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Transcranial electrical stimulation (tES) is a non-invasive technique widely used in modulating brain
activity and behavior, but its effects differ across individuals and are influenced by head anatomy. In this
study, we investigated how the electric field (EF) generated by high-definition tES varies across the lifes-
pan among different demographic groups and its relationship with neural responses measured by func-
tional magnetic resonance imaging (fMRI). We employed an MRI-guided finite element method to
simulate the EF for the two most common tES montages (i.e., targeting the dorsolateral prefrontal cortex
and motor cortex, respectively) in two large cohorts of white and Asian participants aged 12 to 100 years.
We found that the EF intensity decreased with age, particularly in individuals under 25 years of age, and
was influenced by gender and ethnicity. We identified skull thickness, scalp thickness, and epidural cere-
brospinal fluid thickness, as the primary anatomical factors accounting for the inter-individual EF vari-
ability. Using a concurrent tES-fMRI approach, we observed a spatial consistency between the
simulated EF and the brain activity changes induced by tES in the target region. Finally, we developed
an open-source toolbox incorporating age-stratified head models to facilitate efficient EF calculations.
These findings characterize and quantify the individual differences in tES-induced EF, offering a reference
for implementing personalized neuromodulation strategies.
� 2024 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
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1. Introduction

Non-invasive neuromodulation via transcranial electrical stim-
ulation (tES) has emerged as a promising tool for various scientific
and therapeutic applications owing to its safety, availability and
portability [1–3]. However, significant variability in outcomes
across tES studies has been reported [4,5]. This variability may
arise from differences in head anatomy as well as variations in
neural and behavioral responses to electrical stimulation [6]. The
physical influence of head anatomy on the distribution and inten-
sity of electric currents reaching target brain regions underlies the
observed variability in neural and behavioral responses. Conse-
quently, individualized tES approaches have gained attention in
recent years, as they offer the potential to optimize stimulation
protocols based on individual characteristics, thereby enhancing
the efficacy and reproducibility of tES interventions.

The advent of magnetic resonance imaging (MRI)-guided com-
putational modeling with finite element analysis has enabled
non-invasive investigation of the electric field (EF) distribution in
individual brains [7–10]. Variations in head anatomy across age,
gender and ethnic groups [11–15] lead to distinct EF distributions
among demographic groups. Previous studies have devised sys-
tematic methodologies for high-resolution individualized model-
ing to capture fine anatomical structures and compute EF
distributions based on structural MRI data [16–19]. However,
existing studies utilizing MRI-guided modeling of individualized
tES have mainly focused on age-related decreases in simulated
EF intensity, without revealing the lifespan trajectories of intensi-
ties or the complex interaction effects of age and gender in differ-
ent ethnic groups [20–29]. Furthermore, few studies have explored
the application of high-definition (HD) tES, which uses multiple
small electrodes, known as ‘‘high-definition” electrodes, to achieve
ing, and
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Fig. 1. Study overview with three main research questions, approaches, data sources, and a practical application of the study. The study employed a combination of analytical
approaches, including computational modeling and morphometric analysis, to investigate inter-subject variability in tES-induced electric fields and identify the underlying
anatomical factors based on large-scale T1 MRI data. Additionally, an experimental approach utilizing concurrent tES-fMRI was employed to obtain fALFF/degree centrality
maps during stimulation and explore the relationship between simulated electric fields and induced brain activations. EF: electric field; tES: transcranial electrical
stimulation; fALFF: fractional ALFF; fMRI: functional magnetic resonance imaging.
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more focal stimulation and allow for maximizing brain stimulation
intensity under fixed constraints on the scalp current [7].

Further studies have examined the precise anatomical factors
underlying inter-individual variability in EF distribution. Factors
such as cerebrospinal fluid (CSF) volume and skull thickness have
been shown to heavily influence intensities in the target [20,24–
26,30,31]. Moreover, scalp thickness, sulcal depth, the distance
between the target region and the electrode, along with the mor-
phology of brain structures such as gyri and sulci, also play critical
roles in determining the resulting EF [20,25,30–35]. However,
these factors have been investigated separately, and a comprehen-
2

sive study that considers both EF intensities and focality with a lar-
ger sample size is warranted.

While computational flow-current models have been validated
using scalp potentials [36] and in vivo intracranial recordings that
capture electric current intensities [37–39], research on the func-
tional state changes of the brain in response to electrical stimula-
tion remains limited, which is believed to contribute to the
variability in tES outcomes. Functional MRI (fMRI) reveals both
local and large-scale brain responses to the stimulation. By deliver-
ing tES inside the MRI scanner, concurrent tES-fMRI offers a
promising approach to elucidate the causal interactions between
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extrinsic stimulation and brain neural responses [40–45]. This
approach allows for the exploration of the association between
simulated EF and actual brain activity changes induced by tES, pro-
viding valuable information for individualized tES.

In this study, leveraging computational modeling, tES-fMRI
approaches, and lifespan (aged 12 to 100) T1 MRI data (n>1600)
from both the US and China [46], we aimed to simulate the EF
induced by HD-tES and to establish age trajectories of EF measures
across gender and ethnic groups as a reference (Study 1). Addition-
ally, we sought to identify key anatomical factors underlying indi-
vidual differences in EF (Study 2), explore the association between
the simulated EF and tES-induced changes in fMRI (Study 3), and
ultimately provide an open-source toolbox with age-stratified
head models designed for efficient EF calculations (Fig. 1).
2. Methods

To investigate the variability of tES-induced EF among individ-
uals, we conducted three studies with multiple approaches. In
Study 1 and 2, we combined computational modeling with mor-
phometric analysis to assess EF distribution differences across
age and gender (Study 1) and to identify the key anatomical factors
contributing to the inter-individual variability (Study 2). The com-
putational modeling in these studies was based on 1616 structural
MRI scans from two lifespan cohorts: 950 scans of white partici-
pants [47] obtained from the Human Connectome Project cohort,
and 666 scans of Asian individuals from a Chinese cohort. In Study
3, we employed concurrent tES-fMRI and focused on the associa-
tion between simulated EF and actual brain activation patterns to
explore potential functional implications. In all studies, we con-
ducted individual simulations of tES-induced EF based on each par-
ticipant’s T1-weighted MRI using ROAST, a realistic, volumetric
approach to simulate transcranial electrical stimulation [17].

2.1. Data sources

2.1.1. Human Connectome Project (HCP)
High-resolution T1-weighted structural magnetic resonance

volumes of the white cohort (n=950, 425 males, aged 12–100) were
gathered from the HCP Young-Adult (HCP-YA) project, WU-Minn
Consortium [48] and Lifespan HCP in Development (HCP-D) and
in Aging (HCP-A). To ensure a balanced sample size across age
groups, only the 184 individuals with 7T scans from the HCP-YA
project were included. Young children under 12 were excluded
due to the rarity of tES applications in this age group, primarily
for safety considerations. All retrieved data underwent minimal
preprocessing and the extended FreeSurfer preprocessing proce-
dure for cortical reconstruction [49]. High-resolution (0.7 mm iso-
tropic) scanning in the HCP-YA project was conducted on a
customized Connectome Skyra scanner with the following param-
eters: repetition time (TR) of 2400 ms, echo time (TE) of 2.14 ms,
inversion time (TI) of 1000 ms, flip angle (FA) of 8�, and a field of
view (FOV) of 224 mm�224 mm. For the HCP-D/A, scans were col-
lected at four sites with 0.8 mm isotropic voxels using a 3T Sie-
mens Prisma scanner. The scanning parameters at all sites were
as follows: TR=2500 ms, TE=1.8/3.6/5.4/7.2 ms, TI=1000 ms, flip
angle=8�, and sagittal FOV=256 mm�240 mm�166 mm. Overall,
merging T1-weighted data from the HCP-YA and HCP-D/A cohorts
was considered adequate for this study despite minor differences
in scanning parameters [47].

2.1.2. China lifespan dataset
Lifespan T1-weighted structural MRI data for the Asian cohort

were collected from two sites in China (n=666, 308 males, aged
14–84). MRI scans of Asian adolescents (under 20 years) were
3

obtained from a twin cohort supported by Beijing Normal Univer-
sity. Approval was obtained from IRB of the Institute of Psychology,
Chinese Academy of Sciences (No. H20037). These data were
acquired at the Beijing MRI Center for Brain Research using a 3 T
Siemens TrioTim with the following parameters: resolution of 1.3
3�0.5�0.5 mm, TR=2530 ms, TE=3.37 ms, TI=1100 ms, flip
angle=7�, and FOV=192�216 mm. To mitigate inter-sample corre-
lation arising from the similarities in head anatomy between iden-
tical twins, one twin from each set was excluded. Informed consent
was obtained from all participants.

For Asian adults, data acquisition was conducted at Beijing
Tiantan Hospital using three scanners, with parameters that allow
for data harmonization. Detailed acquisition parameters are shown
in Supplementary materials (Table S4 online). Ethical approval was
granted by IRB of Beijing Tiantan Hospital, Capital Medical Univer-
sity (No. KY2021-150–01). Informed consent was obtained from all
participants.

2.1.3. Neuromodulation fMRI dataset
In Study 3, 43 healthy volunteers were recruited and random-

ized into two groups: a transcranial direct current stimulation
(tDCS) group and a sham group, following written informed con-
sent. One participant withdrew from the tDCS group prematurely
due to scanner-related discomfort, and another participant was
excluded from the analysis due to excessive head motion. Conse-
quently, the final sample comprised 41 participants, with 20 indi-
viduals in the sham group (9 males, age: 23.75±2.83 years) and 21
in the tDCS group (10 males, age: 22.81±2.71 years). None of the
participants reported a history of neurological or psychiatric disor-
ders. The study was first intended to investigate the modulation
effects of tDCS on reward learning, approved by IRB of the Institute
of Psychology, Chinese Academy of Sciences (No. H22006). All pro-
cedures were performed in accordance with the guidelines set
forth by the IRB for the ethics and protection of human partici-
pants. All participants gave written consent.

Stimulation was delivered using a HD-tES stimulator (Soterix
Medical, New York, USA). The MRI-compatible stimulation system,
consisting of five carbon rubber electrodes embedded in a BrainCap
(Brain Vision), along with a stimulation device including RF filters
and resistors, was utilized to target the left orbitofrontal cortex
(OFC). Electrodes were positioned in a 4�1 montage, with the
anode over FP1, and cathodes over FPZ, AFZ, AF3, and AF7 based
on the 10–10 EEG system. For the active group, tDCS was applied
at 1.5 mA for 20 min, while the sham group received current only
during a 30-second ramp-up/down phase at the start/end of a 20-
minute sham stimulation period. Impedances were kept below 5
kX for both conditions. T1-weighted brain images were acquired
using a 48-channel radio-frequency head coil in a 3.0T GE scanner,
with imaging parameters as follows: TR=7.24 ms, TE=2.96 ms, flip
angle=12�, and FOV=256�256 mm2. Participants were instructed
to keep their eyes open and remain awake during the resting-
state scan session, and the resting-state fMRI data were acquired
with gradient echo planar imaging: TR=2000 ms, TE=29 ms, flip
angle=90�, FOV=225�225 mm2, slice thickness=3.5 mm, number
of slices=31, and number of volumes=240.

2.2. Computational modeling analysis

2.2.1. Electric field simulation
ROAST 3.0 was used to simulate EF through finite element

method (FEM). In the ROAST pipeline, each T1-weighted image
was resampled to a 1 mm isotropic resolution, underwent bias
field correction, and was segmented using SPM12, followed by
electrode placement. Subsequently, each image was fed into iso2-
mesh to generate an optimized mesh based on individual head
anatomy for EF computation in getGDP. In both Study 1 and 2,
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two tES montages were selected for simulation, namely the dorso-
lateral prefrontal cortex (DLPFC) montage (central electrode at F3
and return electrodes at F1, FC3, F5, and AF3) and the motor cortex
montage (central electrode at C3 and return electrodes at Cz, P3,
T7, and F3). These high-definition montages, commonly used in
prior tES studies, were simulated with a 2 mA current intensity
and electrode discs of 4 mm radius and 1 mm thickness, parame-
ters widely adopted in tES research. It should be noted that current
intensities exceeding 2 mA can cause pain in most participants
[50], and the input current intensities do not alter the pattern of
EF distribution for a specific montage.

Additionally, to better elucidate the effects of morphology with-
out introducing excessive confounding factors, all tissue conduc-
tivities were assumed isotropic and constant over the lifespan in
this study. The conductivities values were defined as follows: r
(white matter)=0.126 S m–1, r (gray matter)=0.276 S m–1, r
(CSF)=1.65 S m–1, r (skull)=0.01 S m–1, r (scalp)=0.465 S m–1, r
(air)=2.5�10�14 S m–1, r (gel)=0.3 S m–1, and r (electrode)
=5.9�107 S m–1. ROAST could produce abnormally large voltage
values for a few T1-weighted scans, possibly related to data quality
or incompatibilities with individual head anatomies. To ensure
simulation quality, we excluded HCP outputs with the top 2%
95th percentile voltage and China dataset outputs with the top
5% 95th percentile voltage before removing outliers outside three
standard deviations of the mean (95th percentile EF). More than
900 cases (927 for the DLPFC montage, 926 for the motor cortex
montage) from the HCP dataset and over 600 (602 for the DLPFC
montage, 601 for the motor cortex montage) from the China data-
set were present in the final sample for further analysis.

To investigate the variations in tES-induced EF distribution across
age and gender in both the white and the Asian cohort, simulation
results were categorized into eight demographic groups (4 age
groups�2 gender groups). The four age groups were previously
defined by neurobiological criteria [51]: adolescence (12 years�
age<20 years), young adulthood (20 years�age<40 years), middle
adulthood (40 years�age<60 years), and late adulthood
(age�60 years), with each stratified by gender.

2.2.2. Estimation of electric field intensity at regions of interest
Following the EF distribution calculation for each individual

from MRI scans, the volumes of EF intensities were spatially nor-
malized to the 246-region Brainnetome atlas [52] to establish a
one-to-one correspondence between the volumes of different indi-
viduals. We then defined regions of interest (ROIs) as those with
the largest intensity averages. We calculated the mean EF intensity
across voxels in each of the 246 regions and averaged these mean
intensities among individuals in each region separately for each of
the eight demographic groups, considering potential variations in
the most stimulated regions across age and gender groups. The
brain regions were sorted by intensity average in descending order
for each case.

For the DLPFC montage, the most stimulated regions were the
ventral and dorsal areas of the left DLPFC; for the motor cortex
montage, the most stimulated regions were the postcentral gyrus
and the precentral gyrus. Consequently, the ventral and dorsal
areas were defined as ROIs for the DLPFC montage, and the post-
central gyrus and the precentral gyrus were defined as ROIs for
the motor cortex montage in both Study 1 and Study 2.

2.2.3. Calculating the focality measure
Surface reconstruction was performed with FreeSurfer [53,54]

to derive the surface area measurements of the left hemisphere
for each individual. Focality was determined by computing the sur-
face area proportion of the gray matter region where EF intensities
4

exceeded the 95th percentile. We first extracted the EF distribution
within the gray matter regions of interest and then transformed
the EF results into fsaverage space. The FreeSurfer pipeline enabled
area measurement of this surface output, where higher area values
indicated lower focality. To enhance the reliability of our measures,
we divided the area with intensities over 95th percentile by the
total surface area of the left hemisphere. This normalization
approach mitigated the influence of head size variations, providing
a clearer reflection of the relationship between the breadth and
depth of the stimulated region.

2.2.4. Calculating the distance between the central electrode and the
ROI

The distance between the central electrode and the ROIs was
considered one of the underlying anatomical factors influencing
EF variability. We extracted the coordinates of each electrode cen-
ter in each individual’s native space from the ROAST pipeline. Then
the coordinates of ROI centers, defined in the standard MNI space,
were converted to native space by applying the inverse affine
matrix included in the segmentation outputs. With the locations
of both the ROI center and the central electrode, we calculated
the Euclidean distance between them for each individual.

2.3. Morphometric analysis

Apart from the central electrode-ROI distance, we selected eight
additional factors concerning brain morphology from a set of
anatomical features. To minimize correlations between indepen-
dent variables, several features (total gray volume, total white vol-
ume, the distance between the head center and the central
electrode, and so forth) were removed from the set (with variance
inflation factor�4). Volumetric and surface-based measures,
including brain volume, brain volume-total intracranial volume
(TIV) ratio, sulcal depth, cortical thickness, and local gyrification
index (LGI) [55], were acquired via the FreeSurfer reconstruction
pipeline in each individual’s native space. These measures were
identified in each brain region using the 246-region Brainnetome
atlas.

Additionally, post-processing in Paraview [56] was used to
compute tissue thickness of the scalp, skull and epidural CSF in
the native space. The mesh generated for each head model in
ROAST was loaded into Paraview, and a box-shaped clip filter
was applied to isolate a cuboid region of the head tissue containing
the scalp, skull, epidural CSF and a portion of the gray and white
matter beneath the central electrode. The box’s position was
defined by the locations of its corner points and the extrinsic rota-
tion angles. Specifically, the longitudinal direction of the box
(Fig. 4a) was determined by the line connecting the center of the
central electrode and the individual’s head center optimized in
the ROAST. Subsequently, we calculated the unit direction vectors
for the three sides of the box, with the constraint that one of the
short sides was parallel to the sagittal plane of the head. Corner
point coordinates and extrinsic rotation Euler angles were then
derived from the unit direction vectors and the central electrode’s
location. The cross section of the box was a 15 mm�15 mm square,
selected to be small enough to ignore the curvature of the head
surface yet large enough to capture the representative structure
of the epidural CSF tissue. The length of the box was set empirically
to 50 mm to ensure that it encompassed the complete epidural CSF
tissue under the central electrode while excluding CSF within the
brain ventricles. To estimate tissue thickness, we applied a thresh-
old filter to the tissue cube of each head model, extracting the
scalp, skull and epidural CSF tissues within the box separately.
The volumes of all mesh elements for each tissue type were
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summed to obtain the total volume of each tissue (denoted by
Vscalp, Vskull, and VCSF). Ignoring the surface curvature of each seg-
mented head tissue, the tissue thickness was estimated as follows.

Stissue ¼ 15mm� 15mm ¼ 225mm2 ð1Þ

tscalp ¼ V scalp=Stissue ð2Þ

tskull ¼ V skull=Stissue ð3Þ

tCSF ¼ VCSF=Stissue ð4Þ

2.4. Calculating distance measures for the electric field-actual
activation coupling

To integrate the simulated EF with actual neural activations, we
obtained the simulated EF for the OFC montage using ROAST and
the corresponding neural responses through concurrent tDCS-
fMRI in Study 3. Guided by T1-weighted images, EF simulation fol-
lowed a protocol similar to that in Study 1 and Study 2. But the
central electrode was positioned at Fp1 (1.5 mA) and return elec-
trodes at Fpz (–0.375 mA), AFz (–0.375 mA), AF3 (–0.375 mA),
and AF7 (–0.375 mA) to target the left OFC, with electrode discs
of 9 mm radius and 1 mm thickness. The estimated electrode size
was consistent with the experiment protocol.

Functional phase data were analyzed by calculating the frac-
tional amplitude of low-frequency fluctuation (fALFF), a measure
of local functional brain activity [57], and degree centrality (DC)
[58] with a correlation threshold of 0.25 serving as a functional
connectivity measure. To assess neural response changes, we
obtained maps of these measures using fMRI data collected both
before and during tDCS for each participant using DPABI (https://
rfmri.org/DPABI) [59]. These maps were aligned with the 800-
parcellation Schaefer atlas, which offers finer granularity than the
246-region Brainnetome atlas and enables more detailed charac-
terization of local neural responses to tDCS at the OFC. By subtract-
ing pre-stimulation maps from during-stimulation maps, we
derived the difference maps of fALFF and DC. A mask of the OFC
extracted from the Schaefer atlas was used to confine our analysis
to the OFC region, reducing the effects of physiological noise from a
wider range of brains and enhancing sensitivity in detecting
changes.

To verify the correspondence between the average simulated EF
intensity and average fALFF/DC change, we identified the site of
maximum EF intensity and the site of maximum fALFF/DC change
within the OFC for each individual. These sites were visualized by
superimposing them on a common surface template (Fig. 5b). The
Euclidean distance between them for each individual was calcu-
lated by:

D ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xEF � xfALFF=DC
� �2 þ yEF � yfALFF=DC

� �2
þ zEF � zfALFF=DC
� �2r

ð5Þ

where xEF, xEF and zEF denote coordinates of the maximum EF inten-
sity subregion, while xfALFF/DC, xfALFF/DC and zfALFF/DC denote coordi-
nates of the maximum fALFF or DC change subregion.

2.5. Statistical analysis

In examining individual differences in EF distribution across age
and gender, we conducted a two-way ANOVA on EF intensity and
EF focality measures. Age (4 groups) and gender (male and female)
5

were treated as inter-subject variables for each ROI in both ethnic
cohorts. Next, we assessed the correlation between EF intensity
and age, using generalized additive models (GAMs) via package
mgcv [60] in R to fit age trajectories. For each case (Fig. 3), EF inten-
sity was modeled independently as a function of the intercept and
two smoothers: the gender difference and thin plate regression
splines for age, formulated as follows.

Intensity � gender þ s ageð Þ þ s age; by ¼ genderð Þ ð6Þ
where the gender term denotes the intercepts for the gender group;
the first s() term represents the overall nonlinear effect of age on
intensity, while the second s() term with by argument estimates
smooth-factor interactions, allowing comparison of the age effects
between the two gender groups by learning separate smooth func-
tions for each level of the gender factor. Each of the separate
smooths based on k number of weighted basis functions was cen-
tered around zero effect, indicating differences in the developing
trend of age trajectories. REML method was used for numerical sta-
bility, and k was determined based on model fit. Smooth effects of
the functions were visualized with fitted GAM curves and 95% con-
fidence interval by package ggplot2 [61].

Our focus extended to identifying key anatomical factors con-
tributing to the individual differences in EF. To this end, stepwise
linear regression models, facilitated by the MASS package [62] in
R, were established with 9 variables (Fig. 4a): brain volume, brain
volume-TIV ratio, sulcal depth, cortical thickness, LGI, scalp thick-
ness, skull thickness, CSF thickness and ROI-anode distance. These
models were executed separately for each montage within each
ethnic group, with backward elimination based on Akaike informa-
tion criterion for variable selection. The size effects of anatomical
factors were estimated by calculating Cohen’s f2 [63], which evalu-
ated their contribution in explaining individual differences. Finally,
we performed an independent two-tailed t-test to compare the
strength of the connection between simulated EF and actual brain
activations in the tDCS group with the strength in the sham group.

3. Results

3.1. Individual differences in tES-induced electric field distribution

We conducted individual simulations of the two most com-
monly used tES montages in Study 1, targeting the DLPFC and
the motor cortex, for each participant in the lifespan cohorts and
divideed participants into eight demographic groups. The regions
with the highest intensity averages for each montage were defined
as ROIs. For the DLPFC montage, the ROIs were the ventral and dor-
sal areas of the left DLPFC, while for the motor cortex montage, the
ROIs were the precentral gyrus and postcentral gyrus. In both eth-
nic cohorts, the brain region with the largest intensity average was
the ventral area for most male groups, while it was the dorsal area
for most female groups, which indicated a potential gender differ-
ence in DLPFC morphology. Group-level averages of the intensity
received by the ROIs are presented in the Supplementary materials
(Table S1 online). Violin plots in Fig. 2 illustrate the individual dif-
ferences in tES-induced EF intensity. Adolescents had the highest
intensity averages among the four age groups in all ROIs for both
ethnic cohorts. Females generally received higher intensities than
males, and the ROIs for the motor cortex montage showed signifi-
cantly higher intensities compared to the those for the DLPFC mon-
tage. Furthermore, the intensities for the motor cortex montage
showed greater differences between ethnic groups, with relatively
lower intensity values observed in the Asian groups compared to
the white groups.

Two-way ANOVA analysis revealed a significant main effect of
age (Page<1� 10�42 in all ROIs for both races) and a significant main

https://rfmri.org/DPABI
https://rfmri.org/DPABI


Fig. 2. Violin plots of EF intensity averages and standard deviations in ROIs by age group, gender and ethnicity (in V m–1). The first column on the left illustrates the electrode
positions and ROIs for two montages. Stimulation intensity on the electrodes is represented by red (2 mA) and blue (0.5 mA) for transcranial electrical stimulation. Asterisks
denote statistically significant effects: *P<0.05, **P<0.01, ***P<0.001. (a) Simulated EF intensity in ROIs for tES over DLPFC. In both ROIs of the DLPFC, the EF intensities of
adolescents were significantly higher compared to other age groups. Gender differences were significant in Asian young adults after FDR correction. (b) Simulated EF intensity
in ROIs for tES over the motor cortex. For both ROIs of the motor cortex, the EF intensities of adolescents were significantly higher compared to other age groups. Gender
differences were significant in young and middle adulthood as well as Asian late adulthood. EF: electric field; ROI: region of interest; DLPFC: dorsolateral prefrontal cortex;
tES: transcranial electrical stimulation; ns: not significant.
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effect of gender in all ROIs (Pgender<0.01), except for the dorsal area
of DLPFC (Pgender>0.05 for both races). Interaction effects of age and
gender were found only among the Asian groups (Table 1). Further
multiple comparisons revealed that the most significant age-
related intensity decrease occurred in young adults compared to
the adolescent group in both ethnic groups, whereas the least sig-
6

nificant age-related difference was between the elderly and the
middle-aged groups. In all populations except male Asians, the
motor cortex montage exhibited a greater intensity decrease in
the middle-aged group compared to young adults (P<1�10�5,
FDR corrected across brain regions and demographic groups),
whereas the DLPFC montage showed a less significant intensity



Table 1
ANOVA results of electric field intensity in the white and the Asian cohort.

White Asian

DLPFC Motor DLPFC Motor

Ventral area Dorsal area Postcentral Precentral Ventral area Dorsal area Postcentral Precentral

Fgender 10.9 3.72 12.2 20.1 10.2 2.84 36.4 32.8
Pgender 9.82 � 10�4 0.0542 5.02 � 10�4 8.40 � 10�6 1.50 � 10�3 0.0927 2.84 � 10�9 1.59 � 10�8

Fage 221 262 184 173 93 79 130 111
Page 8.43 � 10�108 6.99 � 10�123 2.30 � 10�93 7.12 � 10�89 3.54 � 10�49 3.58 � 10�43 7.18 � 10�65 3.67 � 10�57

Fgender�age 0.747 0.659 1.11 0.957 5.87 4.37 10.6 11.5
Pgender�age 0.524 0.577 0.342 0.412 5.90 � 10�4 4.70 � 10�3 8.14 � 10�7 2.62 � 10�7

ROI: region of interest; DLPFC: dorsolateral prefrontal cortex.
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decrease (P<0.05, FDR corrected). Notably, there were no signifi-
cant intensity decreases in the middle-aged group compared to
young adults for either montage in male Asians. Regarding gender
differences, few significant gender-related differences were
observed for the DLPFC montage, except for Asian young adults.
However, significant gender-related differences were found for
the motor cortex montage, except for adolescent groups and the
white elderly (Table S2 in Supplementary materials).

Given the observed association between intensities and age at
the group level, we performed an age correlation analysis (Fig. S1
in Supplementary materials) and established GAMs to derive fitted
age trajectories (Fig. 3). Consistent with group-level differences, all
age trajectories exhibited a clear declining trend over time with
sharp decreases until around age 25, followed by a flattening out
of the intensity declines. Regarding gender differences, separate
smooth curves estimated for males and females indicated higher
overall intensities in females, as mentioned earlier, and greater
gender differences for the motor cortex montage (P<0.001 in both
ROIs of the motor cortex montage for both ethnic groups) com-
pared to the DLPFC montage. It is noteworthy that the age trajec-
tories for the females had relatively gentler slopes than those for
males, especially during adolescence and early adulthood in the
Asian population for the motor cortex montage. When comparing
the nonlinear relationships between EF intensities and age for dif-
ferent montages and different ethnic cohorts, we observed signifi-
cant interaction effects of age and gender only in the Asian (ventral
area of DLPFC, F=3.09, P=0.00887; postcentral gyrus, F=5.96,
P=1.03�10�6; precentral gyrus, F=5.23, P=1.34�10�5). The fitted
curves indicated that received intensities in Asian males were
slightly higher than in Asian females during early adolescence,
with the point of intersection occurring at around age 18. We also
validated these findings using the AAL3 atlas and generalized them
to the right-hemispheric region. Results in detail are provided in
the Supplementary material (Note S3–S4, Fig. S2–S3 online).

Additionally, we computed the focality of the selected mon-
tages to assess individual differences in focality of electrical stim-
ulation across eight demographic groups. Two-way ANOVA
revealed significant main effects of age in both ethnic cohorts for
both montages. Detailed analysis procedure and results can be
found in Supplementary materials (Note S1–S2 online).

3.2. Key anatomical factors underlying the inter-individual variability

Using the same dataset of 1616 structural MRI scans, we then
aimed to explore the anatomical factors underlying the individual
variability observed in tES-induced EF distribution across demo-
graphic groups in Study 2. We performed stepwise linear regres-
sion, considering all 9 anatomical features for each montage
within each ethnic cohort, with intensity or focality as the depen-
dent variable. No variables were excluded in backward elimination
for intensities. Table S3 in Supplementary materials presents the
intensity outcomes for the ROI with the greater intensity in each
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montage, given that the two selected ROIs exhibited similar
results. The findings regarding focality are available in the Supple-
mentary materials (Note S2 online). The intensity outcomes
demonstrated that all anatomical variables accounted for 75.8%–
84.4% of the variance in intensity.

Local scalp thickness (P<0.0001 for all groups), local skull thick-
ness (P<0.0001 for all groups), and local epidural CSF thickness
(P<0.0001 for all groups) emerged as the dominant factors in
explaining inter-individual variability. These anatomical factors
showed significant negative correlations with intensity (P<0.0001
for all groups; upper panel of Fig. 4b). Cortical thickness and LGI
were also influential factors in most groups. Brain volume showed
positive correlations for the DLPFC montage and negative correla-
tions for the motor cortex montage, whereas ROI-anode distance
exhibited negative correlations for the DLPFC montage and positive
correlations for the motor cortex montage. The lower panel of
Fig. 4b presents the calculated effect size (Cohen’s f2) for each fea-
ture under different conditions, quantifying the contribution of
each anatomical factor to individual differences in intensity.
Among these factors, skull thickness emerged as the most influen-
tial (f2>1.2 for all groups), followed by scalp thickness (f2>0.35 for
all groups) and CSF thickness. Notably, CSF thickness appeared
more important in the Asian cohort (f2>0.35 for both montages)
compared to the white cohort. To understand how anatomical fac-
tors explain the differences in EF trends with age across ethnicities,
we also fitted age trajectories of local scalp thickness, skull thick-
ness, and CSF thickness. In particular, variations in skull thickness
and its direct correlation with EF intensity across different age
groups were comprehensively investigated. These results can be
found in the Supplementary materials (Note S5, Fig. S6–S8,
Table S8 online).

Next, we constructed multivariate models incorporating scalp
thickness, skull thickness, and CSF thickness, the three pivotal ele-
ments considered most predictive of the intensity outcomes. The
linear predictors estimated EF intensities withMAE (mean absolute
error) ranging from 0.0157 to 0.0376 V m–1 and explained variance
(adjusted R2) between 72.1% and 81.0% (MAE=0.0157, adjusted
R2=0.810 for the DLPFC montage in the white cohort;
MAE=0.0186, adjusted R2=0.736 for the DLPFC montage in the
Asian cohort; MAE=0.0368, adjusted R2=0.787 for the motor cortex
montage in the white cohort; MAE=0.0376, adjusted R2=0.721 for
the motor cortex montage in the Asian cohort).

3.3. Coupling of simulated electric fields and actual brain activations

Next, we investigated the association between simulated EF and
changes in brain activity induced by HD-tDCS targeting left OFC in
Study 3. By comparing distances between the real and sham stim-
ulation groups, we assessed the effects of tDCS on brain activations
(Fig. 5a).

We mapped the maximum EF intensity sites and maximum
fALFF/DC change sites of all participants from both groups onto



Fig. 3. Fitted age trajectories of EF intensity in ROIs by gender and ethnicity (in V/m). Stimulation intensities were set to 2mA at the central electrode and 0.5mA at the return
electrodes for transcranial electrical stimulation. The shaded regions denote 95% CI. The intercept difference (gender difference: male-female) for EF intensity is shown above
each trajectory, including both t-value and significance. Asterisks denote statistically significant effects: *P<0.05, **P<0.01, ***P<0.001. (a) Fitted age trajectories for tES over
DLPFC. (b) Fitted age trajectories for tES over the motor cortex. EF: electric field; ROI: region of interest; CI: confidence interval; DLPFC: dorsolateral prefrontal cortex; tES:
transcranial electrical stimulation.
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template brain surfaces, as depicted in Fig. 5b. We observed that
maximum intensity sites were concentrated in two specific brain
regions near the target area. In contrast, the maximum fALFF/DC
8

changes were dispersed throughout the OFC region for both the
real tDCS and sham groups. Compared to DC, maximum fALFF
change sites were more concentrated in the left hemisphere, with



Fig. 4. Key anatomical factors that explain the variability in the tES-induced EF intensity. (a) Illustration of nine anatomical features. These features were selected based on
head anatomy and VIF values (VIF<4) to minimize multicollinearity between variables. (b) Impact of anatomical factors on the EF intensities in ROIs. The anatomical factors
are sorted by effect size (Cohen’s f2). The bars indicate that skull thickness, scalp thickness and CSF thickness are the most significant factors affecting EF intensity within the
target cortical regions. The lower panel displays scatterplots for these three factors, with individual participants represented by dots grouped by ethnicity and montage.
Fitting regression lines are superimposed with the shaded portion denoting SE. Asterisks indicate significant correlations between electric field intensity and each of the three
factors for all groups. ROI: region of interest; LGI: local gyrification index; TIV: total intracranial volume; CSF: cerebrospinal fluid; lDLPFC: left dorsolateral prefrontal cortex;
EF: electric field; VIF: variance inflation factor; tES: transcranial electrical stimulation.
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greater overlap across participants in the real tDCS group than in
the sham group. Additionally, independent two-tailed t-tests
revealed a significant difference (sham-tDCS: t=2.99, P=0.00482)
between the two groups in the distance between the targeted
region and the region with the largest fALFF changes during stim-
ulation (Fig. 5c). The increased consistency of maximum activa-
tions and the decreased distances in the real tDCS group
9

compared to the sham group provide evidence of the immediate
tDCS effects on local spontaneous brain activity. However, no sta-
tistically significant effects were observed in post-stimulation
analyses (sham-tDCS: t=0.118, P=0.855) (Fig. 5c). Functional con-
nectivity analyses also indicated no significant differences between
the sham and tDCS groups in terms of the distances between the
region with the maximum EF intensity and the subregion within



Fig. 5. Coupling of simulated EF and actual brain activations. (a) Workflow of neuromodulation fMRI and data analysis. Electrical stimulation was applied over OFC with a
central electrode at Fp1(1.5 mA) and return electrodes at Fpz (–0.375 mA), AFz (–0.375 mA), AF3 (–0.375 mA), and AF7 (–0.375 mA). (b) Maximum EF intensity locus and
maximum brain response locus within OFC for each participant. Brain regions were defined based on the 800 parcellation Schaefer atlas with a focus on the OFC. The yellow
balls indicate the center of the brain region with maximum EF intensity for each individual, while the red balls and the blue balls indicate the center of the brain region with
maximum fALFF changes and maximum DC increases respectively. Ball size reflects the number of participants sharing the particular locus. (c) tDCS effects on the coupling of
tDCS-induced EF and brain response during stimulation. Distances between the maximum EF intensity locus and maximum brain response locus were calculated for each
individual. Distance in the tDCS group was significantly shorter than in the sham group. tDCS: transcranial direct current stimulation; fALFF: fractional ALFF; DC: degree
centrality; fMRI: functional magnetic resonance imaging; EF: electric field; OFC: orbitofrontal cortex; A: anterior; L: left.
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the orbitofrontal area showing the most pronounced increase in DC
both during stimulation (sham-tDCS: t=-0.183, P=0.855) and after
stimulation (sham-tDCS: t=1.29, P=0.204). We observed a lower
mean and higher variance in distance for post-stimulation effects
compared to during-stimulation effects. The visualization of post-
stimulation effects, as measured by fALFF and DC, can be found
in the Supplementary material (Fig. S9 online).
10
3.4. A transcranial electric field simulation toolbox with ready-made
head models

The age and gender differences observed in intensities of EF
induced by tES in Study 1, along with the age-dependent tES focal-
ity, underscore the importance of considering anatomical traits of
diverse populations across age, gender and ethnicity in tES-
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related studies. Therefore, we developed tESview, a toolbox
designed to enable efficient and cost-effective EF calculations for
any given montage. The toolbox includes a library of head models
representing multiple demographic cohorts (white and Asian) at
different ages, ensuring an accurate representation of these specific
demographic groups. The resulting EF applies to both tDCS and
transcranial alternating current stimulation under 1 kHz. Details
and implementation of the toolbox can be found in the Supplemen-
tary materials (Note S6 online).

4. Discussion

In this study, we investigated how EF intensity varies across the
lifespan and among different populations, and how it relates to the
neural effects of tES. First, we used MRI-guided FEM to chart the
lifespan changes of EF intensity. We found that EF intensity
decreased significantly with age, especially before the age of 25.
Gender and ethnicity were also found to influence EF intensity, with
females exhibiting higher intensities in the target regions compared
to males, and Asians showing slightly lower EF intensity than
whites. Second, we estimated how anatomical factors contributed
to the differences in EF intensity among individuals. We showed
that local skull thickness, local scalp thickness, and local epidural
CSF thickness were major contributors. Finally, we used concurrent
tES-fMRI to observe the neural responses to electrical stimulation at
the individual level and demonstrated associations between the
simulated EF and the brain activity changes induced by tES. We con-
cluded the study by providing an open-source toolbox featuring
age-stratified head models for efficient EF calculations.

With a focus on HD-tES, our study builds upon previous research
on bipolar montages. We confirmed the decline in EF intensities
with age and provided a finer characterization of age-related trends.
Supplementary analyses proved the reliability of our findings using
different brain parcellation methods and suggested that these find-
ings could also apply to contralateral regions. Considering multiple
anatomical factors, we identified local skull thickness as a critical
factor negatively correlated with intensities, particularly between
the ages of 12 and 25. Previous findings revealed that skull thick-
ness significantly increased with age until early adulthood in the
white group [64–66]. This evidence suggests that changes in skull
thickness may contribute to the rapid decline in EF intensity before
the age of 25. Moreover, we found that intensities in ROIs for the
DLPFC montage were considerably lower compared to those for
the motor cortex montage, potentially attributed to the greater
thickness of frontal bones compared to parietal bones [67]. These
findings supplement the conventional assumption that increased
CSF associated with aging or neurological disorders, is the primary
factor explaining the intensity decrease with age.

It is also important to consider individual differences in the
focality of tES electric field, as previous research has suggested that
HD-tES, with its increased focality, is more sensitive to variations in
head anatomy than conventional bipolar montages [68]. A prior
study employing area-based metrics demonstrated a significant
impact of gray matter volume on focality under a bipolar montage
[20]. However, area-based metrics are substantially influenced by
the participant’s brain size. To address this issue, we used
relative-area metrics, dividing the surface area of the stimulated
region by the total area of the corresponding hemisphere. Our find-
ings on HD-tES focality identified scalp thickness and cortical thick-
ness as significant influencing factors, though these results were not
entirely consistent across ethnic groups. Importantly, the definition
of tES focality varies greatly among existing studies [69–74]. Fur-
ther research is needed to standardize the use of focality metrics.

A comprehensive examination of various anatomical factors
and the identification of key components can greatly contribute
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to the development of predictive models for EF intensity. For
example, our linear regression model, considering three dominant
factors (i.e., skull thickness, scalp thickness, and epidural CSF thick-
ness), yielded accurate predictions, with explained variance and
MAE comparable to the model incorporating all nine anatomical
factors. Notably, acquiring measurements of the three tissue thick-
nesses is more time-efficient than obtaining all nine factors. There-
fore, elucidating these key factors enables more efficient
predictions of EF intensities in the target region based on individ-
uals’ primary anatomical characteristics.

In addition to computational modeling, fMRI recordings during
tES provide insights into individual differences in resting-state
neural activities in response to electrical stimulation. By visualiz-
ing the regions with maximum EF intensities simulated for each
participant and the locations of maximum brain activity changes
during stimulation, we observed that, compared to the sham
group, the active tDCS group had more participants with the stron-
gest brain activation near the orbitofrontal region, which coincided
with the most stimulated region identified by simulation. This con-
firmed the spatial consistency between the actual brain activation
and the simulated EF, indicating that tES simulation could reflect
tES-induced brain activity changes in the target region. This consis-
tency was not observed in functional connectivity or post-
stimulation measures. The absence of fALFF post-stimulation effect
possibly indicated a diminished tDCS effect on local brain activities
after stimulation. The scattered distribution of maximum brain
activations across individuals suggested that tES-induced func-
tional responses could exhibit significant inter-individual variabil-
ity, particularly in degree centrality. Inappropriate tES doses and
settings may further amplify this variability, compromising the
validity and sensitivity of tES studies.

Although our main results were obtained from the healthy pop-
ulation, it is important to note that these findings could apply to
patient populations. As an exploratory analysis, we obtained MRI
data from Alzheimer’s disease (AD) patients and healthy controls,
and then simulated EFs induced by tES targeting the left DLPFC.
We demonstrated that the EF intensities and focality obtained from
healthy controls could generalize to AD patients, and that regres-
sion models established based on the healthy population, including
the reduced model including only three tissue thickness factors, are
also applicable to AD patients. Details of the analyses are available
in the Supplementary materials (Note S7, Fig. S10 online). The
results suggest that structural brain changes associated with AD
did not significantly affect intracranial electric field intensity.
Future studies need to include diverse patient populations (e.g.,
depression) and larger sample sizes to identify the potential clinical
applications of our EF modeling for neuropsychiatric disorders.

TES-induced EF intensity and distribution vary significantly
across different age and ethnic populations, highlighting the
importance of individualized EF modeling. However, considering
the high cost of MRI acquisition for each individual, it is practical
to stratify populations based on demographic variables such as
age, gender, and ethnicity to establish standard head models for
tES at the group level. The toolbox that we developed for this pur-
pose includes head models of both the white cohort and the Asian
cohort, stratified by age. Furthermore, identifying key anatomical
factors underlying individual differences in tES-induced EF opens
up possibilities for constructing predicative models relating major
anatomical factors to EF intensity. These efforts can advance the
practical application of individualized tES research.

There are several limitations in the current study. First, compar-
isons between ethnic groups may be influenced by site effects,
since the data batches were obtained from distinct sources. To ver-
ify the reliability of our conclusions, we performed additional anal-
yses demonstrating that the simulation results were minimally
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affected by the scanning environment. Results of these site effect
analyses are presented in the Supplementary materials (Note S8
online). Second, we used fixed values for conductivities to reduce
confounders in the analysis of head tissue morphologies. Thus, ani-
sotropy of tissues such as white matter and age-related changes in
conductivity for different tissues were not accounted for. For
example, the conductivity of the skull, a major tissue affecting
the EF, is known to decrease with age [67]. Considering this change
would likely reveal a more pronounced decline in EF intensity with
age. Additionally, different regions of the skull tissue might possess
varying densities and conductivities, although the frontal bone and
parietal bones, relevant to this research, exhibit similar composi-
tions [67]. Lastly, the functional aspects examined in Study 3
focused solely on the overall intensity of brain activations during
stimulation, leaving the dynamic process of brain activity changes
unknown.

5. Conclusion

In conclusion, we demonstrated how the electric field of high-
definition tES varies across the lifespan in both white and Asian
populations, and its association with tES-induced neural responses
measured by fMRI. Our study provided an open-source toolbox fea-
turing age-stratified head models for efficient EF calculations. Thus,
these findings offer a detailed characterization of individual differ-
ences in tES-induced EF and provide a resource for conducting per-
sonalized neuromodulation.
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