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Background: Inaccurate electrode placement and electrode drift during a transcranial electrical stimu-
lation (tES) session have been shown to alter predicted field distributions in the brain and thus may
contribute to a large variation in tES study outcomes. Currently, there is no objective and independent
measure to quantify electrode placement accuracy/drift in tES clinical studies.
Objective/hypothesis: We proposed and tested novel methods to quantify accurate and consistent elec-
trode placements in tES using models generated from a 3D scanner.
Methods: Accurate electrode placements were quantified as Discrepancy in eight tES participants by
comparing landmark distances of physical electrode locations F3/F4 to their model counterparts. Dis-
tances in models were computed using curve and linear based methods. Variability of landmark locations
in a single subject was computed for multiple stimulation sessions to determine consistent electrode
placements across four experimenters.
Main results: We obtained an average of 0.4 cm in Discrepancy, which was within the placement ac-
curacy/drift threshold (1 cm) for conventional tES electrodes (~35 cm2) to achieve reliable tES sessions
suggested in the literature. Averaged Variability was 5.2%, with F4 electrode location as the least
consistent placement.
Conclusions: These methods provide objective feedback for experimenters on their performance in
placing tES electrodes. Applications of these methods can be used to monitor electrode locations in tES
studies of a larger cohort using F3/F4 montage and other conventional electrode arrangements. Future
studies may include co-registering the landmark locations with imaging-derived head models to
quantify the effects of electrode accuracy/drift on predicted field distributions in the brain.

© 2018 Elsevier Inc. All rights reserved.
Introduction

Transcranial electrical stimulation (tES) is a promising non-
invasive neuromodulation technique that can affect brain func-
tions [1e6]. In tES, a mild electrical current (e.g., 2mA) is applied
via two or more electrodes that are placed directly on the scalp.
Conventional tES uses a pair of bicarbon pads (surface area ca.
35 cm2) with one anode and one cathode as electrodes that are
secured on the head using elastic straps. Saline soaked sponges
encapsulating the electrodes, or other electrolytes e.g., conductive
d Health Psychology, Univer-
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paste applied on the electrode surface, are used to minimize scalp
sensations while providing good contacts for electrical stimulation
[1]. Electrode configurations in tES are based on previously estab-
lished methods to localize electrode position, such as the standard
10e20 EEG System [1]. The choices of different electrode montages
used in tES are typically determined based on intended stimulation
regions [1,7,8]. For instance, electrodemontage F3/F4 is widely used
in tES to target the left and right dorsolateral prefrontal cortex
(DLPFC) to improve cognitive processes related to these regions,
such as decision-making and working memory [1,9e11].

The number of empirical studies investigating tES effects in
healthy and diseased population has been growing exponentially in
the last decade, yet the efficacy and reproducibility of tES studies
remain unsolved. Many clinical tES studies have used insufficient
sample sizes to report significant stimulation effects, and thus
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Fig. 1. Selected landmark locations in phantom objects. Individual landmarks are
noted by green dots in a) rectangular and b) spherical phantom. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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reported tES effects could be under- or overestimated and subject
to publication bias [12e14]. Additionally, a large variability in re-
ported individual responses to tES suggested that using the same
nominal electrode placements might not produce the same effects
across individuals [15,16]. Current dose in the brain resulting from
different combination of stimulation parameters such as current
intensity, stimulation duration and electrode montage has been
considered crucial in individual physiological responses caused by
tES [1,17,18]. However, the actual stimulation current dose in indi-
vidual brain structures cannot be measured in-vivo and thus mak-
ing it difficult to validate and repeat observed outcomes. Therefore,
current flow modeling studies using realistic human head models
have been employed to predict current dose in the brain caused by
tES [19e22] and validated against tES in-vivo studies in humans
[23e27].

Electrode drift in tES has been shown to alter predicted current
density and electrical field distributions in the brain [28e30]. Our
previous finite element modeling study showed that a 5% drift in
electrode positions involved in M1/SO and F3/F4 montages could
significantly alter predicted electric field distributions caused by
tES [28]. The 5% electrode drift was equivalent to 1e1.5 cm distance
on average human heads, which was later suggested by Opitz et al.
[31] as the threshold of electrode placement accuracy to achieve
reliable stimulation sessions. Spatial correlations between the
electric field for each electrode position and the computed electric
field from target electrode location continued to decrease as the
electrode was positioned further away from the target electrode
location [31]. Implications of these findings suggested that elec-
trode drift larger than 1 cm from the intended electrode positions
of the same montage could significantly change the shape of field
distribution and thus might alter stimulation current dose in tar-
geted cortical regions. Therefore, ensuring accurate and consistent
electrode placements might be key to achieve reliable and mean-
ingful results in tES studies [28,29].

At present, there is no independent measure to objectively
monitor accurate and consistent placements of tES electrodes.
Electrode montages reported in previous tES studies are assumed
to be in correct locations that are predetermined using the standard
10e20 EEG System or the neuronavigation system. While the
Standard EEG 10e20 System is considered as an objective method,
actual applications of head measurement procedure following this
system may vary depending on the experimenters’ experience and
are subject to human error. Therefore, a lack of good practice in
electrode placements can result in a seemingly small error that
shifts electrode position with potentially significant impacts on
outcomes [31]. Improper use of the elastic straps to hold the elec-
trodes in place might also cause the electrodes to drift. These issues
raise a concern of the importance in documenting electrode drift
during tES sessions. Therefore, there is a need in quantification of
electrode drift to ensure reliable electrode placements and can
potentially serve as covariates related to variability in observed tES
outcomes.

In this study, we proposed methods to quantify accuracy and
consistency of conventional tES electrode placements. Individual
electrode locations were identified as landmarks at the center of
each electrode and converted to 3D models using a 3D scanner.
Landmark distances in generated models were compared to phys-
ical measurements as ametric of electrode placement accuracy. The
same landmark locations of the same subjects were then compared
across multiple stimulation sessions to quantify electrode place-
ment consistency. We applied the proposed methods in eight tES
participants who underwent stimulation in F3/F4 configurations
and obtained an average of 0.4 cm in electrode drift with 5.2%
averaged variability in placement consistency. Methods presented
in this study provide a simple tool to measure accurate and
consistent electrode locations and can be used as quality control to
monitor electrode placements in future tES studies.

Methods

A total of two phantom objects, two dummy subjects and eight
tES participants were included to test landmark accuracy calcula-
tion. All landmark locations were annotated using green stickers
with 6mm in diameter and landmark distances were physically
measured using a tape measurement. Marked objects were then
scanned and converted into 3D models. Distances between the
landmarks in generated models were calculated using curve and
linear based methods. Our initial study outlining the accuracy
metric tested in phantom and dummy subjects has been previously
submitted as a conference proceeding [Indahlastari et al., 2018, in
prep]. An additional metric to quantify landmark consistency was
performed in two dummy subjects and eight tES participants. All
experimental procedures involving tES participants reported in this
study followed the protocols approved by the University of Florida
Institutional Review Board. Details on data collection, model con-
struction and landmark metrics computation are described in the
following sections.

Validation experiments

A rectangular object (18� 25� 29 cm) with a flat surface and a
spherical object (diameter ~66 cm)with smooth curvy surfacewere
used as phantom objects. Eight and five landmark locations were
arbitrarily chosen in rectangular and spherical phantom, respec-
tively. The physical distances between selected pairs of landmarks
as shown in Fig. 1 were measured and recorded. Five consecutive
scans were performed on each phantom to generate five 3Dmodels
of each kind.

Head measurements following the 10e20 EEG System for F3/F4
montage were performed in two dummy subjects, Dummy A (male)
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andDummy B (female). Green stickerswere placed on four landmark
locations: Nasion, Fz, F3 and F4 before (PRE) and after (POST) elec-
trode placements. Carbon rubber pad electrodes (5� 5 cm) were
inserted in saline soaked sponges (5� 7 cm, thickness upto1 cm) and
placed onF3/F4 location such that the green stickerswere centered in
eachelectrode.Directmeasurementsdefinedas the shortestdistances
between green stickers on landmarkNasion-Fz, Fz-F3 and Fz-F4were
also recorded. Five consecutive scanswereperformedduring PREand
POST to generate ten head models per subject.
tES participants

Head scans of eight tES participants in an active phase 2 and
phase 3 clinical trial [32] were randomly selected to test the ac-
curacy and consistency metric computation. A total of five males
and three females (mean age 69.9, age range 65e77 years old)
received either active or sham stimulation using F3/F4 montages
with F4 as the anode and F3 as the cathode electrode site. Each
stimulation session was administered as 2mA direct current for
20minutes inmultiple consecutive days ranging from 10 to 19 days.
Head measurements following the 10e20 EEG System were per-
formed in each participant by study interventionists (E1-4) to place
tES electrodes in F4 and F3 location. After securing the electrodes
with a strap, green stickers were placed at Nasion, Fz, F4 and F3
location. Each participant was then scanned using a 3D scanner
prior to stimulation. Details on subject demographic including
stimulation days, the amount of hair surrounding landmark loca-
tions and study interventionists are summarized in Table 1.
Table 1
Details on selected eight tES participants for landmark accuracy and consistency
calculation.

Subject Gender Stim. Length (days) Hair near Landmarks Interventionist

1 Female 10 Low E1
2 Male 10 Low E1
3 Female 10 High E2
4 Female 10 High E1
5 Male 18 High E3
6 Male 19 Low E3
7 Male 18 Low E3
8 Male 19 Low E4

Fig. 2. Curve based method to measure landmark distances in generated models. Illustra
phantom, spherical phantom and Dummy A. Annotated values (C1-C4) in each model corre
Nasion-Fz, Fz-F4, Fz-F3 in head models.
Model construction

Upon placing green stickers on selected landmarks, each object
was scanned using 3DSizeMe software and an external 3D scanner
[TechMed 3D, Quebec City] mounted on an iPad Air 2 [Apple Inc.,
CA]. All scanned datasets were imported to MSoft software
[TechMed 3D, Quebec City] for preprocessing steps prior to land-
mark distance calculation. Landmarks on the scanned objects that
were not automatically detected in the software were generated
manually. All processed landmarks in each model were exported
into a text file for linear distance calculation. During the pre-
processing steps, each head model orientation was normalized by
following instructions in MSoft software. The normalized head
models were then clipped using a bounding box spanning from
chin to the head apex (z-axis), left to right ear (y-axis), and tip of the
nose to the back of the head (x-axis). The vertices of the clipped
head models were then exported into ASCII text file for consistency
metric calculation.
Landmark accuracy metric

Landmark accuracy metric was defined as the discrepancy be-
tween actual landmark distances measured directly on objects
(Distanceactual) and those computed in the generated 3D models of
the objects (Distancemodel), such that:

Discrepancy¼Distanceactual e Distancemodel (1)

In phantom, the Distanceactual was the shortest distance
measured between two landmarks. In dummy subjects and tES
participants, the Distanceactual was the measured distance between
the landmark Nasion-Fz (30% of Nasion-Inion distance), Fz-F3 (20%
of preauricular points) and Fz-F4 (20% of preauricular points) ac-
cording to the 10e20 EEG System. In dummy subjects, additional
values for Distanceactual were also obtained using direct measure-
ments, which was the shortest distance measured between the two
landmarks. Computed discrepancy values using these Distanceactual
values were then compared between PRE and POST to determine
any effects from the electrode thickness on computed landmark
accuracy. Distancemodel was calculated in generated 3D models by
tions from left to right are computed landmark distances using MSoft in rectangular
sponding to landmark: d5-d8 in rectangular phantom, 1e4 in spherical phantom, and
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using two methods: curve based and linear based. Curve based
methods utilized a measuring tool within MSoft GUI that included
the surface curvature of the objects as shown in Fig. 2. Linear based
methods used the Euclidean distance (D) formula to compute linear
distance between landmark coordinates as follow:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x1Þ2 þ ðy� y1Þ2 þ ðz� z1Þ2

q
(2)

In-house MATLAB [MathWorks, MA] codes were used to sort
landmark category (Nasion, Fz, F4 and F3) within the text files and
compute linear distance of Nasion-Fz, Fz-F4 and Fz-F3.

Landmark consistency metric

To quantify the consistency of electrode placements across head
scans of the same subjects that were collected in multiple days, we
computed the variability of landmark location Nasion, Fz, F4 and F3
using the coefficient of variation formula such that:

Variability ¼ Std Devffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p � 100% (3)

where Std Dev is the standard deviation of individual x,y, and z-
coordinates of landmark locations across multiple days for each
subject. Prior to Variability computation, preprocessed individual
head models collected from multiple days were aligned by zeroing
the xyz-coordinates according to the three chosen facial features
i.e., the tip of the nose (x), the left ear (y) and the bottom of the chin
(z).

Results

Computed Discrepancy values are summarized in Table 2, Figs. 3
and 5. Negative numbers of Discrepancy values indicated that the
physical measurements (Distanceactual) in objects were smaller
than computed distances in their modeled counterparts (Dis-
tancemodel). The average preprocessing time for head models was
86 seconds. CB measurements in head models took 80 seconds to
Table 2
Computed Discrepancy in rectangular and spherical phantom objects. Physical
measurements of landmark distances were recorded and compared to the same
distances in models calculated using curve based (CB) and linear based (LB)
methods. Absolute percentage differences (jPDj) between CB and LB were computed
with respect to CB.

Rectangular Phantom

DISTANCE DISCREPANCY

Actual (mm) CB (mm) LB (mm) jPDj(%)

81 �0.72± 0.28 �0.72± 0.27 0.00
80 0.58± 0.37 0.6± 0.34 3.45
51 0.08± 0.26 0.08± 0.25 0.00
50.5 0.48± 0.24 0.49± 0.21 2.08
93 �1.8± 0.46 �1.79± 0.46 0.56
95 0.86± 0.3 0.87± 0.28 1.16
95 �0.76± 0.24 �0.76± 0.25 0.00
95 �0.52± 0.31 �0.51± 0.32 1.92
Average �0.23± 0.31 �0.22± 0.3 0.53

Spherical Phantom

Actual (mm) CB (mm) LB (mm) jPDj(%)

103 �1.02± 1.68 3.35± 1.42 4.37
59.5 1.36± 3.71 2.3± 3.56 0.94
63 1.98± 2.34 2.78± 2.23 0.80
137 0.14± 3.64 9.76± 2.72 9.62
242 1.64± 3.5 51.55± 1.6 49.91
Average 0.82 þ 13.95 2.97 þ 2.31 13.13
complete while LB measurements took less than 1 second per
subject on average. Percentages shown in Figs. 4 and 6 are calcu-
lated Variability values of landmarks located in Nasion, Fz, F3 and
F4.

Phantom objects

Table 2 shows actual measured distances and Discrepancy
values computed in the rectangular and spherical phantom.
Discrepancy values computed in the rectangular phantom had an
average of �0.23± 0.31mm for curve based (CB) and �0.22± 0.3
for linear based (LB) methods. The average of absolute percentage
differences (jPDj) between CB and LB measurements in rectangular
phantomwas 0.53%. In spherical phantom, the average Discrepancy
values were 0.82± 2.97mm for CB and 13.95± 2.31mm for LB
calculations. Computed jPDj between CB and LB measurements
were up to 9.62% for distances of 137mm or less, with the largest
jPDj of 49.91% for landmark distance 242mm apart.

Dummy subjects

Fig. 3 shows computed Discrepancy in dummy subjects using
actual distances obtained from following the 10e20 EEG System
and using direct measurements. Absolute Discrepancy values for
actual distances following the 10e20 EEG System (Fig. 3a) were up
to 12.38mm and 7.14mm for CB and LB methods, respectively.
Calculated Discrepancy using directmeasurements before and after
electrode placements in both subjects is shown in Fig. 3b with an
average Discrepancy of 0.54mm.

Calculated Variability values corresponded to landmark place-
ments in five consecutive 3D scans are summarized in Fig. 4.
Overall, Dummy A had smaller Variability values compared to
Dummy B for all landmark locations. The average Variability was
1.9% and 2.9% for Dummy A and B, respectively. Landmark place-
ments at the Nasion location were the most consistent with aver-
aged Variability of 1.9% (PRE) and 2.3% (POST).

tES participants

Computed Discrepancy of landmark distances Nasion-Fz, Fz-F4
and Fz-F3 in eight tES participants is shown in Fig. 5. Absolute
Discrepancy values were in the range of 0.02e13.26mm for CB and
0.01e7.72mm for LB methods. Overall, CB method produced
smaller Discrepancy values than LB in subjects with less hair
obstruction near the landmarks. The smallest absolute values of
averaged Discrepancy were 0.10mm for CB (Subject 2) and
0.30mm for LB calculation (Subject 4). The largest absolute CB
Discrepancy was 13.26mm found in Subject 3 while the largest
absolute LB Discrepancy was 7.72mm in Subject 6.

Fig. 6 summarizes computed Variability in individual tES par-
ticipants. The range of computed Variability was from 3.9% (Subject
4) to 9.8% (Subject 1). Landmark locations were the most consistent
for Nasion placement (ca. 3.8%) and the least consistent for F4
placement (ca. 6.8%). The average Variability for all four landmark
placements produced by Interventionist E1 to E4 was 5.4%, 4.9%,
5.4% and 4.0%, respectively.

Discussion

This study presented and tested novel methods to estimate the
accuracy and consistency of landmark locations associated with tES
electrode placements. Physical measurements of landmark dis-
tances in objects and subjects were compared to the same distances
computed in their 3D model counterparts. Landmark distances in
models were computed using curve based (CB) and linear based



Fig. 3. Computed Discrepancy in two dummy subjects. Landmark distances Nasion-Fz, Fz-F4 and Fz-F3 were compared between those measured in subjects and in models. Actual
distances were computed using a) the 10e20 EEG System and b) direct measurements (the shortest distance between two landmarks).
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(LB) measurements. The proposed accuracy and consistency
methods were tested in eight tES participants that underwent
multiple stimulation sessions using an F3/F4 montage. The context
of our findings, study limitations and future direction are discussed
in the sections below.
Fig. 4. Computed Variability in two dummy subjects. Individual percentage values
represented five consecutive 3D scans of landmarks before (PRE) and after (POST)
electrode placements.
Model validation

Results from phantoms and dummy subjects indicated that
landmark locations in generatedmodels were good representations
of their actual locations. For instance, the average Discrepancy in
the rectangular phantom (ca. �0.23mm) suggested that the dif-
ference between landmark locations in objects and their model
counterparts were negligible. Therefore, comparisons made be-
tween landmark distances computed in models and the actual
measured distances in objects were considered valid. Further,
landmark distance Fz-F4 and Fz-F3 in head models were computed
based on the green stickers placed on F4 and F3 electrodes, and
compared to markings on the scalp prior to electrode placements.
This method of comparison might raise a concern of any unknown
effect of electrode thickness on computed Discrepancy. We per-
formed direct measurements in dummy subjects to quantify this
effect and obtained an average Discrepancy of 0.54mm, which was
~1% of the electrode's length. Therefore, we considered electrode
thickness to have a negligible effect on accuracy metric computa-
tion and thus verified the Discrepancy values computed between
model and actual measurements.

The 3D scanner used in this study might produce inconsistent
images and, in turns, could alter the rendering of landmark loca-
tions in scanned objects affecting computed landmark accuracy.



Fig. 5. Computed Discrepancy as a measure of electrode placement accuracy in eight tES participants. Positive and negative values of Discrepancy indicating whether the distances
measured in models were larger or smaller than physical measurements, respectively. Landmark distances in generated head models were calculated using curve based (CB) and
linear based (LB) methods.

Fig. 6. Landmark Variability computed in each tES participant. Percentage values
corresponding to individual subjects are color-coded based on the study interven-
tionist E1 (blue), E2 (green), E3 (red) and E4 (black). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of this
article.)
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Five consecutive scans in each dummy subject were acquired to test
the consistency of landmark positions captured by the scanner. Our
findings showed that computed Variability in these five scans were
averaged at 2.9% and thus indicating that the 3D scanner used for
this study was capable to produce reliable images within 3%
Variability.

Curve based versus linear based measurements

Using LB methods to estimate landmark distances on a curved
surface was limited to the spread of landmark locations, and thus
the appropriate usage of LB methods is determined based on the
distance spanned between the electrodes. As expected, we ob-
tained larger absolute percentage differences between landmark
distances computed using CB and LB, as the two landmark locations
were further apart (Table 2). We tested the accuracy metric on
landmarks associated with F3/F4 montage and the furthest land-
mark location for this montage was 108mm apart. Calculated ab-
solute percentage differences in the spherical phantomwere 4.37%
and 9.62% for landmark distances of 103mm and 137mm apart.
Assuming that the head surface was fairly smooth, computed
Discrepancy values using LB and CB in headmodels should differ by
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5e10%. This observation indicated that either CB or LBmethodswas
sufficient to use and produced up to 10% difference in computing
Discrepancy associated with F3/F4 montage, or with other mon-
tages involving electrode locations within 137mm apart.

While, intuitively, LB methods are expected to produce less ac-
curate measurements than CB methods on curved surfaces (e.g.,
human heads), our results indicated that preferred applications of
either CB or LB measurements in head models would depend on
hair presence surrounding the landmarks. The scanned images of
the head included subjects’ hair and thus any hair surrounding the
landmarks were rendered as rough terrains at the surface of
generated 3D models. Therefore, CB measurements in head models
produced more accurate distances than LB when applied on
smoother head surface i.e., with minimal hair obstruction nearby
the landmark locations. For instance, Subject 2 was bald and
computed Discrepancy on this subject was the smallest for CB
measurements (ca. �0.10mm). On the contrary, landmark dis-
tances in models computed using LB methods were more accurate
in subjects with more hair surrounding the landmarks such as seen
in Subject 3. Therefore, LB methods might be more appropriate to
use than CB in head models with more hair presence in between
the landmark locations.

LB method produced more consistent Discrepancy values and
was faster to complete compared to CB measurement process. The
standard deviations of computed Discrepancy in the spherical
phantom, dummy subjects and tES participants were mostly larger
for CB measurements, indicating that computed Discrepancy using
CB method was highly variable. The procedure to perform CB
measurements required manual labor and thus might contribute to
variation of measured CB values. Further, LB measurement process
can be automated for batch processing, which is useful for moni-
toring electrode placements in tES clinical studies with larger
cohort, such as in our ongoing phase 3 tES ACT trial [32].

Applications in quality control for electrode placements

Computed Discrepancy in landmark distances of individual head
models can be used as a feedback tool for experimenters on their
performance in tES electrode placements. In this study, the land-
mark locations in tES participants were selected based on electrode
placement F3/F4. Large values in computed Discrepancy suggested
that landmark locations in generated head models did not align
with their actual locations that were determined using the 10e20
EEG System. Since the landmarks were placed at the center of in-
dividual electrodes, larger Discrepancy values in landmark loca-
tions corresponded to less accurate placements of electrodes.
Therefore, our proposed methods offer an accuracy metric calcu-
lation that can be completed after each stimulation session and
serve as quantitative feedback to study interventionists. Computed
Discrepancy values may be used to keep track all electrode posi-
tions involved in multiple stimulation sessions, and serve as
covariates for future data analyses to determine potential effects of
varying electrode locations on stimulation outcomes.

Calculated Variability values indicated whether electrode
placements performed by experimenters were consistent across
multiple stimulation sessions and thus can be used to evaluate
existing study protocols. Electrode placements in eight tES partic-
ipants were performed by different study interventionists (E1-4) as
listed in Table 1. Comparisons of Variability results between in-
terventionists with the same number of subjects reflected their
individual performances in placing the landmarks. For instance,
interventionist E3 was less consistent (5.7%) compared to E1 (4.7%)
when placing F3 electrode as shown in Fig. 6. As expected, all in-
terventionists were the most consistent in placing the landmark at
Nasion location (ca. 3.8%) because of an anatomical landmark (nose
bridge) associated with this location. On the contrary, F4 place-
ments were the least consistent (ca. 6.8%) and had the most vari-
ation across interventionists. This large variation could be caused
by the order of electrode insertion under the strap. According to the
study protocol, the anode electrode (F4) was secured first under the
strap followed by securing the cathode electrode (F3). Therefore,
the F4 electrode might have had shifted underneath the strap
during the placement of F3 electrode. This finding suggested that
extra caution is needed while securing multiple electrodes under-
neath the strap, and that the electrodes may need readjustment
prior to the start of stimulation to ensure correct stimulation sites.

Study limitations and future direction

Computed Discrepancy to estimate electrode placement accu-
racy was mainly leveraging the assumption that the head mea-
surements were done correctly. Individual head measurements
reported in this study were based on the standard 10e20 EEG
System and performed by different study interventionists. While a
standardized method was used, other factors such as human error
could introduce a variation in obtaining landmark locations.
Therefore, our accuracy metric was limited to the discretion of
correct headmeasurements and thus ignored possible human error
during the physical measurement of the head. Generating ideal
electrode locations of the 10e20 EEG System in individual head
models derived from imaging data might provide more accurate
reference points for landmark locations, but would represent a
significant increase in study requirements and study cost.

Our proposed methods were tested in a single montage of
conventional tES electrodes and did not include other types of tES
electrodes and montages. We expect our proposed methods to be
applicable in other electrode types and montages as long as land-
mark locations are visible in the scanned images. However, anno-
tating the landmark such as using green stickers may be
challenging depending on the surface condition of the electrode.
For instance, any excess gel usewithmulti-array tES electrodesmay
cause the stickers difficult to adhere, and thus will require an
alternative way to mark the electrodes. Further, our findings indi-
cated that using LB methods were limited to electrode montages
within 137mm apart. Multi-array tES electrode configurations
typically involve smaller distances in between the electrode loca-
tions [22] and thus either CB or LB methods are good candidates to
use for these electrode arrangements.

Despite CB and LB measurement methods, we recognize the
need of using a more accurate distance calculation method that
includes the curvature of the head without the rendering of sub-
ject's hair. The distance measurement techniques used in this study
demonstrated a quick way to compute the distances in models
using unaltered rendering of the head scans. Other techniques that
generate smoother head models without the presence of hair can
be explored to produce more accurate landmark distance calcula-
tions in models. For instance, mapping landmark coordinates on
realistic head models generated from individual T1 images to
compute landmark distances for the accuracy metric.

Our proposed methods did not account for electrode orientation
e.g., to detect possible rotations in multiple electrode placements of
the same subjects. Electrode orientation during tES dictates the
shape of stimulation contact area and thus any discrepancy in
electrode orientation may alter the pattern of stimulated current
flow to the brain. In this study, we only used a single marker that
was centralized in each electrode to compute the accuracy and
consistency metric. Therefore, our results were limited to trans-
lational error at the center of the electrodes and neglecting any
potential discrepancy caused by variations of electrode orientation.
However, our methods can be extended to include multiple
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markers for each electrode. These markers can be placed sparsely
along the electrode's edge to capture the orientation of individual
electrode placements. An additional metric calculation to quantify
the degree of rotation in each electrode is then required to carefully
track any changes in electrode orientation across multiple stimu-
lation sessions.
Conclusion

Clinical studies involving tES have been growing exponentially,
yet reproducibility of these studies remains a challenge. Reported
individual responses to stimulation effects of tES have varied,
including stimulation sessions that used the same electrode mon-
tages. Previous computational studies have shown that electrode
drift within the same montage can alter field distributions in the
brain and thus may affect observed tES outcomes. At present, there
is no standardized protocol to monitor tES electrode locations and
thus making it difficult to ensure correct electrode placements
across tES studies. In this study, we proposed novel methods to
estimate electrode location accuracy and consistency using head
models generated from a 3D scanner. We tested our methods in
eight tES participants underwent multiple days of stimulation in
F3/F4 montage. Our preliminary results showed that the average
accuracy in electrode placements across all participants was 0.4 cm
and up to 1.36± 0.3 cm in one participant, which was slightly
greater than the recommended threshold (1 cm) of electrode drift
to conduct reliable tES studies [28,31]. Findings from this study can
be coupled with current flow modeling to quantify any changes in
predicted current density distributions caused by computed elec-
trode drift. Applications of these methods can be used to monitor
electrode placements in tES studies involving F3/F4 montages and
expanded to include other electrode montages. Future studies may
include a larger cohort and refinements of landmark distance
measurements in generated head models using imaging data.
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