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SUMMARY: 
This protocol describes high-definition transcranial direct current stimulation during sleep with simultaneous electroencephalography monitoring to investigate causal relationships between targeted brain regions and sleep as well as its related processes.

ABSTRACT: 
High-definition transcranial direct current stimulation (HD-tDCS) enables high spatial precision modulation of neural activity during sleep. This protocol presents a comprehensive methodology for applying HD-tDCS using a 4 x 1 ring electrode configuration while simultaneously recording high-definition electroencephalography (HD-EEG) to monitor sleep architecture and stimulation effects. The technique enables systematic tuning of multiple parameters, where each parameter selection produces distinct neurophysiological outcomes. This provides opportunities to target specific brain regions and oscillatory patterns specifically tailored to the research question. Successful implementation of this protocol requires attention to electrode placement, impedance management, and real-time sleep staging capability. The versatility of this methodology and its capacity to address causal relationships in sleep physiology invite a broad range of applications from basic neuroscience to clinical interventions based on sleep optimization. The standardized yet flexible framework described here establishes HD-tDCS as a robust platform for systematic investigations of sleep neurobiology as well as its clinical ramifications.

INTRODUCTION: 
Sleep is essential for brain health and cognition, and specific sleep oscillations have key supportive and restorative roles. The ability to modulate these sleep oscillations offers unique opportunities to establish causality between sleep, brain activity, and cognition. Various neuromodulation techniques have emerged in recent years, with transcranial direct current stimulation (tDCS) showing promise as a non-invasive approach to modulate neural activity during sleep1–4.

Conventional tDCS applies direct electrical current through large pad electrodes, typically 25–35 cm2, resulting in relatively diffuse stimulation5. The efficacy and specificity of tDCS during sleep depend on several key parameters that can be systematically manipulated. Electrode placement fundamentally determines which cortical regions receive stimulation; bifrontal configurations can either enhance slow oscillations and sleep spindles6,7 or reduce total sleep time8, depending on the montage and polarity. Current intensity (typically 0.2–2.0 mA) exhibits dose-dependent effects on both the magnitude of neurophysiological responses and participant tolerability9. Temporal parameters, including total stimulation duration, ramp duration, and protocol structure (continuous vs. intermittent with specific inter-stimulation intervals), determine both immediate effects and after-effects; for example, intermittent protocols with stimulation-free intervals can enhance motor cortex excitability while reducing adaptation10. Additionally, the timing of stimulation relative to sleep architecture impacts outcomes; for instance, Stage 2 (N2) sleep stimulation primarily affects spindles and slow oscillations6,7 while rapid eye movement (REM) sleep stimulation influences self-awareness during dreams11. This diversity in outcomes from such subtleties in parameter selection exemplifies the exquisite sensitivity of sleep architecture—and related processes such as cognition—to targeted neuromodulation. 

High-definition tDCS (HD-tDCS) employs smaller electrodes, such as the 4 x 1 ring montage (approximately 0.95 cm² surface area vs 2–35 cm² for conventional rubber electrodes), which allows for more focal targeting of brain regions with enhanced spatial precision—defined as the ability to concentrate electrical current within a specific target while minimizing spread to adjacent areas—compared to larger rubber electrodes used a priori12. HD-tDCS also produces a more circumscribed electric field distribution, and the generated current is largely confined to cortical areas directly beneath the electrodes13. This advanced spatial specificity minimizes off-target effects and paves the way for high precision functional correlations between the stimulation sites and observed outcomes14. This selectivity allows for more accurate testing of brain region-specific hypotheses while reducing confounding influences from unintended stimulation of adjacent cortical areas5,12–15. The improved focal precision and accuracy of HD-tDCS enable mechanistic interrogations of specific brain regions and their associations with distinct aspects of sleep physiology and cognition. The adaptability of HD-tDCS is amplified when coupled with continuous neurophysiological recordings, such as continuous high-definition electroencephalography (EEG). Hence, a platform with such translational promise is capable of advancing both basic neuroscience research and the development of clinical interventions for sleep and neuropsychiatric conditions4.

[bookmark: OLE_LINK3][bookmark: OLE_LINK4]This protocol describes a comprehensive methodology for applying HD-tDCS during sleep using a 4 x 1 ring configuration while simultaneously recording EEG to monitor sleep architecture and stimulation effects. The approach is designed to be versatile, allowing researchers to customize stimulation parameters to address various research questions related to sleep neuroscience.


		


1.1. Gather all necessary equipment and materials (Table 2, Figure 2, and Figure 3).

1.1.1. Turn on both devices and check the power status according to the manufacturer's specifications.

1.2. Connect the cables of the Ag/AgCl sintered ring electrodes to the matching receivers on the 4 x 1 adapter output cable.

1.3. Select the appropriate size EEG cap for the participant based on the head circumference. 
1.3.1. Use the bilateral frontolateral (F3/F4) placement to target the prefrontal cortex6.

1.3.1.1. Input electrode positions and stimulation parameters (current intensity, polarity).

1.4. Insert the HD-tDCS electrodes or electrode holders into the cap (Figure 2). 

1.5. Apply adhesive conductive paste (high viscosity, chloride-free; Ten-20) paste.

1.5.1. Reverse the EEG cap inside-out and place it on a foam head. 

1.5.2. Using a tongue depressor, cover the EEG electrodes with paste. Do not use paste on HD-tDCS stimulation electrodes.

1.5.3. Shape the paste into domes. Apply less paste in the front where there is less hair and more at the crown and back of the head.

1.6. Apply the facial and ground reference electrodes with adhesive conductive paste using gold cup electrodes. Secure the electrodes with medical-grade tape.

1.6.1. Clean sites with an alcohol swab, exfoliate with mildly abrasive preparation gel (e.g., Nuprep) on a cotton swab (e.g., Q-tip), and remove all fluids with a dry gauze square. Electrode sites  include: Reference (forehead); serve as reference electrodes
A1/A2 (mastoids, bone behind ears); serve as reference electrodes.
LOC/ROC (right and left outer canthi near eyes, right raised, left lowered); record eye movements.
EMGs (2 on chin); record muscle tone for distinguishing sleep stages.
Ground (clavicle/collar bone); stabilizes the amplifier and reduces common-mode noise.

1.6.2. Fill electrodes with adhesive conductive paste and apply to the site while avoiding exposing the paste on the back of the electrode. 

1.6.3. For the HD-tDCS return electrode, place the relevant stimulation electrode on the collar bone and secure it with tape. Apply saline solution or gel per the manufacturer's specifications.

1.6.3.1. Measure the distance from the nasion (junction of the forehead and nasal bones) to the inion (most prominent point of the occipital bone). Mark the halfway point with a line.

1.6.3.2. Measure the distance between the left and right pre-auricular points. Mark the halfway point with a line.

1.6.3.3. Cz lies at the intersection of these lines. Lightly spray the hair with water using a spray bottle (Figure 3) to facilitate EEG cap placement.

1.7. Invert the prepared EEG cap snugly and comfortably on the participant's head, targeting the Cz electrode with the marked Cz site. Secure the EEG cap on the participant's head with the chin straps.

1.8. Using a syringe, fill the electrode sites with conductive gel (e.g., e-gel).

1.8.1. Pull up the electrode slightly and insert the large-gauge, blunt-tip needle tip into the center of the electrode. Gently wiggle the needle to move hair out of the way and apply conductive gel (~0.5 mL). Gently push the electrode down to ensure a strong connection between the gel, adhesive conductive paste, and scalp.

1.8.2. Press each electrode down against the scalp.

1.9. Position the Ag/AgCl sintered ring electrodes in each HD-tDCS electrode holder (Figure 2, right panel). 

1.9.1. Place with the rough surface facing down and the smooth, rounded surface facing up.

1.9.2. Add more high-viscosity conductive gel (e.g., HD-gel) to cover the electrode.

1.9.3. Use the caps provided to lock the electrodes in place.

1.10. Turn on the amplifier and launch the EEG recording software.

1.11. Check impedances.

1.11.1. Set the impedance limit to 25 kΩ and aim for impedances below 10 kΩ.

1.12. Begin recording EEG.

1.12.1. Ask the participant to open and close their eyes for ~10 s. Observe for alpha activity in most participants. Expect larger amplitudes at posterior channels than at anterior channels. Monitor for amplitude variations across the scalp.

1.12.2. Ask the participant to look left, right, up, and down. Subsequently, ask the participant to clench their teeth. Observe movements in the eye and chin electrode recordings.

1.12.3. Ask the participant to blink a few times. 

1.12.4. Ensure that the stimulator is connected to a power outlet, or its batteries are fully charged and properly installed.

1.12.5. Switch on the stimulator.

1.13. After the device is on, plug the electrode cable into the back of the device.

1.14. Set stimulation parameters based on study design. Settings include the intensity, waveform (this will be DC for tDCS protocols), duration, and ramp times. 

1.15. Set active stimulation or sham mode as per the study protocol. 

1.16. If the HD-tDCS electrodes exhibit high impedance (e.g., greater than 600 kΩ), deliver a brief test stimulation (5–10 s at programmed intensity) under the SHAM setting to check the connectivity. 

1.16.1. Mark the time in the EEG recording when the lights are turned off.

1.17. Monitor the EEG for sleep onset and specific stages to initiate the stimulation protocol based on the study design. 

1.18. Mark the start of stimulation in the EEG recording with an appropriate notation.

1.18.1. Once the final stimulation period ends, unplug the stimulation cord 

1.18.2. Mark the time in the EEG recording when the lights are turned on.

1.18.3. Gently wake the participant.

1.19. Stop the EEG recording.

1.19.1. Gently remove the Ag/AgCl ring electrodes, using a blunt tool if necessary to avoid pulling on cables.

1.19.2. Clean the electrodes with a damp paper towel and dry them for storage.

1.20. Remove the EEG cap and clean the electrode sites to remove the gels.



REPRESENTATIVE RESULTS: 
When the protocol is implemented correctly, HD-tDCS during sleep produces measurable and reproducible changes in sleep architecture and physiology that vary systematically with the chosen stimulation parameters. The focal distribution from bilateral frontolateral stimulation in Figure 4—one possible montage—exemplifies the spatial precision of 4 x 1 ring electrodes. Successful protocol implementation is confirmed through several key indicators. Optimal electrode preparation yields impedance values below 25 kΩ for all recording and stimulation electrodes, producing clean EEG signals with minimal artifacts. Figure 5 demonstrates typical EEG tracings during the ramp-up phase, showing stable baseline activity without excessive noise or electrode artifacts. Well-prepared and placed electrodes maintain stable impedances throughout the recording session, which clearly visualizes sleep architecture transitions. 

The neurophysiological effects of HD-tDCS depend critically on the specific parameters selected. Different electrode placements will produce correspondingly different current flow patterns and associated physiological changes: prefrontal montages influence different oscillatory patterns compared to central or parietal configurations6,8,18–20. The wide range of stimulation parameters produces countless permutations in the stimulation protocol—and/or study design—, which may obfuscate an assessment of the success or failure in implementing the protocol. Mechanically, successful stimulation can be monitored via real-time impedance measures, which should remain stable throughout the session without abrupt increases that might indicate electrode displacement or disconnection. Insofar as high individual variabilities in stimulation outcomes are expected, it is critical to keep track of these characteristic features to preserve internal validity in the protocol. 

From the participant's perspective, currents from most tDCS protocols typically elicit minimal tactile awareness with only mild tingling during ramp periods24. Hence, HD-tDCS is not expected to cause major somatosensory or nociceptive effects sufficient to disrupt sleep. Nonetheless, arousals during stimulation, even with minimal tactile sensation, can still occur, which may increase the variability in physiological outcomes and, thus, justifies inclusion of clear, reproducible contingency steps in the protocol.

FIGURE AND TABLE LEGENDS: 
Figure 1: Schematic diagram of the EEG and tDCS set-up during sleep. 

Figure 2: Supplies and equipment for tDCS set-up. 1) HD-tDCS stimulation system; 2) 10 cc syringe with 16 G blunt tip; 3) HD-gel; 4) specialized connector cable/cord (for stimulation electrodes); 5) Ag/AgCl sintered ring electrodes; 6) HD-tDCS electrode holders. The right panel illustrates how the electrode holder (6) is combined with a ring electrode (5) and inserted into the EEG cap.

Figure 3: Supplies and equipment for EEG set-up. 1) Adhesive conductive gel; 2) E-gel; 3) EC2; 4) Abrasive preparation gel; 5) alcohol swabs; 6) gauze squares; 7) tongue depressor; 8) spray bottle with water; 9) tape; 10) cotton swab tips; 11) gold cup electrodes (unattached to EEG cap) for electrooculography (EOG) and electromyography (EMG) collection; 12) 10 cc syringe with 16-G blunt tip; 13) scissor; 14) head model for securing and preparing gel on EEG recording cap (if needed); 15) EEG recording cap (with attached electrodes); 16) HD-EEG system with 64-channel capability.

Figure 4: Example current flow from 0.26 mA HD-tDCS bilateral, frontolateral (F3/F4) stimulation. In this anodal stimulation configuration, the anode and cathode were F4 and F3, respectively. Current flow simulated using the Soterix Medical® HD-Explore software. The color bar shows field intensity (V/m).

Figure 5: EEG tracings during ramp-up immediately prior to the beginning of the first stimulation period. While variations are anticipated depending on the exact stimulation protocol, most protocols would retain the same parameters for the ramp periods between stimulation and sham conditions.

Table 1: Typical exclusion criteria for research utilizing HD-tDCS during Sleep.

Table 2: Equipment and materials.

DISCUSSION: 
This protocol provides a standardized yet flexible methodological framework for delivering HD-tDCS during sleep with simultaneous EEG monitoring. The technique's primary strength lies in its focal, parameter-controlled neuromodulation and the ability to directly monitor its neurophysiological effects. This allows for tests of causality between targeted brain activity and sleep-related processes.

Successful and reliable execution of HD-tDCS during sleep requires attention to certain parameters. Heightened spatial precision expected from 4 x 1 ring electrodes entails enhanced sensitivity—and greater necessity—of accurate electrode placement to maximize target localization and minimize off-target effects. Concurrently, such precision diversifies the range of stimulation montages with more subtle yet distinguishable differences in current distribution and stimulation outcomes5,25–27. This represents an exciting opportunity for non-invasive, high precision targeting of more specific brain regions28, which is a fundamental leap forward in functional mapping of brain anatomy—and underlying neural circuits—to sleep phenotypes and physiological changes. 

The pairing of HD-tDCS with concurrent EEG monitoring also introduces added methodological flexibility via the numerous parameters (e.g., frequency, intensity, waveform, duration, ramp times, etc.) in the stimulation protocol as well as the overall study design. Insofar as cortical excitability is associated—though not necessarily linearly—with nuanced physical characteristics of the stimulation pulse29, tuning individual parameters is both an opportunity for finer control over the stimulation outcomes27,30,31 as well as a source for increasing individual variability in participant outcomes32. Further variations in outcome as well as individual variability are anticipated with differences in the macroarchitecture of the stimulation periods (e.g., stimulation duration, inter-stimulation intervals, number of pulses, etc.), temporal dimensions of the pulse (e.g., continuous vs intermittent), as well as the sleep stage in which the stimulation is delivered. The parallel increase in versatility and outcome variability warrants the need for more standardization in protocols that are robustly vetted via sufficiently powered studies.

The method proposed here has several important limitations that demand careful consideration. Despite improved focality compared to conventional approaches, HD-tDCS still affects relatively large cortical volumes and cannot correct for anatomical differences between individuals13,33,34. Moreover, stimulation effects from neuromodulation during sleep typically are not temporally locked to key features of sleep architecture35. Overcoming such variations necessitates individualized dosing and/or larger samples to preserve statistical power. Additionally, online co-registration of HD-tDCS and EEG signals poses another methodological challenge. Electrical artifacts generated during active stimulation can saturate neural signals, which obfuscates real-time interpretation of sleep architecture36,37. While various artifact removal techniques have been proposed, including template subtraction and independent component analysis, complete artifact elimination remains difficult and not standardized38. Offline comparisons (i.e., pre- vs. post-stimulation) or analyzing EEG signals during stimulation-free intervals (in intermittent protocols) can, therefore, be helpful to address these challenges. Additionally, the anticipated neurophysiology in the cortical parenchyma following transcranial electrical stimulation (tES) remains uncertain, with inconsistencies in intracranial neuronal oscillations measured before and after stimulation39,40. This literature, while highly salient, remains sparse and notably lacks investigations that employed tDCS. Accordingly, concerns of the internal and ecological validities of tDCS, or any tES modality, considering these limitations, remain inconclusive, demanding ongoing evaluations and optimizations. 

Systematic adverse event monitoring pre- and post-stimulation16,17, is essential for distinguishing stimulation-related effects from pre-existing symptoms and for maintaining comprehensive safety records. This practice also contributes to the growing database on HD-tDCS tolerability across different populations and protocols.

The significance of this methodology lies in its capacity to establish causal relationships between targeted neural activity—in specific brain regions—and sleep, as well as its dependent functions. The non-invasive nature of stimulation and its related safety profile16,17 are ideal for translational research with potential applications that span multiple research domains from basic sleep neurobiology to the development of sleep-based clinical interventions. And given sleep's far-reaching impacts on various neural functions, such as cognition, the promise of this methodological framework is bound to expand. Moreover, this method's flexibility makes it suitable for mechanistic studies requiring precise parameter control as well as research focused on therapeutic outcomes. Future methodological developments may include integration with advanced neuroimaging for real-time feedback on stimulation effects and the incorporation of adaptive closed-loop systems that automatically optimize parameters based on individual responses, as well as refinement of computational models to improve targeting accuracy4.

The continued evolution of tDCS promises to advance our understanding of sleep's role in brain function while providing new avenues for therapeutic intervention in sleep and neuropsychiatric disorders, establishing HD-tDCS as a cornerstone methodology for causal interrogations of sleep neuroscience and its clinical applications.
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