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SUMMARY: (Instructions)
This video protocol describes a standardized procedure for integrating functional near-infrared spectroscopy with transcutaneous auricular vagus nerve stimulation in human participants with major depressive disorder. Its goal is to provide a reproducible framework for recording and assessing cortical hemodynamic responses during systematically administered stimulation frequencies within the same participant. The protocol details participant preparation, recording setup, stimulation procedures, and data acquisition steps necessary for controlled investigation of frequency-dependent neural activity changes in experimental and clinical research settings.

ABSTRACT: (Instructions)
Major depressive disorder (MDD) is associated with alterations in large-scale brain networks. Transcutaneous auricular vagus nerve stimulation (taVNS) is a noninvasive neuromodulation technique, but variability in stimulation parameters, particularly frequency, limits reproducibility and comparability across studies, highlighting the need for systematic parameter selection strategies.
This protocol presents a reproducible, neuroimaging-guided workflow to map individual cortical responses to multiple taVNS frequencies using functional near-infrared spectroscopy (fNIRS). The approach integrates continuous fNIRS acquisition, within-session delivery of multiple stimulation frequencies, and network-level analysis of default mode network activity. Frequency-specific responses are quantified using distance-based metrics, and an algorithmic ranking procedure is applied to identify candidate stimulation parameters within each participant.
The protocol enables direct within-subject comparison of stimulation conditions and provides a structured framework for selecting individualized parameters based on network-level responses, rather than relying on fixed-frequency designs. Representative results demonstrate the feasibility of acquiring stable fNIRS signals across conditions and illustrate how different network metrics can be integrated to derive participant-specific frequency rankings.
Although demonstrated in MDD, this workflow is designed for adaptability to other neuromodulation paradigms and conditions involving network-level dysfunction, and can be used in exploratory studies to inform parameter selection in future longitudinal or clinical investigations.
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INTRODUCTION: (Instructions) 
Transcutaneous auricular vagus nerve stimulation (taVNS) is a noninvasive neuromodulation technique that targets the auricular branch of the vagus nerve and can influence brainstem neuromodulatory nuclei as well as distributed cortical networks1. Prior work has shown that the physiological and neural effects of taVNS depend strongly on stimulation parameters, particularly stimulation frequency2–5. Across animal and human models, different frequencies have been associated with distinct neuromodulatory pathways and brain responses, and clinical taVNS protocols currently span a wide frequency range6,7. This variability highlights the need for systematic approaches to frequency mapping and principled parameter selection rather than reliance on fixed-frequency conventions.

The overall goal of this protocol is to provide a reproducible method for mapping individual neural responses to multiple taVNS frequencies. The protocol enables the identification of candidate stimulation parameters using network-level physiological readouts. Instead of adjusting stimulation based on post-hoc symptom change or assumed therapeutic mechanisms, the protocol is designed to compare frequency-specific effects on brain network organization within individual participants under controlled conditions.

Functional near-infrared spectroscopy (fNIRS) is a portable optical neuroimaging technique that measures cortical hemodynamics with high temporal resolution and is compatible with concurrent taVNS8,9.Integrating fNIRS with taVNS enables real-time assessment of frequency-dependent network modulation without the logistical constraints of more costly, time-consuming and subject-demanding methods, such as magnetic resonance imaging (MRI), including scanner immobility, acoustic noise, or restricted stimulation hardware. Compared with symptom-only optimization strategies, fNIRS-based mapping provides a direct physiological proxy for neural responses to stimulation10. Compared with fixed-frequency stimulation paradigms, the current protocol allows interindividual variability in frequency sensitivity to be explicitly characterized rather than averaged across participants11. These properties make our fNIRS-based approach particularly suitable for exploratory frequency-mapping studies and scalable pilot investigations where repeated within-session measurements are required.

This combined approach is broadly applicable to conditions characterized by altered large-scale brain network organization12. Here, depression provides one illustrative context, as it has been associated with altered activity and connectivity within the default mode network (DMN)13,14 and related control networks15, and taVNS has been reported to modulate these systems16. However, prior studies have used heterogeneous stimulation frequencies, and the most appropriate frequencies for targeting affective and cognitive networks remain uncertain. This variability motivates the use of within-subject frequency comparison rather than reliance on a single a priori frequency.

Here, we describe a protocol for implementing an fNIRS-guided taVNS frequency-mapping workflow suitable for bedside and longitudinal use. The procedure includes an initial resting-state baseline without stimulation, followed by resting-state taVNS runs at 2, 10, 25, and 40 Hz, as well as a sham condition to control for nonspecific effects. For each condition, fNIRS data are acquired and analyzed using multivariate network distance metrics relative to a normative healthy reference. These metrics capture complementary aspects of network organization, including overall connectivity strength, spectral structure, principal connectivity patterns, and nodal dynamics17,18. The resulting network-level measures are used to compare frequency-specific effects within each participant and to identify candidate stimulation parameters in a network-informed manner. A subsequent resting-state candidate-specific condition is included to assess the short-term reproducibility of the candidate frequency.

This protocol is best suited for exploratory parameter mapping, proof-of-concept personalization, and protocol development prior to larger longitudinal or clinical trials. It provides a structured framework for systematically comparing stimulation frequencies within individuals using network-level physiological metrics. The method is designed to support hypothesis generation and candidate frequency identification in early-stage or pilot investigations. It is not intended to establish definitive clinical efficacy, therapeutic superiority, or treatment optimization, but rather to inform subsequent longitudinal and outcome-driven studies.


PROTOCOL: (Instructions)
The protocol follows the chronological execution of the experimental workflow. First, ethical approval and participant recruitment are completed, including clinical assessment and construction of the healthy control reference template. Participants are then prepared in a standardized laboratory environment, followed by taVNS device setup and frequency-specific current calibration. The fNIRS system is mounted and synchronized prior to data acquisition. The experimental session is conducted in a single visit, including baseline recording, sham stimulation, and randomized active stimulation frequencies with continuous fNIRS acquisition. After data collection, preprocessing and quality control procedures 19are applied uniformly across all conditions. Network-level features are extracted, and an algorithmic, distance-based ranking procedure is used to identify the candidate individualized stimulation frequency. All steps are implemented using predefined parameters to ensure reproducibility and comparability across participants. These parameters included fixed taVNS stimulation settings (frequencies of 2, 10, 25, and 40 Hz, pulse width, and individually adjusted stimulation intensity), standardized resting-state run durations, a consistent sham condition, and a uniform fNIRS acquisition and preprocessing pipeline, including channel configuration, motion correction, filtering, and network-based analysis procedures.

Protocol 1: Ethical Approval and Overview
1. Obtain approval for the study from the institutional ethics committee of the Faculty of Medicine at the University of Marburg (protocol number: 23-232 BO).
2. Conduct all study procedures in accordance with the Declaration of Helsinki.
3. Obtain written informed consent from each participant prior to any study-related procedures.
4. Apply transcutaneous auricular vagus nerve stimulation (taVNS) using one sham condition and multiple active stimulation frequencies.
5. Record resting-state functional near-infrared spectroscopy (fNIRS) data concurrently with taVNS.
6. Preprocess fNIRS signals for resting-state functional connectivity analysis20.
7. Select an individualized stimulation frequency by matching participant-specific connectivity patterns to a healthy default mode network (DMN) reference template.

Protocol 2: Participant Recruitment and Screening
2.1 Eligibility and Consent
1. Recruit adult participants into two groups: Major Depressive Disorder (MDD) and healthy controls (HC).
2. Recruit HC participants during the same period and using the same study procedures as the MDD group.
3. Obtain written informed consent from each participant before screening or assessments.
4. Provide financial compensation according to institutional guidelines.
2.2 Inclusion Criteria
1. Include participants aged ≥ 18 years.
2. Confirm normal or corrected-to-normal vision.
MDD group only:
3. 	Confirm an MDD diagnosis using a DSM-5–based clinical interview.
 4.	Include participants with mild to moderate depressive severity (HAMD- ≥8 and <24 and BDI-II ≥8 and <29)
HC group only:
 	5.	 Confirm the absence of a current psychiatric or severe somatic diagnosis.
2.3 Exclusion Criteria
1. Exclude participants with neurological disorders or a history of head trauma.
2. Exclude participants with comorbid psychiatric disorders.
3. Exclude participants taking psychotropic or antidepressant medication, or who discontinued such medication within the previous two weeks.
4. Exclude participants with current suicidal ideation or severe depressive severity.
5. Exclude participants with medical conditions likely to affect neural or vascular function.
2.4 Clinical Assessment
1. Administer the Hamilton Depression Rating Scale (HAMD-24).
2. Administer the Beck Depression Inventory–II (BDI-II).
3. Record total scores for each questionnaire.
Protocol 3: Environmental Setup 
1. Seat the participant in a quiet, dimly lit room.
2. Position a monitor with a fixation cross approximately 1 m in front of the participant.
3. Instruct the participant to remain awake and to fixate on the cross throughout all recordings.
Protocol 4: taVNS Preparation and Calibration

4.1 Hardware and Placement
1. Use a transcutaneous auricular vagus nerve stimulation device with a titanium–iridium stimulation electrode.
2. Place the electrode on the left cymba conchae of the ear.
3. Verify stable electrode placement and adequate skin contact.
4.2 Current Amplitude Calibration
1. Set the pulse width to 300 µs.
2. Enable continuous stimulation without duty cycling.
3. Gradually increase the stimulation current.
4. Stop the increase at the highest tolerable level without pain.
5. Target a subjective intensity of 7–8 on a 10-point visual analog scale.
6. Calibrate the stimulation current separately for each frequency (2, 10, 25, and 40 Hz).
7. Record the final current amplitude selected for each frequency.
8. Repeat the calibration procedure before each frequency block.
4.3 Sham Configuration
1. Configure the device to deliver no electrical current.
2. Inform the participant that stimulation is being applied.
3. Match all tactile, visual, and auditory cues to active stimulation conditions.
4. Critical step:
Perform perceptual checks between blocks to ensure that sham and active conditions remain indistinguishable to the participant.
4.4 Active Stimulation 
1. Apply active stimulation frequencies (2, 10, 25, and 40 Hz) within a single experimental session according to the single-blind randomization sequence.
2. Separate consecutive stimulation blocks by a fixed inter-condition interval without stimulation.
3. Do not implement an extended physiological washout period between stimulation blocks.
Note: Carryover Effects
Because stimulation frequencies are applied randomized across participants within one session, carryover effects between blocks cannot be fully excluded. This protocol prioritizes within-session frequency mapping under consistent physiological conditions over complete washout. Results should therefore be interpreted as relative comparisons between frequencies rather than isolated effects of individual stimulation blocks.
Protocol 5: fNIRS System Setup
5.1 Hardware and Montage
1. Prepare two synchronized functional near-infrared spectroscopy systems.
2. Equip each system with 16 light sources and 16 detectors.
3. Define the optode montage using an optical layout planning tool (e.g. fNIRS Optodes' Location Decider (fOLD) toolbox) to target default mode network (DMN) regions based on a standardized anatomical atlas (e.g. ).
4. Position optodes to cover the following cortical regions:
· bilateral precuneus and posterior cingulate cortex
· medial prefrontal cortex
· bilateral angular gyri
· medial temporal regions
5. Configure long-separation channels using a 3 cm source–detector distance.
6. Add short-separation channels (approximately 8 mm) for extracerebral signal regression.

5.2 Acquisition Parameters
1. Acquire dual-wavelength optical signals at 760 nm and 850 nm.
2. Set the sampling frequency to 5.1 Hz.
3. Synchronize the two fNIRS systems before each recording run.
Protocol 6: Experimental Timeline and Behavioral Instructions

6.1 Block Structure and Session Duration
1. Conduct the experiment in a single session on one day per participant.
2. Do not administer taVNS on multiple days or weeks.
3. Apply taVNS once per condition within the session.
4. Acquire continuous fNIRS data throughout the entire session.
5. Record an initial resting-state baseline (RS0) for 6 minutes without stimulation.
6. Apply the sham condition for 6 minutes immediately after the 2-min inter-condition interval following RS0.
7. Apply four active stimulation frequencies (2, 10, 25, and 40 Hz) for 6 minutes each according to the single-blind randomization sequence across participants.
8. Insert a 2-minute inter-condition interval without stimulation between consecutive blocks.
9. Record a post-stimulation resting state (RS1) for 6 minutes without stimulation.
6.2 Total Experimental Timing
11. Use the following fixed timing structure per participant:
· RS0 (baseline): 6 minutes
· Sham: 6 minutes
· Active stimulation: 4 × 6 minutes
· Inter-condition intervals: 6 × 2 minutes
· RS1 (post-stimulation): 6 minutes
12. Maintain a total session duration of approximately 54 minutes.

6.3 Behavioral Instructions
13. Instruct the participant to remain awake, relaxed, and still throughout all blocks.
14. Instruct the participant to fixate on a centrally presented fixation cross during all resting-state recordings.
15. Do not require any behavioral task or response during stimulation or resting-state periods.
6.4 Monitoring and Synchronization
16. Monitor stimulation delivery and electrode contact continuously during each block.
17. Control block timing and randomization using experiment control software synchronized with fNIRS acquisition.

6.5 Clinical Scale Assessment Timing
18. Administer clinical symptom scales once at baseline during screening, prior to the experimental session.
19. Do not repeat symptom scale assessments during or after the stimulation session.

Critical step:
Keep visual displays, verbal instructions, and environmental conditions identical across all blocks, including the sham condition.


Protocol 7: fNIRS Preprocessing
7.1 Segmentation and Quality Control
1. Segment the continuous fNIRS recording into seven 6-minute conditions: RS0, Sham, 2 Hz, 10 Hz, 25 Hz, 40 Hz, and RS1.
2. Extract raw light-intensity signals separately for each condition and channel.
3. Apply a band-pass filter to the raw light-intensity signal in the cardiac frequency range (0.5–2.33 Hz) using a Butterworth filter.
4. Divide the filtered signal into non-overlapping 3-second windows.
5. Compute the Scalp Coupling Index (SCI) for each window.
6. Compute the Power Spectral Peak (PSP) for each window.
7. Classify a window as good if SCI ≥ 0.8 and PSP ≥ 0.1.
8. Retain a channel if at least 70% of its windows are classified as good.
9. Apply the same channel-retention criterion to long- and short-separation channels.
10. Retain a participant if at least 70% of all channels are classified as good.
7.2 Software Implementation and Reproducibility
11. Perform all preprocessing steps using scripted, non-interactive analysis pipelines.
12. Apply identical preprocessing parameters across all participants and conditions.
13. Store preprocessing parameters, quality-control thresholds, and segmentation timing in configuration files or scripts.

7.3 Motion and Artifact Correction
Correct motion artifacts using Temporal Derivative Distribution Repair (TDDR) and Wavelet filtering.
1. Process positive and negative temporal derivatives separately during TDDR correction.
2. Attenuate spike-like transients using discrete wavelet filtering with a “8-wavelet” basis.
3. Define wavelet outliers as coefficients exceeding 4 standard deviations from the mean of the coefficient distribution.
4. Convert optical density signals to oxyhemoglobin (HbO) concentration using the modified Beer–Lambert law.
7.4 Short-Separation Regression
1. Perform principal component analysis (PCA) on short-separation channel signals.
2. Retain principal components explaining 90% of the variance.
3. Regress retained short-separation components from long-separation channel signals using autoregressive iteratively reweighted least squares (AR-IRLS).

7.5 Region of Interest (ROI) Definition and Time-Series Construction
1. Define four regions of interest (ROIs) based on the Automated Anatomical Labeling (AAL) atlas:
· medial prefrontal cortex, including superior medial frontal and medial orbitofrontal cortices
· posterior cingulate cortex and precuneus
· bilateral angular gyri (inferior parietal lobule)
· medial temporal lobe, including middle and inferior temporal gyri and temporal poles
2. Assign each long-separation measurement channel to one ROI based on its cortical sensitivity profile.
3. For each participant and each 6-minute condition, extract the oxyhemoglobin (HbO) time series from all channels assigned to each ROI.
4. Average channel-wise HbO time series within each ROI to obtain one representative ROI signal per region and condition.
Note: Reproducibility
All preprocessing steps, including filtering, windowing, quality metrics, and exclusion thresholds, are fully parameterized and applied uniformly across 6-min conditions. 

Protocol 8: Functional Connectivity and Network Features
8.1 Connectivity and Spectra
1. Compute robust Pearson correlation coefficients between all pairs of ROI time series for each 6-minute condition.
2. Store the six unique pairwise correlations as a connectivity vector for each condition.
3. Assemble a 4 × 4 symmetric connectivity matrix from the pairwise correlations.
4. Compute the eigenvalue spectrum of the connectivity matrix and sort eigenvalues in descending order.
5. Extract the corresponding eigenvectors.
8.2 Average Controllability
1. Normalize each connectivity matrix A by computing a stabilized matrix:
Aₙ = A / (1 + λₘₐₓ(A))
2. For each node k, define the input matrix Bk as the canonical basis vector corresponding to node k.
3.  Compute the discrete-time controllability Gramian:
Wₖ = Σ (Aₙ^τ · BₖBₖᵀ · (Aₙᵀ)^τ)
4. Compute average controllability for node k as trace(Wₖ).
5. Concatenate average controllability values across all four nodes to form a four-element controllability vector for each condition.
Note: Apply identical numerical precision, convergence criteria, and matrix operations across all conditions and participants when computing connectivity, eigenvalue spectra, and controllability measures.
8.3 Healthy Template Construction 
1. Select resting-state baseline (RS0) connectivity matrices from all healthy control participants.
2. Average the 4 x 4 connectivity matrices across healthy control participants to generate a single healthy control (HC) template matrix.
8.4 Distances to the Healthy Template
1. For each participant with Major Depressive Disorder and for each 6-minute condition (RS0, Sham, 2 Hz, 10 Hz, 25 Hz, 40 Hz), extract feature vectors derived from the corresponding connectivity matrix.
2. Compute cosine distance between participant-specific features and the HC template for each of the following feature sets:
· Connectivity Distance (): compute cosine distance using the six-element connectivity vector.
· Eigenvalue Distance (): compute cosine distance using the eigenvalue spectrum vector.
· Eigenvector Distance (): match eigenvectors between participant and template matrices using a component-matching algorithm and compute the mean absolute dot product distance.
· Average Controllability Distance (): compute cosine distance using the four-element controllability vector
3. Store all distance metrics separately for each participant, condition, and feature set.
Note: Feature Comparability
Apply identical feature extraction, normalization, and distance computation procedures across all participants and conditions to ensure comparability.
8.5 Selecting the personalized Stimulation Frequency
1. For each participant and for each distance metric (, , , ), rank all five conditions (Sham, 2 Hz, 10 Hz, 25 Hz, 40 Hz) which are considered in analysis in ascending order of distance to the healthy control template.
2. Assign rank 1 to the condition with the smallest distance for a given metric.
3. Repeat the ranking procedure independently for all four metrics.
4. For each condition, sum the ranks obtained across the four metrics to obtain a cumulative rank score, where  is the RS0 distance to the healthy template and  the distance during frequency f (computed across Sham, 2, 10, 25, 40 Hz) to healthy template.
5. Identify the condition with the lowest cumulative rank score as the personalized stimulation frequency for that participant.
Operational Definition of personalized Frequency: In this protocol, the candidate personalized stimulation frequency is defined as the frequency that shows the most consistent proximity to the healthy control network profile across multiple complementary network metrics. Rather than relying on a single feature, the selection is based on a rank-sum consensus approach, in which each metric contributes equally. A frequency is therefore selected as optimal if it performs well across the majority of network dimensions, not because it minimizes one specific metric alone.
Importantly, “optimal” in this context refers exclusively to network-level similarity to the healthy template and does not imply clinical superiority, therapeutic efficacy, or symptom improvement.

8.6 Stimulation Gain Computation
Compute the stimulation gain  for each frequency using the following normalization: 

Where  is the RS0 distance and  is the distance during stimulation frequency f, computed across RS0, Sham, 2 Hz, 10 hz, 25 Hz, and 40 Hz conditions.

RESULTS:
Data quality and feasibility of acquisition
Application of the data quality criteria resulted in the exclusion of channels and participants with insufficient signal quality. As illustrated in Figures 3 and 4, the final dataset after quality assessment included 19 participants with major depressive disorder (MDD; mean age: 31.21 years, SD: 8.99; 10 females) and 19 healthy controls (HC; mean age: 33.5 years, SD: 13.51; 7 females). Seven participants (3 from MDD and 4 from HC group) were excluded due to insufficient data quality, primarily related to motion artifacts or inadequate optode–scalp coupling. 
Channel-wise quality maps further demonstrate heterogeneous spatial distributions of signal quality across participants, with localized regions of reduced quality in some individuals. These observations highlight the importance of applying predefined thresholds (scalp coupling index and power spectral peak) prior to further analysis. These steps ensure that subsequent network measures are computed on reliable data and represent a critical component of the protocol.

Pre-processing and network construction
The experimental design and preprocessing workflow are shown in Figures 1 and 2. Following quality control step (Figure 2), signals were successfully converted to hemoglobin concentration and corrected for motion and systemic physiological noise. Extraction of regional time series from default mode network nodes enabled the construction of functional connectivity matrices for each condition. These DMN functional connectivity matrices form the basis for subsequent distance-based comparisons. 

Representative network-level outcomes
Figure 5A shows an example of condition-specific DMN functional connectivity profile for a representative MDD participant, alongside the reference DMN network template derived from healthy controls. Visual inspection reveals condition-dependent variations in network organization relative to the template, illustrating how stimulation frequency can modulate DMN network structure within a single session.
Distance measures (Figure 5B) quantify these differences across multiple metrics (connectivity, eigenvalues, eigenvectors, and average controllability). For each metric, conditions can be ranked based on their proximity to the reference template, with lower distance values indicating closer similarity. Notably, the ranking of different distance metrics varies across conditions, reflecting the complementary information captured by each metric about the network representations.

Consensus-based frequency selection
To integrate information across 4 metrics, ranks were aggregated within each participant (Figure 5C). The condition with the lowest rank sum was selected as the representative stimulation frequency. Table 2 summarizes these selections across participants, along with the corresponding stimulation gain values and agreement between metrics quantified by Kendall’s W. Across the MDD group, 12 out of 19 participants showed the lowest cumulative rank for an active stimulation frequency rather than the sham condition. The selected stimulation frequency varied across participants, as summarized in Table 2. Agreement between metrics, quantified using Kendall’s W, differed across individuals, reflecting variability in ranking consistency. While some participants show consistent agreement across metrics, others exhibit variability, emphasizing that the selection procedure reflects a data-driven integration rather than a single-metric decision.
These results demonstrate that the protocol yields reproducible network distance measures and supports within-subject comparison of stimulation conditions, as illustrated across Figures 1–5 and Table 2.
FIGURE AND TABLE LEGENDS: (Instructions)
Table 1. Materials
Figure 1. Experimental design and fNIRS probe configuration. (A) Within-subject experimental protocol. Each participant completed all conditions within a single session, including baseline resting-state (RS0), sham stimulation, four active stimulation frequencies (2, 10, 25, 40 Hz), and post-stimulation resting-state (RS1). The order of active stimulation frequencies was randomized across participants. Each resting-state ot stimulation block lasted 6 minutes and was separated by inter-condition intervals (~2 minutes, no stimulation) to reduce potential carryover effects. fNIRS data were recorded continuously throughout the session (~54 minutes) and subsequently segmented by condition for analysis. (B) fNIRS probe layout with 32 sources (red) and 30 detectors (blue), forming 89 long channels and 8 short channels (circled) used to account for physiological noise. (C) Cortical sensitivity profile of the probe layout to Default mode network (DMN) based on the Automated Anatomical Labeling (AAL) atlas, illustrating depth-dependent measurement sensitivity across cortical regions.

Figure 2. Pre-processing and feature extraction pipeline for fNIRS-based network analysis.
Raw light intensity data are first segmented into condition-specific blocks (RS0, sham, stimulation frequencies, RS1). Data quality is assessed using predefined criteria (scalp coupling index > 0.8 and power spectral peak > 0.1), and only high-quality channels are retained. Signals are converted to optical density, followed by motion correction using temporal derivative distribution repair (TDDR) and wavelet filtering. Hemoglobin concentration is then computed, and short-distance regression is applied to reduce systemic physiological noise. For network analysis, time series are extracted from regions of interest within the default mode network (medial prefrontal cortex (mPFC), precuneus, inferior parietal lobule (IPL), and medial temporal lobe (MTL)). Functional connectivity is then calculated between regions. From the resulting connectivity matrices, features are derived, including connectivity values, eigenvalues, eigenvectors, and average controllability.

Figure 3. Data quality in the major depressive disorder group. (A) Number of channels meeting quality criteria during the baseline condition (RS0) for each participant with major depressive disorder (MDD). Bars indicate number of all channels (gray), long channels (blue), and short channels (orange) that survive quality assessment criteria (≥70% of recording time with scalp coupling index > 0.8 and power spectral peak > 0.1). Dashed lines mark the maximum number of available long (89) and short (8) channels, as well as the threshold for acceptable data quality for a participant (number of good channels must be at least 70% of total number of channels). Participants with insufficient numbers of good-quality channels are highlighted and will be rejected from the analysis (D13, D18, D19). (B) Channel-wise data quality across participants. The heatmap shows the percentage of recording time meeting quality criteria (scalp coupling index > 0.8 and power spectral peak > 0.1) for each channel and participant during RS0. Darker values indicate lower data quality. Participants with consistently low-quality channels are highlighted.

Figure 4. Data quality in healthy group. (A) Number of channels meeting quality criteria during the baseline condition (RS0) for each healthy participant. Bars indicate number of all channels (gray), long channels (blue), and short channels (orange) that survive quality assessment criteria (≥70% of recording time with scalp coupling index > 0.8 and power spectral peak > 0.1). Dashed lines mark the maximum number of available long (89) and short (8) channels, as well as the threshold for acceptable data quality for a participant (number of good channels must be at least 70% of total number of channels). Participants with insufficient numbers of good-quality channels are highlighted and will be rejected from the analysis (HC13, HC14, HC15, HC18). (B) Channel-wise data quality across participants. The heatmap shows the percentage of recording time meeting quality criteria (scalp coupling index > 0.8 and power spectral peak > 0.1) for each channel and participant during RS0. Darker values indicate lower data quality. Participants with consistently low-quality channels are highlighted.

Figure 5. Representative distance-based selection of stimulation frequency in a single participant.
(A) Functional connectivity matrices representing pairwise interactions among four core nodes of the default mode network (mPFC: medial prefrontal cortex, IPL: inferior parietal lobule, Prec: precuneus, and  MTL:medial temporal lobe) for one representative participant with major depressive disorder (D11) across different conditions (RS0, sham, and stimulation frequencies). The central functional connectivity matrix denotes the reference default mode  network template, computed as the group-level connectivity pattern across all healthy control participants during the baseline condition (RS0). (B) Distance measures between each condition and the healthy control template for four distance metrics: Connectivity Distance (), Eigenvalue Distance (), Eigenvector Distance (), and Average Controllability Distance (). Bars show the distance values for each condition, and ranks indicate the relative ordering within each metric (rank 1 = smallest distance). Highlighted conditions indicate the lowest distance for each metric. (C) Consensus ranking across metrics obtained by summing ranks for each stimulation condition. The condition with the lowest total rank is selected as the best stimulation frequency for this participant.

Table 2. Participant-specific frequency selection across distance metrics.
For each participant, the stimulation condition associated with the minimum distance to the healthy control template is reported for four network-based metrics: Connectivity Distance (), Eigenvalue Distance (), Eigenvector Distance (), and Average Controllability Distance (). Values in parentheses (G) indicate the stimulation gain for that participant. The Consensus column shows the best stimulation frequency based on rank aggregation across 4 metrics. Kendall’s W quantifies the agreement among 4 metrics within each participant. The final row summarizes the mean and median of stimulation gain values across participants for each metric, along with the corresponding Kandall’s W agreement values.

DISCUSSION: (Instructions)

Methodological Rationale and Critical Steps
This protocol provides a standardized workflow for within-session mapping of frequency-dependent effects of transcutaneous auricular vagus nerve stimulation (taVNS) using resting-state functional near-infrared spectroscopy (fNIRS). The aim is structured comparison of candidate stimulation parameters under controlled conditions, rather than validated individualized optimization.
Several steps are critical for reliable implementation. Stimulation intensity must be calibrated separately for each frequency to a fixed perceived level (7–8/10), as perceptual thresholds vary across frequencies and may otherwise confound comparisons. fNIRS data quality must be ensured through stable optode–scalp coupling, motion correction, short-separation regression, and predefined channel-retention criteria. Consistent region-of-interest (ROI) definition across participants and conditions is required to ensure comparability of network features. Finally, frequency selection should be based on a predefined rank-based approach integrating multiple complementary metrics, rather than relying on a single measure.

Sequential Within-Session Design and Carryover Effects
The protocol applies multiple stimulation frequencies sequentially within a single session without extended physiological washout. Although fixed inter-condition intervals are used, carryover or interaction effects cannot be excluded. Accordingly, frequency differences should be interpreted as relative within-session effects. The identified “optimal frequency” reflects the best-performing condition in that session and should not be interpreted as an invariant or definitively personalized parameter without replication.
Comparison with Alternative Approaches
Fixed-frequency protocols enable standardization but do not account for interindividual variability, while symptom-based tuning lacks direct physiological insight. fMRI-guided approaches provide broader spatial coverage but are less feasible for repeated or bedside use. In contrast, the present fNIRS-based workflow emphasizes portability, structured comparison, and network-level readouts, while being limited by restricted penetration depth and sensitivity to motion artifacts. It should therefore be considered a pragmatic framework for exploratory parameter mapping rather than a clinically validated optimization strategy.

Limitations
The protocol is based on a single-session design and does not assess persistence of network effects or clinical outcomes. Sequential stimulation may introduce residual effects between conditions. In addition, anatomical variability, electrode placement, and skin impedance can affect stimulation efficiency, while strict fNIRS quality-control criteria may reduce the number of analyzable datasets.

Scope and Applicability
This workflow is best suited for exploratory parameter mapping, feasibility testing, and protocol development prior to longitudinal or outcome-driven studies. It supports network-informed selection of candidate stimulation parameters but does not establish therapeutic efficacy or precision psychiatry. The framework can be adapted to other networks, disorders, or stimulation parameters by modifying optode placement and ROI definitions, provided that consistent preprocessing, rigorous quality control, and transparent comparison procedures are maintained.
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