis if <1/3 of channels within 10-42.5 mm met pruning criteria based
on the work by Fiske et al. (2022) [23]. This resulted in the exclusion of 11-14 participants
across the conditions for the node-level analysis (see Table 1).

Table 1. Participant characteristics.

Cohort After Quality Exclusion

Total Cohort i i
Characteristic otal Lohor Sham Right Motor Act;(e; tI;;ght Sham Left Motor  Active Left Motor
1 (%) or M (SD) 1 (%) or M (SD) 1 (%) or M (SD) 1 (%) or M (SD) 1 (%) or M (SD)

n 31 20 20 18 19
Age (years) 23.42 (2.9) 23.1(3.2) 23.1(3.2) 23.2 (3.3) 23.2 (3.2)
Sex

Female 20 (64.5%) 14 (70.0%) 14 (70.0%) 12 (66.7%) 13 (68.4%)

Male 11 (35.5%) 6 (30.0%) 6 (30.0%) 6 (33.3%) 6 (31.6%)
Race/ethnicity

White 23 (74.2%) 18 (90.0%) 18 (90.0%) 16 (88.9%) 17 (89.5%)

South Asian 5 (16.1%) 1 (5.0%) 1 (5.0%) 1 (5.6%) 1 (5.3%)

Black 1(3.2%) 1(5.0%) 1(5.0%) 1 (5.6%) 1(5.3%)

Hispanic 1(3.2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)

Southeast o . o o o
Asian 1(3.2%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Hair Colour

Brown 11 (35.5%) 6 (30.0%) 6 (30.0%) 5 (27.8%) 6 (31.6%)

Blonde 10 (32.3%) 10 (50.0%) 10 (50.0%) 9 (60.0%) 9 (47.4%)

Black 8 (25.8%) 2 (10.0%) 2 (10.0%) 2 (11.1%) 2 (10.5%)

Red 2 (6.5%) 2 (10.0%) 2 (10.0%) 2 (11.1%) 2 (10.5%)
Handedness

Right 27 (87.1%) 17 (85%) 17 (85%) 15 (83.3.6%) 16 (84.2%)

Left 3(9.7%) 2 (10.0%) 2 (10.0%) 2 (11.1%) 2 (10.5%)

Ambidextrous 1 (3.2%) 1 (5.0%) 1 (5.0%) 1 (5.6%) 1(5.3%)

2.8. Image Reconstruction and Parcellation

For each participant, a map of cortical oxygenation was reconstructed using a tetra-
hedral grey matter mesh based on the standard MNI-152 template head model [24].
For reconstruction, concentration changes were converted to optical densities using
DOTHUB_hmrConc20D. To reconstruct the optical data, a forward model of light propaga-
tion was calculated using the DOTHUB_make_Jacobian function. From this, a zeroth-order
Tikhonov regularised inversion was performed using a regularisation hyperparameter
of 0.01.

Reconstructed data for each participant were then parcellated using the AAL2 At-
las [25], assigning each grey matter mesh node to one of thirteen corresponding motor-
related regions of interest (ROIs) (see Figure 5). A node in the grey matter mesh was
defined as sensitive if its sensitivity in the Jacobian matrix exceeded 5% of the maximum
value of the normalised Jacobian for both wavelengths (Figure 6) [26]. For each participant,
parcels were only included in subsequent averaging and analysis if over 50% of the nodes
within them were sensitive to both HbO and HbR changes. A single time series was then
calculated for each parcel by averaging the time series of all sensitive nodes within that
parcel. Only parcels for which two or more participants were sensitive across >50% of
nodes within the parcel were included in the statistical analysis. This resulted in a total of

https:/ /doi.org/10.3390/brainscil6020146
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13 parcels included in the statistical analysis. The imaging analysis pipeline is outlined in
Figure 7.

Supp_Motor_Area_L Supp_Motor_Area_R

Frontal_Inf_Oper_L Frontal_Inf_Oper_R

Precentral_L Precentral_R

Postcentral_L Postcentral_R

Supramarginal_R Supramarginal_L

Parietal_inf_L

Paracentral_L Paracentral_R

Figure 5. Cortical regions from the AAL2 atlas targeted in this study using the HD-DOT motor cap.
These parcels defined the 13 motor ROIs for group-level parcellation analysis.

Proportion of Participants Sensitive Group-Level Sensitivity (log10-scaled)

105

104

log10(Mean Proportion)

103

10.2

Lo —_

Figure 6. Average sensitivity of motor array nodes across participants (left). Proportion of participants
with nodes sensitive to HbO and HbR changes across regions of the cortex (right) averaged group
level sensitivity to HbO and HbR changes. Node sensitivity is defined using the thresholds proposed
by Uchitel et al. (2022) [26] for detecting changes in HbO and HbR.
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HbO, uM

HbR, uM

( Signal Preprocessing )

( Block Averaging (-2 to 20) )

|

(" A HbO and AHbR signal reconstruction )\

( Participant exclusion (<1/3 usable) ) Y i

|

( A HbO Baseline vs Task )

Vv
uone|@oled

t-values

( Group Reconstruction ) ( T-stat Maps )

Figure 7. Overview of analysis pipeline from raw infrared light signal to 3D reconstruction and
statistical testing.

2.9. Statistical Analysis

For each parcel, task-evoked changes in HbO and HbR were calculated based on
baseline and task windows. AHbO is presented in the main analysis due to its higher
signal-to-noise ratio [27]. For each participant, an average time series of HbO and HbR
concentrations was derived from the nodes within the parcel. From this, mean HbO
concentrations were extracted for the baseline (—2 s to 0 s) and chosen window of activation
during the task period (10-20 s post-stimulus) for each parcel. Looking at within-condition
changes, paired t-tests were conducted for all parcels between the group average baseline
and task window mean HbO. When comparing between conditions, the mean AHbO from
baseline to task was calculated for each parcel and each condition. These calculated AHbO
values were compared using a paired t-test for each parcel. Multiple comparisons were
corrected using the false discovery rate (FDR) method [27]. Both corrected and uncorrected
p-values are reported.

3. Results
3.1. Participant Characteristics

All participants completed the conditions within the same session and each condition
was saved as a separate recording. Across condition recordings, the number of channels
that met the pruning criteria varied, leading to some participants being excluded from
some, but not all conditions. The characteristics for each cohort used in the group-level
analyses are reported in Table 1. Figure 8 illustrates the percentage of good quality channels
by condition, stratified by included and excluded participants. After exclusion, the average
number of good channels across participants did not significantly differ between conditions
(F(3) = 0.18, p = 0.91) (see Supplementary Table S1).
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100

]
()]

Fercentage of Good Channels

]

: : 2

[n]

d s
&2
o
ok of

(=)

Right Sham Right Active Left Active Left Sham
Trial

Cohort B8 Included B2 Excluded

Figure 8. Percentage of ‘good” channels within each task for each participant, grouped by inclu-
sion status. Note that the total possible number of channels within the 10-42.5 mm range is 464.
The horizontal dashed line represents the minimum 33.3% (1/3) channel threshold for including
a recording.

3.2. taVNS Parameters

Participants generally tolerated taVINS well across sham and active sessions, with no
sessions stopping due to participant discomfort. The taVNS intensity did not significantly
differ between active and sham trials (¢+(30) = 1.05, p = 0.30). Mean stimulation amplitudes
are shown in Table 2.

Table 2. Mean (SD) taVNS amplitude in sham and active conditions.

Condition Perception Pain Threshold Final Threshold
Threshold (mA) (mA) (mA)
Sham 17.3 (3.5) 21.7 (4.8) 19.8 (4.1)
Active 19.9 (3.8) 22.3 (4.4) 20.8 (3.7)

Note. Values are presented as mean (SD) in milliamperes (mA). Perception threshold = the initial current at
which taVNS stimulation was felt. Pain threshold = current just below the participant’s pain tolerance. Final
threshold = taVNS stimulation level used for the task.

3.3. Group-Average Maps

To visualise the cortical distribution of task-evoked responses, group-level HbO acti-
vation maps were generated for right-hand finger tapping execution under both sham and
active taVNS conditions. These maps represent the average HbO and HbR concentrations
during the task period, 10-20 s post-stimulus onset.

As would be expected, in both right motor active and sham conditions (Figure 9), sim-
ilar patterns of HbO concentration changes were observed, with the greatest concentration
change in the left (contralateral) motor cortex. There was also evidence of a coincident
decrease in HbR concentration in the same region. In contrast, during the left-sided motor
tasks, there appears to be greater activation in the ipsilateral hemisphere during the sham
condition compared to the active taVNS condition.

https:/ /doi.org/10.3390/brainscil6020146
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Right Finger Tapping + Right Finger Tapping +
Sham taVNS Active taVNS

HbO, uM

HbR, ;M HbO, M HbR, ;M

Left Finger Tapping + Left Finger Tapping +
Sham taVNS Active taVNS

HbO, uM

HbR, M HbO, uM HbR, M

Figure 9. Cortex surface reconstructions of the average reconstructed HbO and HbR concentrations
across all participants with >! /3 good channels.

3.4. Statistical Analysis of taVNS on HD-DOT

To investigate the effect of taVINS on cortical activation, we conducted t-tests within
tasks to compare HbO concentration at baseline versus during the task for each node. To
identify significant differences in task-related activation across conditions, node-wise paired
t-tests were performed between the mean AHbO (HbO task window (10-20 s) — HbO
(baseline —2 to 0 s)) for each node in one condition compared to another. Data was matched
between conditions, with only individuals who had over ! /3 usable channels for both
conditions included in the t-tests. Corrected and uncorrected t-stat maps are shown in
Figures 10 and 11. Equivalent HbR maps are shown in the Supplementary Material (see
Supplementary Figures S1 and S2).

As with the average concentration maps, the active and sham right motor taVINS
t-stat maps exhibited very similar typical patterns of activation, with the greatest activation
seen in the left motor regions. When comparing the activation seen across the active and
sham conditions (n = 20), we observed a slightly greater increase in HbO in the right
posterior motor regions during active stimulation. However, this effect did not survive
FDR correction.

During the left motor tasks, participants exhibited more bilateral activation in the
motor regions when receiving sham stimulation. In contrast, participants exhibited a
more exclusively contralateral HbO increase when receiving active stimulation. Direct
comparison of the calculated HbO change seen in active compared to sham (1 = 17) reflects
this, with greater HbO concentration increases seen in the right hemisphere and less

https://doi.org/10.3390/brainsci16020146
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activation in the left hemisphere. However, these differences did not survive FDR correction,
indicating that if there is a neuromodulatory effect of taVINS on activation, it may have
been too small for us to detect in the current study.

Right Finger tapping + Right Finger tapping + Right Finger tapping +

Active taVNS Active vs Sham taVNS

Uncorrected t-stats

FDR Corrected t-stats

t-values t-values

t-values t-values

Figure 10. T-stat maps comparing HbO at baseline versus task within conditions and relative change
in HbO concentration across right finger tapping tasks (n = 20). For the uncorrected t-maps, only
nodes with a p < 0.05 prior to FDR correction are shown.

3.5. Parcellation Analysis

To compare the activation seen across stimulation conditions, paired t-tests were
conducted using the mean AHbO across all nodes from within each parcel from the defined
baseline (—2 to 0 s) to the active period (10-20 s). When comparing the mean AHbO across
parcels between stimulation conditions, i.e., t-test: AHbO (active) vs. AHbO (sham), no
contrasts were significant, even without FDR correction (see Supplementary Material).
Within-task ¢-tests were conducted between the mean HbO at baseline compared to during
the task. Equivalent HbR comparisons are shown in the Supplementary Material (see
Supplementary Tables S3, S5-57).

During right motor tasks, several regions in the somatosensory motor area in the
left hemisphere showed a significant increase in HbO concentration (see Table 3). When
receiving active taVINS, fewer regions exhibited a significant increase in HbO concentra-
tion compared to when receiving sham taVINS, namely just the left pre- and post-central
gyri. However, when comparing the changes in HbO concentrations across stimula-
tion conditions (1 = 20), no contrasts were significant, even without FDR correction (see
Supplementary Table S2).

https://doi.org/10.3390/brainsci16020146


https://doi.org/10.3390/brainsci16020146

Brain Sci. 2026, 16, 146 12 of 18

Left Finger tapping + Sham Left Finger tapping + Active Left Finger tapping +
Active vs Sham taVNS
L
i
P
e
°
3
3]
g
S
%)
c
)
t-values
L
©
2
©
B
3]
g
G
(&)
@
a
(T
t-values t-values
Figure 11. T-stat maps comparing HbO at baseline vs. task within conditions and relative change in
HbO concentration across left finger tapping tasks (n = 17). For the uncorrected t-maps, only nodes
with a p < 0.05 prior to FDR correction are shown.
Table 3. Parcel-Wise statistical comparison of right motor tasks. Only parcels with an uncorrected
p < 0.05 are reported. * represents FDR-corrected p < 0.05.
Baseline Task
Parcels N AHDbO (uM) P FDR p Cohen’s d
M SD M SD
Left Inferior frontal gyrus, 5 0 0 003 0066 0.033 0017 0071 0.50
opercular part
. . Left Paracentral Lobule 29 0 0 0.008  0.019 0.008 0.028 0.073 0.43
Right + Active Left Postcentral gyrus 26 0 0 0.048  0.065 0.048 0.001 0.012* 0.74
Left Precentral gyrus 28 0 0 0.050  0.078 0.050 0.002 0.013 * 0.64
Left Supramarginal gyrus 15 0 0 0.019  0.029 0.019 0.022 0.071 0.67
Left Inferior frontal gyrus, ¢ 0 0 0042 0078 002 0010  0033* 055
opercular part
Right Inferior frontal 26 0 0 0025 0058 0.025 0033 0072 0.44
gyrus, opercular part
Right + Sham Left Paracentral Lobule 28 0 0 0.007 0.013 0.007 0.008 0.033 * 0.54
Right Paracentral Lobule 15 0 0 0.006 0.009 0.006 0.015 0.038 * 0.72
Left Postcentral gyrus 27 0 0 0.051 0.061 0.051 <0.001 0.002 * 0.84
Left Precentral gyrus 27 0 0 0.055  0.084 0.055 0.002 0.013 * 0.66
Left Supramarginal gyrus 14 0 0 0.014  0.023 0.014 0.039 0.073 0.61

During left motor tasks, several regions in the somatosensory motor area in the left
hemisphere showed a significant increase in HbO concentration (see Table 4). As with
the right motor tasks, when receiving active taVINS, fewer regions exhibited a significant
increase in HbO concentration compared to when receiving sham taVNS. However, when
comparing the changes in HbO concentrations across stimulation conditions (1 = 17), no
contrasts were significant, even without FDR correction (see Supplementary Table S2).
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Table 4. Parcel-wise statistical comparison of left motor tasks. Only parcels with an uncorrected
p < 0.05 are reported. * represents p < 0.05.

Baseline Task
Task Parcels N AHbO (uM) 4 FDR p Cohen’s d
M SD M SD
Left Inferior frontal gyrus, 0 0 0.031  0.060 0.031 0.020 0.053 051
opercular part
. Left Postcentral gyrus 25 0 0 0.029 0.042 0.029 0.002 0.011* 0.69
Left + Active Right Postcentral gyrus 24 0 0 0.025  0.042 0.025 0.008 0.025 * 0.60
Left Precentral gyrus 25 0 0 0.036 0.053 0.036 0.002 0.011* 0.68
Right Precentral gyrus 24 0 0 0.052 0.073 0.052 0.002 0.011 * 0.70
Left Inferior frontal gyrus, 0 0 0042 0078 0.042 0014 0038+ 0.54
opercular part
Left Paracentral Lobule 26 0 0 0.004 0.009 0.004 0.034 0.063 0.44
Left + Sham Left Postcentral gyrus 25 0 0 0.028 0.042 0.028 0.003 0.014 * 0.65
Right Postcentral gyrus 24 0 0 0.028 0.040 0.028 0.003 0.014* 0.69
Left Precentral gyrus 25 0 0 0.036 0.057 0.036 0.004 0.014 * 0.63
Right Precentral gyrus 24 0 0 0.056  0.076 0.056 0.001 0.014 * 0.74
g;%ﬂz Supramarginal 18 0 0 0010  0.017 0.010 0023  0.049* 0.59

4. Discussion

This is the first study to use HD-DOT to study the effects of taVNS. Recording the ef-
fects of taVNS with concurrent motor tasks using HD-DOT was feasible and well-tolerated.
Task-related activity from unilateral finger tapping reliably activated contralateral sen-
sorimotor areas in keeping with expected activation patterns [28]. Whilst no significant
differences were observed between active and sham taVINS, this study provides founda-
tional knowledge for future studies of neuromodulation and HD-DOT.

VNS has been postulated to activate the nucleus tractus solitarius (NTS) with further
projections to the nucleus basalis (cholinergic), locus coeruleus (noradrenergic), ventral
tegmental area (dopaminergic) and dorsal raphe nucleus (serotonergic) [8]. Prior studies
of taVNS delivered immediately before functional MRI have shown increases in several
brain regions [13]. For instance, Frangos et al. (2015) demonstrated activation of the
nucleus tractus solitarius (NTS), the principal relay centre for vagal afferent input [18].
Concurrent invasive or taVNS with functional MRI is challenging due to MR compatibility
issues. Peng et al. (2023) combined taVNS during functional MRI in stroke survivors and
found that ipsilesional taVNS increased activation in ipsilesional visuomotor regions and
decreased activation in contralesional visuomotor regions [29]. Despite the paradigm for
taVNS-related rehabilitation combining stimulation with arm movement, no functional
MRI studies have delivered taVNS alongside movement tasks.

Wang et al. performed a low-density {NIRS study in people with stroke where motor-
task-related fNIRS was recorded immediately prior to and after a single stimulation session
of taVNNS [30]. This demonstrated that taVNS enhanced activation in the unaffected hemi-
sphere premotor cortex/supplementary motor area and left Broca’s area in people with
left hemiplegia and increased activation in the primary somatosensory cortex in those
with right-sided hemiplegia. This suggests a neuromodulatory effect that does not directly
enhance primary motor cortex activity. However, low-density fNIRS systems have limited
spatial resolution and less capacity to control for physiological noise. Furthermore, as
taVNS was not delivered in synchrony with movement, the shorter-acting neuromodula-
tory effects cannot be inferred. A recent study of three weeks of left cymba concha taVNS
paired with task-orientated training of the upper limb in 30 individuals with subacute
stroke found that several sessions of taVNS increases activity in the ipsilesional primary
motor cortex, premotor area and supplementary motor area when performed under low
cognitive load [31].
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The current study explores a clinically relevant, ecologically valid setting where taVNS
was delivered alongside upper limb movement. Group analysis took place at the node
(voxel) level and at a regional level. Node-level analysis can provide granular detail at
small foci of activation but can be susceptible to small between-condition variances and
correction for multiple comparisons can lead to overcorrection. The parcellated region-of-
interest analysis can reduce the number of comparisons by aggregating nodes within a
region; this gives more easily interpretable changes in activation but can dilute the overall
effect (Type Il error) if only a subregion of a parcel changes or a cluster of activation crosses
atlas boundaries.

At the parcel-level, task-related activity increased in the precentral gyri during active
and sham motor tasks, even when corrected for multiple comparisons. This gives reas-
surance that task-related activity is reliably detected by HD-DOT using the current task
paradigm and is one of the first demonstrations of HD-DOT in studies of motor function.
At the node-level, right-sided finger tapping performed alongside sham stimulation led
to expected activation in left sensorimotor areas, whilst corresponding left-sided finger
tapping showed right-predominant but more bilateral representation. This may partly
be explained by most participants being right-handed and prior studies suggesting that
non-dominant hand representation has greater bilateral distribution than the dominant
hand [32].

Active taVNS did not significantly change node-level or parcel-wide activation in
either the right or left finger tapping tasks. However, at the node-level, the t-statistic maps
indicated a redistribution of task-related activity in the left finger tapping task towards the
right motor cortex. In the uncorrected between-condition comparison for active taVNS vs.
sham taVNS during the left finger tapping task, a cluster of increased activation was seen
in the right motor cortex. It is therefore possible that active taVINS paired with unilateral
movement may have a lateralised effect in the contralateral hemisphere to stimulation that
the current study is underpowered to detect. An alternative explanation is that, as the
majority of the cohort were right handed, the left handed finger tapping is a less practiced
task with potential for enhancement with neuromodulation whilst right finger tapping has
an optimised haemodynamic response. This has important parallels in stroke rehabilitation
research during which the motor tasks will have higher cognitive demand.

The underlying physiological basis for the potentially enhanced BOLD response seen
is not known. It is possible that it could relate to increased neural activity from the modu-
latory effects of cholinergic and noradrenergic input into the motor cortex. Alternatively,
autonomic regulation of cerebrovascular reactivity and cerebral blood flow may enhance
local blood flow indirectly of the neural response. Future studies incorporating electrophys-
iological responses with HD-DOT could explore this question.

There are several clinical implications for the current study. If the effects of taVINS
paired with movement preferentially enhance the contralateral motor cortex, then there
would be a strong case for the delivery of stimulation contralateral to the lesioned hemi-
sphere or bilaterally. Furthermore, HD-DOT can potentially demonstrate individual task-
related activation in healthy volunteers. The optimal treatment parameters for VNS in
clinical practice are not known and likely to be individual. HD-DOT could be used to
individualise stimulation delivery in future studies of stroke survivors undergoing invasive
or non-invasive VNS; for instance, current amplitude, frequency and pulse width could be
modulated on an individual basis to target the greatest increase in task-related activation
from stimulation. HD-DOT could be combined with other putative biomarkers, e.g., pupil-
lometry and heart rate variability, to demonstrate whether the afferent vagus nerve is being
reliably activated and stratify potential responders vs. non-responders.
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Strengths and Limitations

Some of the strengths of the current study are the novel use of a high-density motor
array, the use of short-separation channels to reduce the influence of systemic increases in
blood flow, the placebo-control for stimulation and the counterbalancing of left and right
motor tasks. The reciprocal increases and decreases between HbO and HbR maps provide
physiological validation of the HD-DOT measurements.

There are several limitations to the current study. First, the HD-DOT system used a
dense motor cortex array; therefore, changes in neural activity within frontal or posterior
regions could not be captured. Second, near-infrared light does not penetrate beyond
approximately 2 cm into the cortex and therefore cannot be used to assess changes in
subcortical activation. Third, lack of subject-specific registration means that we could
not precisely localise task-related activation. The spatial uncertainty of localization in
lateral motor regions is approximately 27.4 mm [33]. This limitation is minimised by the
within-subject design, standardisation in cap placement and the parcellation approach
which includes large anatomical parcels. Fourth, several participants had dark hair which
may influence signal quality from source-detector pairing. Fifth, due to the uncertainties
around the duration of taVNS-related neuromodulation (i.e., the washout period) and
the potential for a carryover effect, the active stimulation conditions always followed the
sham stimulation conditions which may have given rise to an order effect from habituation,
attentional and physiological drift. This decision in choice of study design was taken
deliberately, as recording within a single session ensures consistency in cap placement and
is reflective of real-world interactions with patients where set-up occurs in a single visit.
Sixth, determining the laterality of stimulation could also be assessed through right-sided
taVNS; however, most commercial taVNS devices restrict recommended use to the left
auricular branch. This is a carryover from studies of cervical stimulation where right
cervical vagus nerve stimulation is avoided due to efferent cardiac innervation; future
studies should explore right sided and bilateral auricular stimulation which have been
demonstrated to be safe [34]. Seventh, whilst participants were trained to have a consistent
finger tapping rate and amplitude, this was visually inspected and not formally quantified
with an accelerometer or electromyography.

5. Conclusions

This study provides the first evidence of the feasibility of taVNS with HD-DOT and
the first use of functional neuroimaging with synchronous taVNS and motor tasks. HD-
DOT could potentially be used to track individual-level responses to taVNS and in the
development of precision neuromodulation strategies. Future studies should aim to study
both whole brain HD-DOT and real-time neurofeedback and to systematically test different
stimulation parameters in patient cohorts.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/brainscil6020146/s1: Table S1. Mean number of channels that
met pruning criteria across conditions for participants included in subsequent analyses. Table S2.
AAL2 Parcel-wise t-stats between change in HbO concentration seen in active vs. Sham taVNS for
the Right Motor task. Table S3. AAL2 Parcel-wise t-stats between change in HbR concentration seen
in active vs. Sham taVINS for the Right Motor task. Table S4. AAL2 Parcel-wise t-stats between the
change in HbO concentration seen in active vs. Sham taVINS for the Left Motor task. Table S5. AAL2
Parcel-wise t-stats between the change in HbR concentration seen in active vs. Sham taVNS for the
Left Motor task. Table S6. Parcel-Wise Statistical Comparison of HbR in Right Motor Tasks. Only
parcels with an uncorrected p < 0.05 are reported. Table S7. Parcel-Wise Statistical Comparison of HbR
in Left Motor Tasks. Only parcels with an uncorrected p < 0.05 are reported. Figure S1. T-stat maps
comparing HbR at baseline vs. task within conditions, and relative change in HbR concentration
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across right finger tapping tasks. For the uncorrected t-maps, only nodes with a p < 0.05 prior to FDR
correction are shown. Figure 52. T-stat maps comparing HbR at baseline vs. task within conditions,
and relative change in HbR concentration across left finger tapping tasks. For the uncorrected t-maps,
only nodes with a p < 0.05 prior to FDR correction are shown.
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