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SUMMARY 
[bookmark: _Hlk165557676]This protocol describes the method of neuronavigated electrode placement for focal, transcranial direct current stimulation (tDCS) administered during functional magnetic resonance imaging (fMRI). 

ABSTRACT:
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique that allows the modulation of the excitability and plasticity of the human brain. Focalized tDCS setups use specific electrode arrangements to constrain the current flow to circumscribed brain regions. However, the effectiveness of focalized tDCS can be compromised by electrode positioning errors on the scalp, resulting in significant reductions of the current dose reaching the target brain regions for tDCS. Electrode placement guided by neuronavigation based on the individual’s head and brain anatomy derived from structural magnetic resonance imaging (MRI) data may be suited to improve positioning accuracy.

This protocol describes the method of neuronavigated electrode placement for a focalized tDCS setup, which is suitable for concurrent administration during functional MRI (fMRI). We also quantify the accuracy of electrode placement and investigate electrode drift in a concurrent tDCS-fMRI experiment. Critical steps involve the optimization of electrode positions based on current modeling that considers the individual’s head and brain anatomy, the implementation of neuronavigated electrode placement on the scalp, and the administration of optimized and focal tDCS during fMRI. 

[bookmark: _Hlk170731064]The regional precision of electrode placement is quantified using the Euclidean norm (L2-Norm) to determine deviations of the actual from the intended electrode positions during a concurrent tDCS-fMRI study. Any potential displacement of electrodes (drift) during the experiment is investigated by comparing actual electrode positions before and after the fMRI acquisition. In addition, we directly compare the placement accuracy of neuronavigated tDCS to that achieved by a scalp-based targeting approach (an Electroencephalography (EEG) 10-20 system). These analyses demonstrate superior placement accuracy for neuronavigation compared to scalp-based electrode placement and negligible electrode drift across a 20 min scanning period.

INTRODUCTION 
Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique that allows the modification of cognition and physiological brain functions in experimental and clinical contexts1–3. Acute administration of tDCS can have transient changes in neuronal 
neuronal excitability, with the aftereffects lasting from minutes to hours after the stimulation4,5. The applied current does not induce action potentials but rather transiently shifts the resting membrane potential of the neuron toward either de- or hyperpolarization, resulting in either increased or decreased neuronal excitability at the macroscopic level using standard protocols4–6. Furthermore, regarding synaptic plasticity effects of tDCS, animal and human studies have shown that tDCS induces long-term potentiation and depression (LTP and LTD)-like processes4,5.  

In the motor system, the modulation of motor evoked potentials (MEPs) allows direct assessment of neurophysiological effects of tDCS on local cortical excitability7. However, this approach cannot quantify the neural effects of tDCS on higher-order cognitive functions supported by large-scale functional brain networks8. The effects on brain networks can be investigated by combining tDCS with modern functional imaging techniques9,10. Among those, functional magnetic resonance imaging (fMRI) has become the most frequently used approach because it provides excellent spatial and sufficient temporal resolution to reveal the neural mechanisms by which tDCS affects local brain activity at the stimulation site and large-scale neural networks11–14. 

So far, combined fMRI-tDCS studies have mainly employed so-called conventional tDCS setups, which use relatively large rubber electrodes between 25 and 35 cm2 (5 x 5 cm2 and 5 x 7 cm2) inserted into saline-soaked sponge pockets15,16. These setups project the current between two electrodes that are typically attached over (a) a target brain region for tDCS and (b) a return electrode over non-target brain regions or extracranial areas (e.g., the shoulder). This results in widespread current flow across the brain, affecting regions other than the target region, thereby complicating causal assumptions and interpretations about the neural origin of tDCS effects17.

More precise spatial targeting can be achieved by focalized tDCS18. These setups employ arrays of smaller electrodes arranged in close proximity to each other or by using a ring-shaped cathode placed around a center anode to constrain current flow to the target region18,19. Computer simulations of electric current flow suggest that focalized tDCS can result in higher spatial precision of the current flow to the target region than conventional montages20. Moreover, behavioral studies have demonstrated regional and task-specific behavioral modulation using focalized setups19,21,22. However, only a few studies have used focalized tDCS during fMRI. These studies have been able to establish the feasibility of this approach and provided the first evidence for region-specific neural modulation19,23.   

[bookmark: _Hlk169803483]However, because of regionally precise current delivery, focalized tDCS setups may be more sensitive to electrode positioning errors on the scalp than conventional montages. For example, Seo et al. demonstrated that positioning errors of 5 mm in a focalized motor cortex setup reduced peak somatic polarization in the hand knob by up to 87%24. Moreover, a recent computational modeling study demonstrated that electrode displacement from intended positions for focal compared to conventional setups resulted in significant current dose reductions in the target regions for tDCS, ranging from 26% to 43%25. Therefore, it was concluded that future studies should routinely include appropriate methods for the improvement of electrode positioning and the verification of electrode positioning before and after fMRI5.  

In the present study, we describe the method of neuronavigated electrode positioning for a novel fMRI-compatible focal 3 x 1 tDCS setup (i.e., three individual cathodes that are arranged in a circle around a single center anode), which is currently being used in a collaborative research consortium funded by the German Science Foundation (DFG Research Unit 5429, https://www.memoslap.de). The consortium investigates behavioral and neural effects of focalized tDCS on learning and memory and predictors of stimulation response across four functional domains (i.e., visual-spatial, language, motor, and executive functions). Structural T1- and T2-weighted MRI data of study participants are acquired during a baseline scan. These data are used for individualized current flow simulations26 to determine scalp positions of electrodes that maximize the current flow to the target region in individual study participants. As an example, this protocol will describe neuronavigated targeting of individually determined electrode positions centered over the right dorsolateral prefrontal cortex (rDLPFC) in one participant. 

The representative results section is based on structural imaging data acquired before and after concurrent tDCS-fMRI in three subprojects of the Research Unit. These studies targeted the right occipitotemporal cortex (rOTC), left temporo-parietal cortex (lTPC), and rDLPFC. Data were acquired at the Department of Neurology of the University Medicine Greifswald. Using these data, we aimed to achieve two main objectives: (1) To quantify the spatial precision of neuronavigated electrode placement by comparing “intended” versus empirically determined “actual” electrode positions25, and (2) investigate the degree of electrode displacement over the course of the fMRI sessions (i.e., electrode drift). These factors are crucial for improving the accuracy and reliability of tDCS effects in concurrent tDCS-fMRI studies27. In addition, the targeting accuracy of neuronavigated tDCS is compared to that of a scalp-based approach using data from a previous tDCS-fMRI study of our group25. 

PROTOCOL:

All experimental procedures presented in this protocol have been reviewed and approved by the ethics committee of the University Medicine Greifswald. All participants provided informed consent prior to study inclusion and granted permission for their data to be published anonymously.

1. Screening of contraindications and general considerations 

1.1. Prior to study inclusion, carefully screen participants for MRI28 and tDCS29 contraindications (e.g., pacemakers, claustrophobia, history of seizures, migraine, skin disease on the scalp [e.g., psoriasis/ eczema]) using appropriate questionnaires.

1.2. Explain the study goals and all planned procedures to the participants and obtain written informed consent according to the local requirements.

1.3. Follow general procedures for improving reporting and reproducibility of concurrent tDCS-fMRI experiments and test for potential imaging artifacts induced by the current and/or tDCS equipment as recommended by current guidelines30.

1.4. Use appropriate methods to assess participant and investigator blinding31,32 and potential adverse effects of tDCS29.

2. Baseline MRI scan and individualized current modeling

2.1. After completing safety checks (i.e., removal of magnetic objects from the participant, such as coins, necklaces, piercings, etc.), guide the participant into the scanner room and position her/him comfortably on the MRI examination table. Attach the upper part of the head coil and move the participant inside the bore of the MRI scanner according to the manufacturer’s specifications.

NOTE: We used a 3T scanner equipped with a 64-channel head/neck shim coil.

2.2. [bookmark: _Hlk171584021] Register the new participant using the scanner interface by clicking Main Menu | Examination | Patient Registration and fill in the required fields. Go to Program Choice and collect and select the planned imaging protocol. Click on Patient orientation and select the head first, Supine position option. From the Region of examination and laterality dropdown menu, choose brain and then click Examination to get to the examination menu.

2.3. Follow the onscreen instructions of the predefined scan protocol (like adjusting the field of view, etc.) to acquire T1- and T2-weighted MRI sequences. Interact with the participant via the scanner intern communication system if necessary. 

NOTE: T1- and T2-weighted images are required for individualized current modeling. The T1-weighted image is also required for neuronavigation to identify the planned and optimized positions of electrodes on the participants’ scalp.

2.4. [bookmark: _Hlk164944220]Use the script in https://github.com/memoslap/Greifswald and the structural imaging data acquired during the baseline MRI scan to conduct individualized current modeling (e.g., using SimNIBS26). Follow the steps in the Readme.md file to apply the finite element method and individualized tetrahedral head meshes generated from the participant's structural T1- and T2-weighted images (http://simnibs.org)26,33,34, and use the integrated CHARM tool35 for head reconstruction to determine the peak e-field to determine optimized target positions for placement of tDCS electrodes over the rDLPFC. See Figure 1 for an example of the outcome of the procedure used for this protocol.

NOTE: Alternative methods for identification of scalp coordinates for neuronavigated targeting are possible and depend on study-specific procedures. 

3. Neuronavigation

3.1. Preparatory steps 

3.1.1. Turn on the Neuronavigation control computer and the tracking system. 

3.1.1.1. Assemble all the required equipment for neuronavigation (Figure 2; for an overview of the neuronavigation setup, see Supplemental Figure S1). The equipment consists of (1) subject tracker, (2) screwdriver, (3) hexagonal rod, (4) goggles, and (5) pointer. Follow the instructions below to complete the assembly. 

3.1.1.1.1. Loosen the screw under the subject tracker with the screwdriver. 

3.1.1.1.2. Insert the longer side of the hexagonal rod into the nut mounted on the subject tracker and tighten the screw. 

3.1.1.1.3. Loosen the screw on the left side of the goggles (with the goggles positioned as if looking through them.

3.1.1.1.4. [bookmark: _Hlk158017459]Insert the opposite side of the hexagonal rod into the nut mounted on the left side of the goggles and tighten the screw of the goggles. 

NOTE: You have the option to install the subject tracker on the left or right side of the goggles. This choice depends on the target area relative to the position of the camera of the neuronavigation system (which must recognize the pointer and the subject tracker) in relation to the participant’s position. In the present example, the tracker is attached on the left side so that the person conducting the tracking is not standing in between the tracker and the camera.

3.1.2. [bookmark: _Hlk158032362]Transfer the structural T1-weighted (e.g., as a (NIfTI) file) of the respective participant obtained in step 2.3. to the control computer of the neuronavigation system.

3.1.3. Open the neuronavigation software and choose New Empty Project. Load the T1-weighted image of the participant and save the project by selecting save project. 

3.1.4. To initiate the 3D head reconstruction, go to the Reconstructions section in the main window of the application. Click on New… | Skin, which will open another window. Reconstruct the skin by pressing the respective button. Adjust the skin/air threshold if distortions are observed in the head reconstruction. 

NOTE: It is suggested that the entire head be checked to ensure correct reconstruction. A good reconstruction of the nose and ears is important to detect the landmarks described in the next step.

3.1.5. Configure five landmarks: nasion, left and right nostrils, and left and right preauricular pits (LPA and RPA). These are required to register the participant in the Landmarks section of the main window of the application (for details, see Supplemental Figure S2). 

3.1.6. Configure the electrode positions for the rDLPFC in the Targets section by inserting the x, y, and z coordinates of the anode position (provided by the individualized current flow simulations described in step 2.4), click on Add new, and type the corresponding name of the anode. Repeat the procedure for the three return electrodes.

3.2. Neuronavigated identification of electrode positions

3.2.1. Position the participant comfortably in a chair facing the tracking camera. Ask him/her to put on the goggles with the subject tracker attached. To ensure precise registration of the landmarks and validation of the simulation target regions, instruct the participants not to touch the goggles during the entire neuronavigation procedure. 

3.2.2.  Go to the Sessions tab, and from the left corner, choose Online Session from the New dropdown menu. Select the Polaris tab and verify the visibility of the subject tracker and the pointer by moving them into the camera field of view. Both devices are correctly recognized when the corresponding red crosses change to the green check marks in the Tools panel (left side of the application window). 

3.2.3. Select the Registration section to register the five predefined landmarks. Find the respective landmark by placing the pointer perpendicularly to the skull with the sensors pointing to the camera. Then, press the foot pedal of the neuronavigation system to confirm the position. Ensure that a green checkmark is seen in front of the name of each landmark.

3.2.4.  Navigate to the validation section and validate the landmarks by placing the tip of the pointer on the registered landmarks and check the two distance indices; the first index shows the distance between the crosshair (virtual pointer tip) and the registered landmark, the second index shows the distance between the crosshair and the reconstructed skin. 

NOTE: When using the default parameters of the neuronavigation system, indices below 5 mm indicate sufficient precision to pass the validation step. This is acceptable for many experimental contexts. However, because of the optimized focal setup used in this protocol, the validation of electrodes is only accepted if the deviation from the intended coordinates is less than 1 mm (see Figure 3).

3.2.5.  Move the pointer over the participant’s scalp and check the crosshairs of the reconstructed scalp on the neuronavigation monitor. If the crosshairs remain aligned with the reconstructed scalp without penetrating it or creating a gap above it, it is acceptable, although not recommended, to skip the next step.

3.2.6.  Sample additional points around extreme point locations, including the left-most, right-most, top-most, back-most, and front-most locations on the scalp and the actual electrode positions to refine their location. To do so, click the Add button in the refinement landmarks panel for each position. Next, position the pointer on the target surface of the head, ensuring the tip of the pointer gently touches the scalp, and press the pedal to register the position. Repeat this process until the distance between the crosshair and the reconstructed skin is as low as possible. 

NOTE: Different neuronavigation systems may use different terminology to refer to this process (e.g., surface registration). 

3.2.7. Select the Perform section and move the pointer to the approximate location of the DLPFC to find the position of the center anode (based on the coordinates provided in Figure 1D). While moving the pointer, observe the screen simultaneously. Mark the positions of the electrodes when the tip of the pointer aligns with the center of the green crosshair on the screen. 

3.2.8. Move the participant’s hair away from the corresponding area on the scalp and mark the positions with a skin marker/pen. Repeat the process for the positions of the three cathodes (see Figure 1D). 

3.2.9. Apply a small amount of topical anesthetic cream at the intended positions of the electrodes to reduce the physical sensations on the scalp during tDCS-fMRI. 

NOTE: Allow at least 20 min between the application of the cream and starting the tDCS. 
[bookmark: move150957239]
4. tDCS fMRI 

4.1. Preparation for concurrent tDCS fMRI

4.1.1. Prepare focal 3 x 1 tDCS with a multi-channel direct current (DC) stimulator and use the multi-channel DC stimulator36 in normal (non-battery) mode. Insert the power plug of the stimulator into the same power strip as the scanner for enhanced signal-to-noise ratio and reduction of imaging artifacts (see also notes from the manufacturer's specifications).

4.1.2. Make sure all necessary stimulation-related materials are available and clean (Figure 4). Take special care that the rubber electrodes and 3D templates do not contain any paste from previous experimental sessions.

NOTE: The setup used in this project employs customized electrodes and filter boxes that were developed in collaboration with the manufacturer of the DC stimulator to meet specific requirements of the Research Unit (see Figure 4A). However, standard MRI compatible components can also be used. 

4.1.2.1. Use a 3D-printed (thermoplastic) electrode paste fill aid to standardize the application of conductive electrode paste prior to attaching the electrodes on the scalp (Figure 4A (9),B). 

4.1.2.2. Use a 3D-printed (thermoplastic) spacer to position the electrodes on the scalp and ensure that the distances between the anodes and the cathodes are maintained during the fMRI-tDCS sessions (Figure 4A (10),C). 

NOTE: The 3D customized templates can be accessed using the following link: https://github.com/memoslap/Material.git 

4.1.3. To set up the DC stimulator, connect the DC stimulator to the outer box (by using the outer box cable and adapter). Connect the inner box cable to the inner and outer box (see Figure 4).

4.1.4. Apply 1 mm of conductive gel evenly on the surface of all electrodes of the focal-tDCS 3x1 setup. Use the electrode fill aid to standardize the gel thickness. Cover only the surface of the electrode with the paste and remove any excess paste. 

4.1.5. Turn on the DC stimulator and the Panel PC (in the given order). Double-click on the DC-Stimulator MC icon on the desktop. Click on the calibrate stimulator button to calibrate the stimulator with no electric load (i.e., the participant is not connected to the stimulator). 

CAUTION: If the participant is connected to the stimulator while calibrating, the electric current can induce painful sensations.

4.1.6. Position the participant comfortably near the DC stimulator outside the MRI scanner room. 

4.1.7. Determine the widest part of the participant’s head, from the forehead (just above the eyebrows) to the occipital bone at the back of the head and measure the head circumference, to choose the optimal size of the EEG cap to keep the electrodes in place during the tDCS fMRI session. 

4.1.8. Place the electrodes in the spacer to ensure equal spacing of the cathodes around the center anode and attach the electrodes over the identified and marked scalp positions. 

4.1.9. Use the optimal size EEG cap without plastic inserts to keep the electrodes in place during tDCS fMRI.

NOTE: Make sure that electrodes do not get displaced while the cap is put in place.

4.1.10. Connect the leads of the electrode cables to the inner box of the DC stimulator to perform an impedance check. Select the required stimulation sequence at the selected sequence setup dropdown menu. Initiate the impedance check by pressing the impedance check button on the DC stimulator. Make sure that MR mode is checked. 

4.1.11. Conduct the Impedance Check by pressing the respective button on the stimulator interface; if the impedance is ≤25 kΩ, go to the next step (4.1.13). If the impedance is higher for any electrode, softly press the electrodes to the scalp, tighten the cap, and allow the conductive paste to warm up. If required, apply more paste.

4.1.12. [bookmark: _Hlk165562050]Disconnect the inner box from the outer box and insert the outer box into the waveguide of the scanner. 

4.1.13. Guide the participant into the scanner room while holding on to the inner box and connected electrode cables. 

NOTE: At any time, take great care that there is no pull on the cables, which could result in electrode displacement.  

4.1.14. Ask the participant to sit on the MRI examination table and re-connect the inner box to the outer box (that is inserted in the waveguide of the scanner).

4.1.15. Place the participant comfortably in a supine position on the MRI examination table, with the head positioned in the open head coil. Use inflatable cushions on both sides of the head and an extra cushion at the top of the head to stabilize it. 

NOTE: Inflatable cushions are preferred at the sides to foam cushions to avoid electrode displacement when the foam cushions are inserted.

4.1.16. Lead the electrode cables through the lower part of the head coil before attaching the upper part of the head coil and locking it in place. 

4.1.17. Position the inner box next to the participant on the MRI examination table and move the participant into the scanner bore.

4.1.18. Leave the scanner room and inform the participant about the upcoming procedures via the communication interface of the scanner prior to each structural and functional imaging sequence, as well as prior to the second impedance check inside the scanner.

4.2. Concurrent tDCS fMRI

4.2.1. On the scanner Panel PC, register the new participant by clicking Main Menu | Examination | Patient Registration and fill in the required necessary fields. Go to Program Choice and collect and select the planned imaging protocol. Click on Patient orientation and select the head first, Supine position option. From the Region of examination and laterality dropdown menu, choose brain and click Examination to get to the examination menu.

4.2.2. Follow the onscreen instructions to acquire the planned scans (pre-fMRI Pointwise Encoding Time reduction with Radial Acquisition (PETRA), fMRI, post-fMRI PETRA) in the order shown in the following steps of this protocol.

4.2.2.1. [bookmark: _Hlk156486000]Acquire a PETRA scan that allows verification of the electrode positions on the participant’s head. 

4.2.2.2. Inform the participant that two 10 min resting-state fMRI scans will be conducted and that he/she should maintain their gaze on a fixation cross (displayed via a projector and mirrors mounted on the head coil) for the entire duration of the scanning period (2 x 10 min). 

4.2.2.3. Start the tDCS stimulation by pressing the init stimulation button on the Panel PC. Click the release start-trigger button to start the stimulation with a 10 s ramp-up prior to commencing with the functional imaging sequences. Administer tDCS for 20 min with 2 mA. 

NOTE: Other stimulation protocols with different ramping periods or stimulation intensities or durations are possible. 

4.2.2.4. After the end of the functional scans and stimulation period, acquire a second PETRA scan while the electrodes are still attached to the participant’s head. 

NOTE: By comparison with the pre-fMRI PETRA scan, this allows the determination of potential electrode movement across the tDCS-fMRI experiment (i.e., drift).

4.2.3. Upon completion of the MRI session, disconnect the electrode cables from the outer box and turn off the DC stimulator, move the participant out of the scanner bore, remove the cap from the participant’s head, and remove the electrodes.

4.2.4. Inspect the participant’s scalp for potential skin redness caused by the stimulation. Clean the participant's scalp where the electrodes were placed.

4.2.5. At the end of the experiment, ask the participant to complete the tDCS adverse effects29 and blinding31,32 questionnaires.
 
REPRESENTATIVE RESULTS:
Data from 43 healthy young participants (20 men/23 women, aged 24.74 ± 5.50 years) were included. The participants completed up to four fMRI sessions. Neuronavigated placement of electrodes was conducted prior to each fMRI session. In total, 338 datasets representing the positions of the center anodes before and after fMRI were included in data analyses. 

To determine the intended positions of the electrodes, individualized current modeling was performed using structural MRI data acquired in a separate MRI session (prior to the fMRI sessions). Current modeling aimed to optimize scalp the positions of the 3 x 1 setups to maximize current flow to the rDLPFC (N = 19, participants/N = 137 data points), rOTC (N = 12/104) or lTPJ (N = 12/97). Actual positions of the center anodes of the 3 x 1 setup were empirically determined using structural MRI data (PETRA images) acquired before and after each fMRI session (Note: Coordinates for targeting were provided in subject space. Hence, PETRA scans of individual participants were co-registered with their own T1-weighted image acquired during the baseline scan, on which field simulations were based). Because identification of electrode positions in 3D is prone to errors, a modified 2D “pancake” view of the reconstructed scalp with electrodes was used (see Figure 537,38) to determine six edge points of the center anodes. Subsequently, the center of mass was calculated to obtain the center coordinates of the anodes for each fMRI session and time-point (i.e., before or after tDCS). Subsequently, a reverse 2D->3D transformation was applied to obtain electrode coordinates in 3D space. 

The spatial precision of the neuronavigated electrode placement was investigated by comparing “intended” versus “actual” electrode positions25 and is reported as the L2-Norm (Euclidean norm) distance39. The L2-Norm is a standard vector norm calculated as the square root of the sum of the squares of the vector components. The vector components are the differences between intended and planed coordinates for each dimension of the 3D space (x/y/z). Electrode displacement over the course of the experiment (i.e., drift) was investigated by comparing actual electrode positions determined before and after fMRI. 

In addition, we compared targeting accuracy for neuronavigated electrode placement with data from a previous study of our group that used a scalp-based targeting approach (EEG 10-20 system25). This study comprised data from 60 participants (31 men/29 women, aged 22.17 ± 2.33 years), two target regions (N = 30/30, motor cortex/inferior frontal gyrus) and two fMRI sessions for a total of 240 data points. Data and code used for all analyses are publicly available at https://github.com/LawsOfForm/VerFlu_Simulation_Niemann_2023.

Linear mixed models were used to analyze (a) deviation of actual electrode positions from intended locations and (b) drift across the fMRI session with the following formula and the L² Norm as the dependent variable:
 
yij = β0 + POSITIONx1ij + REGIONx2ij + POSITION * REGIONx3ij + µ0j + εij

yij is the L² Norm distance between intended and actual electrode positions at POSITION i of subject j. β0 is the fixed effect intercept, X1 is the value for POSITION (1: intended, 2: actual pre-fMRI; 3: post-fMRI) at position i in subject j. X2 is the value for the REGION of interest (1:  lTPC, 2: rDLPFC, 3:rOTC) at region i in subject j. X3 is the value for the interaction for POSITION and REGION for position and region i and subject j, u0 is the random intercept for subject j (µ0j ~ N(0, τ002)); εij  are the residuals for timepoint i in subject j (εij ~ N(0,σ2)). 

Comparison of targeting accuracy for neuronavigated and scalp-based electrode placement was done using a t-test and based on the L2 Norm differences between the intended and actual positions in the respective groups.

Neuronavigated placement accuracy and displacement across the experiment 
[bookmark: gen-h1-1-000000011][bookmark: undefined]The reference model (intended placement of center anodes; region: lTPC) showed significant deviations of electrode positions from intended positions at both pre-fMRI and post fMRI assessments (8.71 mm, 95%-CI: [6.57–10.84], p < .001; 8.51 mm, 95%-CI: [6.35–10.66], p < .001) Supplemental Table S1. Post-hoc analysis for estimated marginal means (EMMs) were calculated for all main and simple effects of interest (see Supplemental Table S2, Supplemental Table S3, Figure 6, Figure 7, Supplemental Figure S3, and Supplemental Figure S4). The predicted average placement error for all pre-fMRI sessions was 8.54 mm 95%-CI: [7.66–9.42] and significantly different from the intended positions (t (296) = -8.54, p < 0.0001). This was also the case for post-fMRI coordinates (8.61 mm, 95%-CI: [7.73–9.50]; t (296) = -10.97, p < 0.0001, see Figure 6 and Supplemental Table S2). Because placement errors may vary by region25,40,41, misplacement was also calculated between target regions for each position. However, no region-specific differences between rOTC, lTPC, and rDLPFC were found (Supplemental Table S3, Figure 7, and Supplemental Figure S4).

Displacement of center anodes (i.e., drift), assessed by comparison of actual electrode positions between pre and post fMRI was negligible (-0.08 ± 0.39 mm; t (291) =-0.20, p = 0.98). For details, see Figure 6 and Supplemental Table S2.

Comparison of electrode placement errors between neuronavigated and scalp-based placement approaches
To investigate the relevance of neuronavigated placement, L² Norm differences between intended and actual positions based on neuronavigated electrode placement were retrospectively compared to data obtained from a previous study that used a scalp-based targeting approach25. In this study, the L² Norm difference between the intended and actual positions of the anode was 12.33 ± 5.67 mm. Direct comparison between neuronavigated (8.83 ± 4.68) and scalp-based approaches revealed a significant decrease of the L² Norm distance by 3.50 mm in favor of neuronavigated electrode placement (t (397) =4.91, p < 0.001).

FIGURE AND TABLE LEGENDS:
Figure 1: A simplified description of the sequence of steps representing the method for individualized current modeling. The method aims to determine optimized scalp positions of electrodes over the target region (right DLPFC) using a focal 3 x 1 tDCS setup. (A) Anatomical target region in gray. (B) Optimized electrode position illustrated on the reconstructed head of the participant (anode = black, cathode 1 = red, cathode 2 = green, cathode 3 = blue. (C) Simulated electric field based on individualized current modeling for this montage (in V/m). (D) Target coordinates for all intended electrode positions used during neuronavigated targeting (dimensions: x/y/z). Abbreviations: DLPFC = right dorsolateral prefrontal cortex; tDCS = transcranial direct current stimulation. 

Figure 2: Neuronavigation equipment. 1) Subject tracker, 2) Screwdriver, 3) Hexagonal rod, 4) Goggles, 5) Pointer. NOTE: The neuronavigation software communicates with the position sensor (the tracking camera) to obtain the location of the subject tracker (mounted on the goggles). It uses a registration matrix (obtained by identifying landmarks on the subject's head through the pointer) to align the subject's head position from the real world to the participant’s image space (based on the T1-weighted image of the participant). An overview of the overall setup is provided in Supplemental Figure S1.

Figure 3: Target region validation. Illustrates the procedure of validating stimulation target regions via neuronavigation. 1) The Subject tracker assembled on the left side of goggles. 2) The Pointer is used to locate the intended position of the anode (rDLPFC). 3) The green crosshair and the red dot (representing the tip of the pointer) on the computer screen. 3a) The index number is green if the pointer deviates from the crosshair by less than 3 mm; 3b) the index number is orange if the pointer deviates between 3 and 5 mm; and 3c) it is red if the pointer deviates more than 5 mm. Abbreviation: rDLPFC = right Dorsolateral Prefrontal Cortex. 

Figure 4: Selected components of multi-channel DC-stimulator and *custom components. (A) 1) Adapter that plugs into the DC stimulator outlet, 2) Outer box LAN cable, 3) *Outer box (filter box) that is positioned inside the waveguide of the scanner during tDCS-fMRI. The clamp is attached to the waveguide to connect the filter box with the floating mass of the shielded MRI chamber to reduce potential artifacts. 4) Inner box cable, 5) inner box with plugs for electrode cables, 6) *fuse adapter that combines three individual channels to one for the center anode, 7) *fused electrode cables and electrode of the center anode (10 mm radius) made of flexible and electrically conductive silicone, 8) individual cathode and cable, 9) example of electrode inserted into 3D printed fill aid, 10) example of electrode placed in 3D spacer, 11) measuring tape, 12) EEG cap without plastic inserts to secure electrodes on the scalp. For the complete setup and standard components not used in this protocol, readers are referred to the website of the manufacturer (link in Table of Materials). (B) 3D model of the electrode fill aid. (C) 3D model of the spacer. Abbreviations: tDCS-fMRI = transcranial direct current stimulation-functional magnetic resonance imaging; EEG = electroencephalography.

Figure 5: Pancake view of scalp and electrodes based on the PETRA image. Colors represent different sizes of scalp flattened mask (red = 2 mm; green = 4 mm, blue = 6 mm of the inflated scalp for depth visualization of the head). Orientations of the transformed image are marked in white letters. White dots represent manually selected edge points of the center anode placed over the right dorsolateral prefrontal cortex. The center of mass was calculated as the midpoint coordinate of the edge points prior to retransformation into 3D space. Abbreviations: PETRA = Pointwise Encoding Time reduction with Radial Acquisition; L = left; R = right; P = posterior; A = anterior.

Figure 6: Estimated Marginal Means of the L² Norm (Euclidean norm) distance between intended and actual electrode positions of the anodal electrode across all sessions and regions (rOTC, lTPC, rDLPFC). Original data points in turquoise. EMMs 95% confidence intervals in grey. Abbreviations: EMMs = Estimated Marginal Means; rOTC = Right Occipital Temporal Cortex; lTPC = left Temporal Parietal Cortex; rDLPFC = right Dorsolateral Prefrontal Cortex; fMRI = functional magnetic resonance imaging.

Figure 7: Estimated Marginal Means of L² Norm (Euclidean norm) distance between intended and actual electrode positions of the anodal electrode over all sessions between each region (rOTC, lTPC, rDLPFC) for each position (intended, pre/post fMRI). Original data points in turquoise. EMMs 95% confidence intervals in grey. Abbreviations: EMMs = Estimated Marginal Means; rOTC = Right Occipital Temporal Cortex; lTPC = left Temporal Parietal Cortex; rDLPFC = right Dorsolateral Prefrontal Cortex; fMRI = functional magnetic resonance imaging.

Supplemental Figure S1: The neuronavigation system overview. 1) Control computer of the neuronavigation system with the neuronavigation software installed; 2) Polaris camera; 3) Foot pedal; 4) Goggles with subject tracker (see Figure 2 for details); 5) Pointer.

Supplemental Figure S2: Reconstructed skin with landmarks in yellow. 1) Nasion, 2) left nostril; 3) right nostril; 4) left preauricular pit; 5) right preauricular pit (see protocol step 3.1.7). Abbreviations: LPA = left preauricular pit; RPA = right preauricular pit. 

Supplemental Figure S3: Estimated Marginal Means of L² Norm (Euclidean norm) distance between intended and actual electrode positions of the anodal electrode across all sessions between positions (intended, pre/post fMRI) for each region (rOTC, lTPC, rDLPFC). Original data points in turquoise. EMMs 95% confidence intervals in grey. Abbreviations: EMMs = Estimated Marginal Means; rOTC = Right Occipital Temporal Cortex; lTPC = left Temporal Parietal Cortex; rDLPFC = right Dorsolateral Prefrontal Cortex; fMRI = functional magnetic resonance imaging.

Supplemental Figure S4: Estimated Marginal Means of L² Norm (Euclidean norm) distance between intended and actual electrode positions of the anodal electrode across all sessions and positions (intended, pre/post fMRI) for each region of interest (rOTC, lTPC, rDLPFC). Original data points in turquoise. EMMs 95% confidence intervals in grey. Right Occipital Temporal Cortex (rOTC), left Temporal Parietal Cortex (lTPC), right Dorsolateral Prefrontal Cortex (rDLPFC).

Supplemental Table S1: Results of linear mixed model analysis for L² Norm (Euclidian norm) distance between intended and actual coordinates. Regression coefficients of linear mixed models (random intercept models) and two-sided p-values are reported. Abbreviations: CI = confidence interval; rOTC = Right Occipital Temporal Cortex; lTPC = left Temporal Parietal Cortex; rDLPFC = right Dorsolateral Prefrontal Cortex; df = degrees of freedom; σ2 = pooled residual variance; τ = pooled variance explained by subjects; ICC = Intraclass correlation coefficient; N = number of subjects.

Supplemental Table S2: Post-hoc EMMs for Linear Mixed Model analysis for L² Norm (Euclidian norm) differences). Main and simple contrasts for the main effect of position (intended, pre/post fMRI, see also Supplemental Figure S2) and simple effects of position for each region (lTPC, rDLPFC, rOTC, see also Figure 6). For simple effects, only significant effects are shown. Abbreviations: EMMs = Estimated Marginal Means; SE = Standard Error; df = degrees of freedom; rOTC = right Occipital Temporal Cortex; lTPC = left Temporal Parietal Cortex; rDLPFC = right Dorsolateral Prefrontal Cortex.

Supplemental Table S3: Post-hoc EMMs for Linear Mixed Model analysis of L² Norm (Euclidian norm) difference. Main and simple contrasts for the main effect of region (lTPC, rDLPFC, rOTC, see also Supplemental Figure S3) and simple effects of region for each position (intended, pre/post fMRI, see also Figure 7). Abbreviations: EMMs = Estimated Marginal Means; SE = Standard Error; df = degrees of freedom; rOTC = right Occipital Temporal Cortex; lTPC = left Temporal Parietal Cortex; rDLPFC = right Dorsolateral Prefrontal Cortex.

DISCUSSION:
Critical steps, potential modifications, and troubleshooting of the method
Accurate positioning of electrodes is a crucial technical factor in tDCS experiments, and deviations from intended scalp positions or electrode drift can affect current flow to the intended target brain regions42,43. This is particularly relevant for focalized tDCS, as the regional specificity of the administered current makes these setups particularly susceptible to the effects of positioning errors5,25. In the current protocol, we described a method of neuronavigated, focalized tDCS administered during fMRI, which aims to enhance the placement accuracy of individually determined scalp positions. Critical steps include (1) the use of electrical current flow modeling to optimize scalp position of the 3 x 1 setup for each study participant, (2) identification of optimized scalp positions by neuronavigation, (3) positioning and securing of electrodes on the scalp using standardized procedures, and (4) investigation of placement accuracy and electrode drift before and after concurrent tDCS-fMRI. 

[bookmark: _GoBack2]The first step in our protocol describes the optimization of electrode positions for an individual study participant of our ongoing Research Unit (RU) by means of individualized current modeling (code to rebuild the optimization can be found here https://github.com/memoslap/Greifswald). This approach is highly specific to the RU projects and involved two preparatory steps not reported here: (1) Definition of anatomical target regions for eight empirical RU projects (www.memoslap.de) based on fMRI and/or tDCS studies that used the same/similar motor or cognitive tasks; (2) equalizing the average current dose across projects by adjusting the spacing between the center anode and the surrounding cathodes. This involved a computational modeling study and structural imaging data available to our group to determine the project-specific spacing of electrodes. These project-specific montages were then used to optimize scalp positions for individual participants in the RU projects to achieve maximal current intensity in the respective target regions (in this protocol: right DLPFC). Notably, there are many possible ways to determine the desired scalp positions, and those depend on the goals of the study (i.e., regional or dose control, anatomical or functional targeting). 

Similarly, there are a number of different commercially available neuronavigation devices and DC stimulators that can be used for neuronavigated placement and conducting a tDCS-fMRI study. Consequently, modifications of the procedures outlined in this protocol will be required if equipment from different manufacturers is used or tDCS-fMRI is conducted with a different scanner type. Nonetheless, we believe that the protocol can be adapted in a flexible way to meet study-specific requirements. For example, for 3 x 1 setups, we recommend using a 3D printed spacer to ensure that the desired distance between the electrodes is achieved and maintained during placement and scanning. Standardization of the amount of conductive paste can be achieved using an electrode fill aid as described in this protocol. To allow for customization, the 3D models used for printing have been made publicly available (see protocol step 4.1.3.2). 

The complexity of intrascanner tDCS fMRI experiments is another crucial consideration, which requires participants to move into electrodes attached to their heads. These studies carry a significant risk of subsequent electrode displacement, even with precise positioning5. Therefore, we recommend routinely implementing appropriate methods to minimize electrode displacement and drift (e.g., using standard MRI-compatible inflatable cushions to avoid displacement of electrodes inside the MRI scanner, EEG caps or contoured straps to keep electrodes in place, and other measures detailed in the protocol above). 

Finally, compared to behavioral tDCS studies, administering tDCS during fMRI allows for the verification of the exact positions of electrodes on the scalp (based on 3D structural MRI images) and the quantification of potential deviations from the intended positions. However, the identification of electrode positions in 3D is prone to errors. Therefore, we suggest a 2D transformation of the scalp and electrodes to facilitate the verification of actual electrode positions. However, future studies are required to validate this novel approach and compare outcomes to data extraction from 3D images. 

Significance of method relative to existing other methods 
Scalp-based targeting approaches (e.g., the EEG 10-20 system44) have been used in the majority of tDCS research to date. This involves manual or automated identification of anatomical landmarks and additional measurements (e.g., head circumference, calculation of intersections between landmarks) to determine the intended scalp positions of the electrodes. While this approach accounts for the head size of individual participants to some extent, it neglects other characteristics of brain and skull morphology, resulting in a loss of accuracy5,41,45. The enhanced precision that can be achieved with MRI-guided neuronavigation is illustrated in the representative results section of this protocol. Here, we quantified the precision of neuronavigated targeting using data from an ongoing multicenter tDCS-fMRI study and retrospectively compared placement accuracy of neuronavigated targeting with a scalp-based approach. In addition, we investigated the degree of electrode displacement during fMRI. The main outcomes of the empirical part of this protocol were that (1) neuronavigated targeting is superior to scalp-based electrode placement, with approximately 40% higher precision based on the L2 Norm; and (2) there was minimal drift of electrodes across fMRI sessions, highlighting that the implemented technical and procedural steps to keep electrodes in place (i.e., cap, spacer, inflatable cushions) were successful.

Limitations and future applications of the method
There are several limiting factors for using the approach described in this protocol. For example, optimization of the intended electrode positions by computational modeling, neuronavigated targeting, and verification of electrodes require access to structural MRI data, specific technical expertise, and costly equipment that may not be available. Hence, this approach is limited to specialized research centers performing studies that require high spatial precision of current delivery (e.g., experimental studies in neurotypical populations investigating causal brain-behavior relationships or computational modeling studies investigating dose-response relationships). In this context, it is worth mentioning that the validity of MRI-based current modeling may be decreased in patients with head surgery or progressive lesions, which needs to be taken into consideration when applying the methods described in this protocol to clinical populations.

[bookmark: _Hlk171582708]In addition, the optimization of electrode positions by computational modeling and neuronavigated placement in this protocol aims to maximize anatomical precision. As mentioned above, other ways of individualized targeting are possible (including invasive approaches limited to specific clinical populations46), and anatomical precision does not necessarily imply functional relevance of the stimulated area. The latter would require a localizer task (either on the individual participant or group level), acquired prior to tDCS-fMRI, to identify functionally relevant brain regions for neuronavigated targeting. In addition, future research needs to determine the functional relevance of electrode displacement on behavioral and neural functions, including a direct comparison of effects between focal and conventional montages. 

It should be noted that computer simulations rely on the anatomical precision of the (semi-)automated tissue segmentations acquired from MRI and estimate the electric field based on assumptions about the electrical conductivity of various tissue classes5,47. Therefore, to increase the accuracy of computational models, it is essential to validate these assumptions and evaluate the segmentation accuracy. In this regard, new methods to study brain tissue's tDCS-induced current flow conductivity during simultaneous tDCS-MRI measurements include Magnetic Resonance Current Density Imaging (MRCDI) and Magnetic Resonance Electrical Impedance Tomography (MREIT)5,48,49. These approaches have the potential for validating tDCS electric field simulations and optimizing individualized current dose calculations. Combining such optimized computational modeling approaches with neuronavigated tDCS will likely improve the precision and effectiveness of tDCS in experimental and clinical contexts in the near future. 
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