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A novel technique for accurate electrode placement over cortical 
targets for transcranial electrical stimulation (tES) clinical trials

Mayank Joga, Cole Andersona, Elizabeth Kima, Avery Garretta, Antoni Kubickia, Sara 
Gonzaleza, Kay Jannb, Marco Iacobonia, Roger Woodsa, Danny JJ Wangb, Katherine L. 
Narra,*

aDepartment of Neurology, University of California Los Angeles, Los Angeles, California, United 
States.

bStevens Neuroimaging and Informatics Institute, University of Southern California, Los Angeles, 
California, United States.

Abstract

Objective: We present an easy-to-implement technique for accurate electrode placement over 

repeated transcranial electrical stimulation (tES) sessions across participants and time. tES is an 

emerging, non-invasive neuromodulation technique that delivers electrical stimulation using scalp 

electrodes.

Approach: The tES electrode placement technique was developed during an exploratory clinical 

trial aimed at targeting a specific MNI-atlas cortical coordinate in N=59 depressed participants 

(32F, mean age: 31.1 ± 8.3 SD). Each participant completed 12 sessions of active or sham 

stimulation, administered using high-definition (HD) or conventional sized electrode montages 

placed according to the proposed technique. Neuronavigation data measuring the distances 

between the identified and the intended stimulation site, simulations, and cerebral blood flow 

(CBF) data at baseline and post-treatment were acquired to evaluate the targeting characteristics of 

the proposed technique.

Main results: Neuronavigation measurements indicate accurate electrode placement to within 

1cm of the stimulation target on average across repeated sessions. Simulations predict that 

these placement characteristics result in minimal electric field differences at the stimulation 

target ( >0.90 correlation, and <10% change in the modal electric field and targeted volume). 

Additionally, significant changes in %CBF (relative to baseline) under the stimulation target in 

the active stimulation group relative to sham confirmed that the proposed placement technique 

introduces minimal bias in the spatial location of the cortical coordinate ultimately targeted. 

Finally, we show proof of concept that the proposed technique provides similar accuracy of 

electrode placement at other cortical targets.

Significance: For voxel-level cortical targets, existing techniques based on cranial landmarks 

are suboptimal. Our results show that the proposed electrode placement approach provides high 
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consistency for the accurate targeting of such specific cortical regions. Overall, the proposed 

technique now enables the accurate targeting of locations not accessible with the existing 10–20 

system such as scalp-projections of clinically-relevant cortical coordinates identified by brain 

mapping studies.

Clinical trial ID: NCT03556124

Keywords

Transcranial Electrical Stimulation (tES); transcranial direct current stimulation (tDCS); electrode 
placement; neuromodulation; neuronavigation; cortical targeting

Introduction:

Transcranial electrical stimulation (tES) is an emerging non-invasive neuromodulation 

technique that uses scalp electrodes to modulate cortical excitability. Following the 

demonstration of motor evoked potential (MEP) changes using direct current stimulation 

(1), tES has been reported to improve symptoms in neurologic and psychiatric disorders, 

as well enhance cognition (2–5). A typical tES montage utilizes large (~25cm2) sponge 

electrodes placed over the scalp to deliver milliampere electric currents of a particular type, 

including direct, alternating as well as random noise stimulation (6, 7). Simulations have 

shown the electric current to be diffuse, in part due to the large size of the electrodes (8, 9), 

yet capable of modulating cortical excitability (1, 10).

Recently, montages with focal stimulation have been shown to be more efficient than 

conventional montages, as measured by MEP changes in the motor cortex after direct current 

stimulation (11). Focal stimulation is made possible by employing multiple small electrodes 

in a special setup such as with high-definition transcranial direct current stimulation HD­

tDCS (12, 13). Simulations have predicted these focal montages to be more sensitive to 

inter-individual differences in anatomy than conventional setups (14, 15), a challenge that 

could be accounted for by personalizing tES montages to individual subjects (16). However, 

the overall increased sensitivity of focal montages to local anatomical parameters means 

that as more efficient focal montages utilizing multiple small electrodes are developed (17, 

18), ensuring accurate placement of electrodes becomes an increasingly important concern. 

Inaccurate electrode placement could potentially reduce the efficacy of tES (19–21) and also 

introduce inter-subject variability in response to treatment, an issue that has recently been 

highlighted in the published literature (22, 23).

The challenge of accurate electrode placement is especially important in the case of 

clinical trials, where treatment effects are evaluated after multiple tES sessions in the 

same participant (24, 25). Typically, electrode placement in tES is carried out using the 

10–20 EEG system electrode placement technique (26, 27 ). However, the cranio-cortical 

relationship in the 10–20 system is not precise, and variations in the order of 8mm have 

been reported for cortical projections of the same 10–20 coordinate across individuals (28, 

29). Coupled with operator inaccuracies (as shown for C3 and C4 coordinates in (30)), 

the accumulating inaccuracy in electrode placement may affect which cortical regions are 

ultimately targeted, especially in the case of spatially focal montages like HD.
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A better choice for stimulation sites could be scalp projections of cortical targets identified 

by brain mapping studies. However, it is not straightforward to extend the 10–20 system 

(which is based on cranial landmarks and distances) to accurately identify projections of 

specific cortical targets over the scalp within and across participants. An alternative is to use 

neuronavigation systems (31), which utilize infrared cameras and associated software to map 

positions on the participant’s scalp to a reference (e.g., a structural MRI image of the same 

participant). Using a neuronavigation approach for electrode placement during every visit for 

every participant would be ideal, but doing so would be quite resource intensive in practice.

In this study, we present an easy-to-implement technique to allow for stimulation 

of homologous cortical regions across independent stimulation sessions. The proposed 

technique extends accurate electrode placement to include locations not accessible with 

the 10–20 system (e.g., scalp-projections of clinically-relevant cortical targets), and was 

developed for an ongoing clinical trial (NCT03556124) where targeting of an a-priori 
selected cortical coordinate location by 12 sessions of transcranial direct current stimulation 

(tDCS) had been hypothesized to improve depressive symptoms (32, 33). Here, the accuracy 

of placement was quantified using state-of-the-art frameless stereotaxic neuronavigation 

equipment, and this data was used in simulations to show that the measured variability 

in electrode placement generates minimal changes in the electric field distribution at the 

stimulation target. Additionally, cerebral blood flow (CBF) measurements were utilized to 

measure the location of stimulation induced changes in CBF and investigate any potential 

biases introduced by the proposed electrode placement technique in targeting. Finally, we 

provide proof of concept that the proposed technique is capable of providing a similar 

accuracy of electrode placement at targets over the entire scalp.

Methods:

1. Participants and experimental design:

Subjects included N=59 participants with major depression (32F, mean age: 31.1 ± 

8.3 SD) who completed a clinical trial designed to investigate how blood flow and 

neurophysiological markers of neuronal activity (e.g. Arterial Spin Labeling measured 

cerebral blood flow (CBF), and the blood oxygenation level dependent (BOLD)-fMRI) 

differ in the brain following repeated tDCS treatment (32, 33). Upon enrollment, participants 

were randomly assigned into one of four groups: high-definition (i.e. HD)-tDCS or 

Conventional-tDCS (montage) x Active or Sham stimulation, with N=20, 19, 10, and 

10 participants in the Active-HD, Active-Conventional, Sham-HD and Sham-conventional 

groups respectively. Post-randomization, participants underwent 12 sessions of 20 minutes 

x 2 mA of tDCS over 12 consecutive working days. Participants as well as study staff 

were blinded to the type of stimulation (Active/Sham), and were polled at the end of 

each participant’s treatment session to verify integrity of blinding, evaluated by comparing 

differences in guesses of active/sham stimulation between groups using a χ2 test.

The stimulation target was selected to be located at x=−46, y=44, z=38 in MNI coordinates, 

based on prior studies in major depression (34, 35 ). As shown in Fig 1.A, a 4×1 electrode 

arrangement with 2×2 cm sized electrodes was used for the HD montage, with the anode 

placed at the stimulation target and the cathode electrodes positioned 5 cm away from the 
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central anode and equidistant from the two adjacent cathode electrodes. For the conventional 

montage (hereafter referred to as “Conv”), tDCS was delivered using 5×7 cm sponge 

electrodes with the anode positioned at the target and cathode placed over x=56, y=30, 
z=−1 (MNI coordinates), near the F8 location (10–20 EEG system) that overlies the inferior 

frontal gyrus (36). All participants provided informed consent following approval of study 

procedures by the Institutional Review Board (IRB) at the University of California Los 

Angeles.

MRI structural data to guide the electrode placement was acquired prior to tDCS treatment 

sessions at visit 0 (Fig. 1B). The structural data was acquired using a T1 MPRAGE 

scan on a 3T Siemens PRISMA scanner with the Human Connectome Project Lifespan 

sequence parameters (37). Additional MRI scans to evaluate target engagement and 

neurophysiological changes with treatment were also acquired. Of these, data from a 3D 

GRASE pseudo continuous arterial spin labeling (pCASL) sequence was used to measure 

cerebral blood flow (CBF) (38). Sequence parameters for the pCASL sequence were: 

TR/TE=4000/25ms, 96×96 matrix, 2.5×2.5×2.5mm3, 48 slices, labeling duration=1.5sec, 

post-labeling delay = 1.8s; N = 2 back-to-back scans (data was averaged post CBF­

quantification). In addition to the imaging data, the Brainsight neuronavigation system 

(Brainsight (39)), comprising an infrared camera and associated software was used to track 

the position of the stimulating electrode, as described below.

2. Electrode placement:

Each participant was fitted with a cap (EASYcap (40)) on their first visit. As shown in 

Fig 2.A, a cap size that the participant found comfortable was chosen and secured with a 

chin strap. The strap was then marked with a pen, so the cap could be secured with the 

same tension for all subsequent stimulation sessions. Next, the nasion to inion distance was 

measured and recorded. The cap, pre-marked by the vendor with 10–20 EEG coordinates, 

was adjusted such that the midpoint of the line joining Fp1 and Fp2 was 10% of the 

nasion-to-inion distance (Fig. 2.B). Following this, the cap was adjusted such that the T7 

and T8 reference points were at identical distances from the left (L) and right (R) tragus 

(Fig. 2.C). Finally, the cap was secured by taping it down over the participant’s upper cheeks 

and between the eyebrows. The nasion to Fp1/Fp2, and L/R tragus to T7/T8 distances were 

recorded, and for all subsequent sessions with the same participant, the EEG cap was placed 

to match these distances to within 0.2 cm. Note that the precise correspondence of the 

reference points to the actual locations of T7, T8 etc. is not important; what is crucial is to 

ensure that the distances of these reference points from anatomical landmarks are within the 

0.2 cm tolerance for correct cap-placement. The 0.2 cm tolerance was chosen since it is 2 

times the minimum measurable distance on a standard measuring tape.

Next, the stimulation target was marked on the cap using a state-of-the-art frameless 

stereotaxic neuronavigation system (Brainsight, (39)). Here, the participant’s T1-structural 

image (acquired during visit 0) was first registered to the participant fitted with the cap as 

follows: 1. Fiducials mounted on an external probe were moved to each of three reference 

points (the nasion and the left and right tragus). 2. When in position, the Brainsight infrared 

camera and associated software was used to register the real-world positions of these 
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reference points to their respective counterparts in the digital MRI image. Once this real­

world to digital MRI image mapping was established, the neuronavigation system was used 

to locate and mark the stimulation target on the participant’s cap. This was done by moving 

the fiducial-fitted external probe to the location corresponding to the stimulation target in 

the digital MRI image (now being mapped to real-world space through the neuronavigation 

registration described in 1. and 2. above). The location of the stimulation-target in the 

digital MRI image was calculated by transforming the MNI coordinates of the stimulation 

target to each individual participant’s T1 image space (implemented using SPM12, inverse 

normalization, (41)), followed by the shortest distance projection of the coordinates from 

the cortical location onto the scalp. Note that a precise localization of the stimulation 

target using neuronavigation is needed only at the initial (pretreatment) visit. For the 11 

subsequent tDCS sessions, electrode placement was performed by staff by first placing the 

cap using the procedure described above, followed by using the now-marked cap to identify 

the stimulation site on the scalp.

3. Accuracy of electrode placement:

The accuracy of electrode placement was assessed using neuronavigation. During each 

treatment visit, the electrode placement site was identified using the cap placement 

procedure described in section 2. At the mid-trial visit (visit #6), Brainsight neuronavigation 

was used to record the displacement between the anode electrode’s site (identified using the 

previous cap placement step) and the intended scalp target. Due to scheduling constraints, 

this data could only be acquired for 48 of the enrolled participants (N=23 and 25 in the HD 

and conventional groups respectively). Here, the mean, standard deviation and maximum 

displacements were calculated for analysis.

4. Simulations of electrode displacements:

Next, simulations were utilized to investigate the impact of the experimentally observed 

electrode displacements on electric fields at the stimulation target. Specifically, a 5­

compartment model of the MNI152 head (available with FSL (42)) was generated using 

SIMNIBS (43). Using the default tissue conductivities provided in SIMNIBS (from (44, 

45)), simulations of the electric fields were generated for: (1) 0mm displacement (i.e. the 

ideal case), (2) the experimentally measured average electrode displacements (described in 

section 3 above), and (3) electrodes displaced by 1 and 2cm (i.e. half, and full length of the 

smallest electrode dimension (Fig 1)).

A spherical region of interest (ROI) of radius 1cm and centered at the stimulation target was 

constructed for analysis. The ROI was masked to include only gray and white matter voxels, 

with the gray and white matter masks being generated from segmentation of the MNI152 

image (using SPM12 (41)). Electric field magnitudes within the ROI were extracted and 

compared to the zero-displacement case using the following metrics : (a) Pearson correlation 

coefficient, (b) %change in the modal electric field, and (c) %change in the “targeted 

volume”. The targeted volume is defined as the percentage of voxels in the ROI where 

the electric field is greater than 50% of the modal electric field of the zero-displacement 

case. While (a) tracks changes in the spatial distribution of the electric field, (b) measures 

changes in the average electric field in the ROI, and (c) tracks changes in the total brain 
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volume being targeted. For each displacement value, models were generated wherein the 

anodal electrode was displaced in the anterior, posterior, and lateral directions over the scalp. 

The calculated metrics were averaged over the simulated models for each displacement 

value and are reported in the results section. Note that the mode was selected over the 

mean, since the electric field distribution within the ROI was observed to be heavy-tailed. 

The mode was calculated from binned data, with the histogram bin-widths following the 

Freedman-Diaconis criterion, which is recommended for heavy-tailed distributions (46, 47). 

Finally, an identical analysis on simulated electric fields normal to the cortical surface 

(calculated using SIMNIBS (43)) was also performed.

5. Cerebral blood flow changes at the stimulation target:

PCASL data from two participants was excluded because of MRI reconstruction errors. The 

remaining data from 57 participants was motion corrected using SPM12 (41), and used to 

quantify CBF using in-house preprocessing streams (48). The calculated CBF maps were 

normalized to the MNI space using SPM12, masked using a gray matter mask (SPM12 

TPM mask, thresholded at gray matter probability > 0.2) and smoothed using a 7.5mm 

(3 voxel wide) kernel. Following this, %ch-CBF maps were calculated as (CBFpost-treatment­

CBFbaseline)/CBFbaseline *100, the percentage metric being used to control for potential 

baseline differences in CBF between participants. Finally, a 2 sample t-test was used to 

investigate differences in %ch-CBF between the active-stimulation and sham groups at the 

left DLPFC stimulation-target, with the expectation of observing significant changes in CBF, 

consistent with (49, 50). Here, the left DLPFC was defined using an anatomical ROI from 

the Sallet (51) atlas. To determine the location of the peak significant voxel to compare 

with the intended stimulation target, post-hoc voxel-wise t-tests were performed in the same 

region and thresholded at p < 0.05.

6. Other brain targets:

Finally, we investigated the accuracy of the developed technique for electrode placement 

over the rest of the scalp. To provide proof of concept, data was acquired from a small 

sample of 4 participants x 2 raters. Early piloting had indicated that using the left tragus 

to C3, the right tragus to C4, and left/right tragus to Cz distances instead of left tragus to 

T7 and right tragus to T8 in cap placement provided slightly better accuracy in electrode 

placement. Consequently, cap placement was performed with these reference points instead 

of T7 and T8, with all other steps identical to those described in section 2. Cortical 

coordinates of projections of F2, Fz, F4, F8, Cz, C4, T4, Pz, P4, T6, and O2 in the MNI 

space (reported in (28)) were chosen as brain-targets. The rationale for choosing these 

locations was to ensure reasonable coverage of the full scalp. The scalp positions of these 

targets for individual participants were calculated as described in section 2, and marked on 

the cap using the Brainsight neuronavigation system. Next, the cap placement procedure was 

repeated, and distances between recorded coordinates and the intended scalp targets were 

recorded using the neuronavigation system. These measurements were used to calculate the 

mean, standard deviation and maximum displacement values.
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Results:

Table 1 shows the distances between the anodal electrode’s site and the stimulation target, 

measured using neuronavigation. Overall, an average electrode displacement of 7.0 ± 2.8 

mm was observed, with a maximum displacement of 13 mm. No significant differences 

in displacements were observed between the HD and Conv groups (p = 0.44, two sample 

t-test), with the HD group showing a mean displacement of 6.7 ± 2.7 mm, and the Conv 

group showing a mean displacement of 7.3 ± 3.0 mm.

Fig 3 shows the distribution of the electric field in the 1cm ROI at the stimulation target, 

simulated for the ideal, zero-displacement case. As can be seen, the field distribution is 

heavy-tailed, providing motivation for the use of the modal electric field as a summary 

statistic (rather than the mean). Overall, simulations predicted a modal electric field (in 

V/m) and targeted volume (in %) of: (a) (0.11, 100%), (0.15, 100%) calculated with the 

electric field strength for the conventional and HD montages respectively, and (b) (0.09, 

62.03%), (0.14, 58.70%) calculated with the electric field normal to the cortical surface for 

the conventional and HD montages respectively. Table 2.A shows the changes in electric 

field strength with different electrode displacement values. With 7mm displacement (i.e. 

the average displacement measured with the electrode placement technique, see Table 1), 

a correlation of 0.99, 3.49% change in the modal electric field strength and no measurable 

change in the targeted volume was observed for the conventional montage. A slightly lower 

correlation of 0.91, −2.13% change in the modal electric field, and no measurable change in 

the targeted volume was observed with the HD montage.

Two additional scenarios were simulated in order to understand the impact of electrode 

displacements on the electric field distribution. Here, the electrodes were displaced by 1 

and 2 cm (i.e. half and full-size respectively, of the smallest electrode’s dimensions, see 

Fig 1). Overall, average correlations were observed to be > 0.80, with < 15% change in the 

modal electric field and < 5% change in the targeted volume, with the exception of the 2cm 

displacement case for the HD montage (where an average correlation of 0.58 was observed). 

Similar results were observed with electric fields normal to the cortical surface (Table 2.B), 

with correlations > 0.80, <15% change in the modal electric field, and < 5% change in 

the targeted volume, with the exception, as before, of the 2cm displacement case for the 

HD montage. Here, a correlation of 0.74 was observed, along with large scale changes in 

the modal electric field and targeted volume (−45.37%, and −30.93% respectively). Note 

that the metrics shown in Table 2 were calculated as averages over simulations where the 

electrode was displaced in the anterior, posterior, and lateral directions, for a particular 

displacement distance (as described in methods). The unaveraged directional metrics are 

shown in Supplementary S1, and show the same pattern.

Significant increases in %ch-CBF between active-stimulation and sham were observed in the 

left DLPFC region (Fig 4). Posthoc voxelwise t-tests revealed a significant (p < 0.05) cluster 

within this region, with the peak significant voxel located at x=−27, y=42, z=19.5 mm (MNI 

co-ordinates). For comparison, the cortical stimulation target is shown with a white arrow. 

No significant differences in %ch-CBF between the HD and conventional active-stimulation 

montages were observed for the same region (p=0.29).
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Finally, Table 3 shows the average and maximum displacements measured for targets over 

the rest of the scalp in a test sample. Overall, the electrodes were displaced by 4.28mm ± 

2.29 mm on average, with a maximum displacement of 12.79 mm, which is slightly better 

than the accuracy observed in the previous cohort (=7.0 ± 2.8 mm, see Table 1).

No significant differences were observed with regard to active/sham guesses between the 

active and sham stimulation groups, verifying integrity of blinding (Participants: χ2 =1.54, 

p=0.46; Staff: χ2 =0.045, p=0.97).

Discussion:

In this work, we describe and validate a technique that ensures accurate electrode placement 

(to < 1cm on average) at x=−46mm, y=44mm, z=38mm (MNI), a target of interest for 

neuromodulation in major depression (32, 34). Additionally, we demonstrate that this 

technique provides a similar accuracy for electrode placement at other targets over the scalp 

in a test sample. The key contribution of this work is that it provides an easy-to-implement 

method to position electrodes accurately over repeated tES sessions across different days 

and participants. This accurate positioning is not limited to 10–20 EEG coordinates, making 

it possible to target clinically relevant cortical coordinates (as was the case in our clinical 

trial), or spatially specific nodes of a resting-state (52), or task network-of-interest (53).

Most tES studies to date place the tES stimulating electrode using the 10–20 EEG system. 

The 10–20 system utilizes cranial landmarks, and placement is performed after identifying 

the 10–20 coordinate nearest to the cortical target of interest (6, 24). This approximation 

introduces a bias in the position of the electrode compared to the scalp projection of the 

cortical target. Critically, this approach also introduces variability on the order of 8mm 

on average across individuals, since the cranio-cortical relationship in the 10–20 system is 

not precise (28). Added to this is the variability introduced by operator inaccuracies, for 

instance, ~5mm as shown for C3 and C4 locations in (30), which are further amplified 

for locations derived from C3 and C4 in the 10–20 system. Overall, these accumulating 

inaccuracies in electrode positioning could impact neuromodulation in the target region, 

especially in the case of focal montages that employ small electrodes such as HD. Indeed, 

our simulations suggest an adverse impact on targeting with the 2×2 cm HD electrodes if 

the overall electrode displacement is more than 2cm from target; with 45.37% and 30.93% 

decreases in the modal electric field and targeted volume respectively, and a correlation of 

0.74 on average.

Another alternative for electrode placement is provided by neuronavigation systems. Indeed, 

we utilize neuronavigation for the proposed electrode targeting technique, though only 

during the first visit of the participant. This is an important consideration for clinical 

trials that include multiple independent tES sessions (24, 25), where using neuronavigation 

for electrode placement during each visit for each participant (though ideal), could be 

extremely resource intensive. Before developing the proposed technique, we considered 

marking the stimulation targets on the scalp using permanent ink post-neuronavigation. 

However, considering that the ink-marks have to remain present over the course of 

participation in a clinical trial lasting weeks, and that participants might object to the visible 
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ink-marks on the scalp, this approach was not pursued. Finally, we also considered using the 

recently developed Omni-Lateral-Electrode (OLE) system (54). The OLE system is designed 

specifically for F3/F4 targeting using 5×5cm electrodes, and comes in three sizes (small, 

medium and large) to account for variations in head size. However, it is not straightforward 

to extend the OLE system to our cortical brain target, as well as the use of HD-electrode 

montages.

Validation of the electrode placement technique:

The accuracy of electrode placement was evaluated using neuronavigation data. 

Measurements revealed an average electrode displacement of 7.0 ± 2.8 mm, which is larger 

than the 2mm tolerance used in the placement procedure. However, note that the 2mm 

tolerance is the allowed error at each of the three reference points used in placement, and 

the larger 7mm error was quantified at visit 6 (i.e. the mid-trial visit) when localizing 

the stimulation target. The larger 7mm measurement represents an accumulation of error 

from (a) inaccurate placement of the cap to the aforementioned three reference points, 

(b) additional error resulting from the non-rigid cap being placed over the head, and (c) 

potential stretching or wearing out of the cap over time (i.e. by visit 6) with use. Note that 

no significant differences in positioning accuracy were observed between conventional and 

HD-tDCS (p=0.44), which is expected since determining the scalp location for electrode 

placement as described in the Electrode placement section does not utilize information about 

the type of electrode being placed.

To provide context for the observed positioning accuracy, we simulated electric fields 

induced by conventional and HD-tDCS for three cases of electrode displacements: (a) the 

observed positioning accuracy (7mm), (b) 1cm, and (c) 2cm (the latter two being half and 

full length of the smallest electrode dimension). Simulations show that for the observed 

average displacement of 7mm, the simulated electric fields were highly consistent with the 

no-displacement case, with a correlation of > 0.90, and <10% change in the modal electric 

field and targeted volume (Table 2). Overall, the 7mm, 1cm and 2cm electrode displacement 

cases result in electric field strengths that are similar to the no-electrode-displacement case 

(with a correlation > 0.80, < 15 % change in the modal electric field, and < 5 % change in 

the targeted volume), with the exception of 2cm displacements in the HD-montage (wherein 

an average correlation of 0.58 was observed). Similar results are observed when the metrics 

are calculated using the electric field normal to the cortical surface. The same pattern of 

large-scale changes in the 2cm displacement case with the HD-montage is observed when 

the targeted volume metric is calculated using the following thresholds –(a) 50% of the 

maximum field amplitude, and (b) the median field-value threshold (see Supplementary 

S2). Overall, our results are consistent with a recent modeling study that showed that 

differences of 1 cm in electrode placement result in electric field distributions that have a 

spatial correlation of 0.8, although the study evaluated correlations using a different montage 

(19). Note that simulations also show small changes in the electric field for conventional 

montages with 2cm displacements, which is intuitive considering the large size of the 

conventional electrodes (5 × 7cm). In contrast, large changes in the electric field distribution 

were observed for the HD montages, suggesting that the efficacy of targeting in small-sized 
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electrode employing focal montages such as HD could be significantly impacted with 2cm 

displacements.

For the 2cm displacement case with the HD montage, simulations predicted a 10–15% 

reduction in the modal electric field (E-field) on average. If it could be established that some 

minimum current at the targeted location was sufficient for treatment, and higher currents 

at that location were known to be safe and therapeutically effective, a relevant question 

to consider would be whether increasing the applied current intensity to a level sufficient 

to assure attainment of the required threshold could counteract the average misplacement­

induced perturbations in the E-field strength. However, in addition to E-field strength within 

the target region, the effects of stimulation are also dependent on the spatial distribution 
of the E-field. The latter is tracked using the correlation metric shown in Table 2, and 

in the 2cm case of the HD-montage considered here, the E-field correlation between the 

displaced and ideal case is 0.58, reflecting large scale changes in the spatial distribution of 

the E-field. These differences in the spatial distribution of the E-field cannot be rectified by 

modulating the total applied current, since the latter would only scale the E-field uniformly 

across all voxels, leaving the spatial pattern unchanged. This pattern is also captured by the 

correlation metric, which is invariant to scaling effects. Thus, modulating the total applied 

current will likely not affect outcomes, because while it may help address the reduction 

in E-field, it cannot address the significant changes in the spatial pattern of the E-field 

caused by electrode misplacement. Additionally, increasing the applied current amplitude 

to compensate for misplacement-induced E-field reductions will also increase the E-field in 

non-target regions, which may lead to stimulation of unintended cortical targets.

Finally, the pCASL data was analyzed and showed significant tDCS-induced increases in 

%ch-CBF in the active-stimulation group (relative to sham) in the left-DLPFC stimulation­

target. These tDCS-induced CBF increases are consistent with prior findings of Zheng et al. 

and Baeken el al. (49, 50), who also showed CBF increases in response to tDCS. Note that 

these results are similar to our prior findings demonstrating engagement of the left DLPFC 

in a mostly overlapping sample (33), where post-treatment CBF-changes had been analyzed 

after confirming no significant differences in baseline CBF. Notably here, posthoc voxelwise 

analysis identified the peak significant voxel in this region to be located at x=−27, y=42, 
z=19.5 mm (MNI co-ordinates), which is directly underneath the intended stimulation target 

at x=−46, y=44, z=38 mm (i.e. approximately in the same coronal slice considering the 

7.5 mm smoothing threshold, and at an angle of 44.2 degrees in the coronal plane). The 

location of these increases under the stimulation target indicates that the proposed placement 

technique introduces minimal biases in the spatial location of the cortical coordinate 

ultimately targeted by tES. These in-vivo findings validate our expectations of accurate 

targeting (predicted by SIMNIBS simulations), and thus help establish the rigor of the 

proposed electrode placement technique.

Overall, the placement technique proposed in this work (a) helped control for inter-subject 

variability by personalizing the stimulation-target to each individual participant, and (b) 

minimized electrode misplacement at the stimulation-target as estimated through simulations 

and in-vivo measurements. Critically, the significant CBF increases measured under the 

stimulation target show that our careful electrode placement technique was successful 
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in mitigating the combined variability that can result from inter-individual differences 

in anatomy and electrode misplacement. However, a more detailed comparison of how 

deviation from the electrode positioning compares to the expected inter-individual variability 

would be an informative line of inquiry for future research.

Applicability to other brain targets:

Finally, we demonstrate proof of concept that the proposed technique can be used for 

electrode placement at other scalp targets. Specifically, we chose F2, Fz, F4, F8, Cz, C4, T4, 

Pz, P4, T6, and O2 MNI coordinates (as reported in (28)) as targets in order to cover most 

of the scalp. A slightly better accuracy of placement was observed, with the identified sites 

showing an average displacement of 4.28 ± 2.29 mm from the intended targets (vs. 7.0 ± 2.8 

mm measured for the L. DLPFC target). The improved accuracy could be due to the usage 

of C3, C4 and Cz reference points instead of T7 and T8 (as detailed in the Methods section).

Conclusion:

In this work, we describe a technique that was used to accurately place tES electrodes over 

a specific cortical stimulation-site in the left DLPFC and across other sites over the rest of 

the scalp. Taken together, our results show that the proposed electrode placement method 

can ensure targeting to within 1cm on average. Further, the observed variability in electrode 

placement results in minimal changes in the electric field distribution on target, as predicted 

by simulations ( > 0.90 correlation, and < 10% changes in the modal electric field and the 

targeted volume). Finally, our in-vivo observations of increased CBF directly underneath 

the stimulation target in the active stimulation group relative to sham demonstrates that 

the proposed electrode placement approach does not introduce appreciable biases in the 

spatial location ultimately targeted. Note that for specific cortical targets such as ours and 

that are the goal of most clinical trials, existing placement techniques based on cranial 
landmarks (such as the 10–20 EEG system) are not ideal because of (a) systematic bias 

introduced when approximating the scalp-projection of the cortical target by the closest 10–

20 coordinate, and (b) the variance introduced in placement by the imprecise cranio-cortical 

relationship. Overall, the accumulating inaccuracies in electrode positioning when using the 

manual 10–20 system could impact neuromodulation in the target region, especially for 

focal montages such as HD as indicated by our simulations. For this reason, we recommend 

utilizing the proposed approach for administering tES at cortical targets, especially in 

clinical trials that investigate focal montages and/or involve repeated tES sessions over 

multiple days. For translating the proposed electrode placement technique, we recommend 

piloting placement accuracy in a small sample before the trial starts. This serves to both 

train staff, and estimate expected electrode displacements, which can be simulated a priori to 

determine the sensitivity of the employed tES montage to electrode displacements. We also 

recommend measuring electrode displacements in at least one treatment visit per participant 

in order to confirm the accuracy of electrode placement throughout the trial. Based on 

this work, the choice of feasible tES stimulation sites can now be extended to include 

scalp projections of clinically relevant cortical coordinates identified through brain mapping 

studies, and does not need to be the nearest 10–20 location (which may be suboptimal for 

spatially precise montages like HD).
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Figure 1: Montages and study design.
1A shows the montages employed. The stimulation target was chosen to be the scalp 

projection (individualized to each participant) of x=−46, y=44, z=38 mm (MNI coordinates). 

For the high-definition (HD) montage, 2×2 cm sized electrodes were used in a 4×1 ring 

montage, with the anode positioned on the stimulation target, and the cathodes placed 5cm 

away from the anode, and equidistant from the two neighboring cathode electrodes. For the 

Conventional montage, 5×7 cm sponge electrodes were used with the anode positioned on 

the stimulation target and the cathode placed over x=56, y=30, z=−1 (MNI coordinates), 

approximating the F8 location. 1B shows the acquisition of study-relevant data over the 

course of the study for each participant, with (i) T1 structural data acquired at visit 0, (ii) 

neuronavigation data acquired at mid-trial (visit 6), and (iii) cerebral blood flow (CBF) data 

acquired using arterial spin labeling (ASL) MRI at baseline and post-treatment (visits 1 and 

12). Note that neuronavigation was used at baseline to locate and mark the individualized 

stimulation-target on the participant’s cap (as described in Methods, Electrode Placement 

section). Any observed displacements at this initial visit were corrected to ensure accurate 

localization of the stimulation-target for subsequent treatments.
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Figure 2: Cap Placement technique.
EEG caps are individually fit to each participant as follows: The cap is first secured using 

a chin strap, and the position of the strap is marked so that it can be secured with the 

same tension at follow-up sessions (2.A, green arrow). Next, the nasion to inion distance is 

measured, and the cap is adjusted such that the midpoint of the line joining Fp1 and Fp2 is 

10% of the nasion-to-inion distance (2.B). Following this, the cap is adjusted to ensure that 

the T7 and T8 reference points are at identical distances from the left and right tragus (2.C). 

Finally, the cap is secured by taping it down over the participant’s upper cheeks and between 

the eyebrows. The nasion to Fp1/Fp2 distance, along with the tragus to T7/T8 distances are 

recorded. For all subsequent sessions with the same participant, the cap is placed to match 

these distances to within 0.2cm. When investigating the accuracy of the proposed technique 

for other brain targets, piloting indicated that using the left tragus to C3, right tragus to 

C4, and left/right tragus to Cz provided slightly better accuracy than the T7/T8 reference 

points. Consequently, these reference points were utilized instead of T7 and T8 (shown in 

2.C, light-green arrows). Note that the exact correspondence of the reference points on the 

cap to the actual T7, T8 etc. is not important, what is crucial for correct cap-placement is to 

ensure that the distances of the reference points to anatomical landmarks are within the 0.2 

cm tolerance.
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Figure 3: Distribution of the electric field at zero displacement.
Figure shows the distribution of the (a) the electric field (E-field) strength, and (b) electric 

field normal to the cortical surface, in the 1cm spherical ROI centered at the stimulation 

target in the ideal zero-displacement case for both the conventional and high-definition 

tES montages. In all cases, the distribution was observed to be heavy-tailed, providing 

motivation for the use of the modal electric field as a summary statistic rather than the mean. 

The modal electric field was calculated after data-binning using the Freedman-Diaconis (41) 

criterion for heavy-tailed distributions
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Figure 4: CBF increases near the stimulation target.
A significant increase in the percentage-change cerebral blood flow (%ch-CBF, post­

treatment relative to baseline) was observed in the active stimulation group relative to sham 

in the left DLPFC (p = 0.046). The left DLPFC region was defined using an anatomical ROI 

from the Sallet atlas (51), and is shown in green. Within this region, the peak significant 

voxel was observed to be at x=−27, y=42, z=19.5 mm (MNI co-ordinates), and was located 

using posthoc t-tests that were performed voxel-wise (p < 0.05, and shown with the red­

yellow colormap). For comparison, the cortical stimulation target is shown with a white 

arrow. Note that the stimulation target was located at x=−46, y=44, z=38 mm, which is 

approximately in the same coronal slice (within the 7.5 mm smoothing threshold) at an angle 

of 44.2 degrees in the coronal plane.
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Table 1.
Accuracy of electrode placement.

Distances between the intended stimulation site and the actual stimulation site (the latter identified using the 

cap-placement technique) were measured using the Brainsight neuronavigation system at the mid-trial visit 

(visit #6). Overall, the electrodes were off by 7.0 ± 2.8 mm on average, with a maximum displacement of 13 

mm. No significant differences were observed between the HD and Conv groups (p = 0.44, two sample t-test), 

with each group showing a mean displacement of 6.7 ± 2.7 mm and 7.3 ± 3.0 mm respectively.

Total HD Conv

Mean (mm) 7.0 6.7 7.3

SD (mm) 2.8 2.7 3.0

Max (mm) 13 11 13

N (#) 48 23 25
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Table 2:
Simulations comparing electric fields induced by displaced electrodes to the ideal zero­
displacement case.

2A shows (electric) field strengths in displaced montages, compared to the ideal case. Three displacement 

scenarios were considered (a) 7mm (the experimentally observed electrode displacements on average), (b) 

10mm, and (c) 20mm; with the latter two being half, and full lengths of the smallest electrode dimension 

(Fig 1). For (a), electric fields were observed to be highly consistent with the no-displacement case, with 

a correlation of > 0.90, and <10% change in the modal electric field and targeted volume. For (b) and (c), 

with the exception of the 20mm displacement case with the HD montage, electric field strengths in the 

displaced montages were also observed to be similar to the ideal zero-displacement montage, with an average 

Pearson correlation > 0.80, and a < 15% change in the modal electric field and targeted volume. Similar 

results were observed when the analysis was performed using the electric fields normal to the cortical surface 

(shown in 2B). In contrast, 20mm displacements in the HD montage showed large changes, with an average 

Pearson correlation coefficient of 0.58 for the electric field strength. Although the correlation improved in this 

case when only electric fields normal to the cortical surface were considered (r = 0.74), large changes were 

observed in the modal electric field and targeted volume (−45.37% and −30.93% respectively), indicating a 

significant impact of 20mm displacements on the HD-montage.

A. Changes in Electric field strength with electrode displacement

(Montage)
Electrode Displacements

7mm 10mm 20mm

Pearson r
Conv 0.99 0.98 0.92

HD 0.91 0.86 0.58

%change

modal E-field
Conv 3.49 4.65 11.63

HD −2.13 −0.49 −3.28

targeted volume
Conv 0.00 0 0.00

HD 0.00 0 −0.02

B. Changes in electric fields normal to the cortical surface with electrode displacement

(Montage)
Electrode Displacements

7mm 10mm 20mm

Pearson r
Conv 0.99 0.99 0.96

HD 0.96 0.94 0.74

%change

modal E-field
Conv 4.17 8.33 −8.33

HD −5.56 −9.26 −45.37

targeted volume
Conv −0.32 0.32 −0.19

HD −2.09 −3.64 −30.93
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Table 3.
Accuracy of the proposed technique at targets over the rest of the scalp.

MNI coordinates of F2, Fz, F4, F8, Cz, C4, T4, Pz, P4, T6, and O2 (reported in (28)) were chosen as targets to 

ensure reasonable coverage of the full scalp. Displacements from these targets was measured using Brainsight 

in a small sample (4 participants X 2 raters) to provide proof of concept that the developed electrode 

placement technique is applicable to targets over the rest of the scalp. Overall, an average displacement of 4.28 

± 2.29 mm was observed, with a maximum displacement of 12.79 mm.

Target Mean (mm) SD(mm) Max(mm)

F2 4.22 2.10 7.47

Fz 3.23 2.48 7.42

F4 3.62 1.93 7.22

F8 3.50 1.27 5.16

Cz 5.25 3.46 10.49

C4 3.63 1.70 5.81

T4 3.88 1.35 5.46

Pz 5.39 3.79 12.79

P4 4.76 2.02 7.82

T6 4.24 1.80 7.12

O2 5.37 2.30 8.60

Overall 4.28 2.29 12.79
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