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Introduction: The observed variability in the effects of transcranial direct current stimulation (tDCS) is
influenced by the amount of current reaching the targeted region-of-interest (ROI). Age and sex might
affect current density at target ROI due to their impact on cortical anatomy. The present tDCS simulation
study investigates the effects of cortical anatomical parameters (volumes, dimension, and torque) on
simulated tDCS current density in healthy young, middle-aged, and older males and females.
Methodology: Individualized head models from 240 subjects (120 males, 18e87 years of age) were used
to identify the estimated current density (2 mA current intensity, 25 cm2 electrode) from two simulated
tDCS montages (CP5_CZ and F3_FP2) targeting the inferior parietal lobule (IPL) and middle frontal gyrus
(MFG), respectively. Cortical parameters including segmented brain volumes (cerebrospinal fluid [CSF],
grey and white matter), cerebral-dimensions (length=width & length=height) and brain-torque (front
and back shift, petalia, and bending) were measured using the magnetic resonance images (MRIs) from
each subject. The present study estimated sex differences in current density at these target ROIs
mediated by these cortical parameters within each age group.
Results: For both tDCS montages, females in the older age group received higher current density than their
male counterparts at the target ROIs. No sex differences were observed in the middle-aged group. Males in
the younger age group had a higher current density than females, only for the parietal montage. Across all
age groups, CSF, and grey matter volumes significantly predicted the current intensity estimated at the
target sites. In the older age group only, brain-torque was a significant mediator of the sex difference.
Conclusions: Our findings demonstrate the presence of sex differences in the simulated tDCS current
density, however this pattern differed across age groups and stimulation locations. Future studies should
consider influence of age and sex on individual cortical anatomy and tailor tDCS stimulation parameters
accordingly.
© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
imulation; ROI, region of interest; w-target, current density at target region; GM, Grey matter volume; WM, White
Inferior parietal lobule; MFG, Middle Frontal Gyrus.
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1. Introduction

Non-invasive brain stimulation, such as transcranial direct cur-
rent stimulation (tDCS), has received increased interest in the last
20 years [1]. In tDCS, two or more electrodes are positioned
(referred to as a ‘montage’) over the scalp, and a low-intensity
current is passed through the cortex [1]. tDCS can modulate
behavior by stimulating the underlying target region of interest
(ROI) in the brain. Application of low-level electrical current at the
subthreshold level modulates the resting membrane potential of
the underlying neurons and alters the threshold at which the
neuron generates action potentials [2]. tDCS effects are generally
polarity dependent where anodal stimulation excites and cathodal
stimulation inhibits the underlying membrane potential [3].
However, the effects of tDCS are likely to be complex as great inter-
individual variability is seen in tDCS induced outcomes [4e7], such
as neurophysiological (motor evoked potential [MEP] changes)
[8,9], behavioural (e.g., working memory performance) [10], and
neurotransmitter (e.g., GABA or glutamate) concentration [11]
measures. Understanding the underlying mechanism of such vari-
ability is essential to determine precision in designing stimulation
protocol for optimal behavioural outcomes and clinical application.

One factor thought to contribute to the tDCS-induced response
variability is the simulated electric field strengths at the target ROI
[8,9,11,12], which could indirectly vary with the individual differ-
ences in neuroanatomy features [13]. Recently, Mosayebi-Samani
et al. [13] reported that individual anatomical factors like regional
cerebrospinal fluid (CSF) thickness and the electrode to cortex
distance could directly correlate with tDCS-induced neurophysio-
logical effects. This highlights the importance of investigating inter-
individual variations in cortical anatomy with the simulated cur-
rent density at a given target ROI. Such an investigation is expected
to have implications in future tDCS studies. This is because con-
trolling the total current density received at a target ROI is vital for
optimizing the stimulation effect across participants. tDCS currents
are simulated using a finite element modelling approach where
each participant's T1-weighted magnetic resonance images (MRIs)
are converted into a head model [14]. The simulated electric field
measures correlate with in-vivo recorded electrical field following
tDCS [15] and thus are widely accepted as an indirect estimation of
the electric current distribution in the brain following tDCS.

Prior research studies suggest that simulated current density at
a target ROI decreases with increasing age [9,16,17]. The increase in
cerebrospinal fluid volume that is often associated with age-related
brain atrophy [9] could be a potential factor for such a decrease in
current density. It is important to highlight that most of these tDCS
studies were performed on small cohorts of individuals (number of
images ¼ 10 approximately) and that large sample sizes can be
beneficial for generalizing our understanding across the popula-
tion. Indahlastari et al. [16] simulated two montages (F3eF4 and
M1-SO) on a large cohort of 587 healthy adults (mean age ¼ 73.9
years, range ¼ 51e95 years) and found that current density at the
target ROIs (dorsolateral prefrontal cortex and precentral gyrus)
decreases with increasing age. They used mediation analysis and
reported that a decrease in the global brain-to-CSF ratio mediates
the association between age and current intensity at a target ROI.
However, their study was limited to older adults only. It is unde-
niable that the brain morphometry changes over the lifespan and
investigation of its impact on simulated current density would be
beneficial. On this ground, a recent study compared 20 younger
(20e35 years) and 20 older (64e79 years) individuals. They
revealed that the prominent inverse relationship of tissue volumes
(skin, skull and CSF) with electric field strengths seen in young age
gets mitigated in the older age group [11]. Therefore, it could be
informative to evaluate differences in the current intensity at a
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target ROI across various age groups comprising a large cohort of
young, middle, and older individuals.

There has been considerable research evaluating the impact of
the aging brain and current intensity at targeted ROIs, but their
association with sex has been neglected so far [18]. Such investi-
gation becomes especially important when many empirical studies
are exclusively reporting sex to be an important variable deter-
mining the tDCS outcomes (summarized in Table 1). As noted in
Table 1, there is inconsistency regarding the effectiveness of tDCS
across the sexes (males or females), thereby increasing the need to
investigate sex difference in tDCS. Moreover, these studies were
primarily conducted in a younger cohort, lacking information about
sex differences in tDCS outcome across different age groups. In this
aspect, a meta-analysis on 61 studies [19] with participants ranging
from 19 to 79 years revealed that the tDCS effects are strongly
influenced by the percentage of females in the cohort. In an attempt
to investigate the cumulative effect of age and sex, one study [20]
combined the data from two separate experiments conducted on
young (mean age 23 years) [21] and healthy adults (mean age 67.9
years) [22]. They showed that older females performed better
following tDCS stimulation, whereas young females did not show
any difference in performance compared to their respective control
groups. Their findings suggest males and females may respond to
tDCS differently at different ages. To support the sex difference in
tDCS outcomes, only one simulation study with MRI images of 5
males and 5 females (spanning ages 27e47 years) reported females
having higher current density at the motor cortex than males [23].
They attributed this difference to anatomical differences in grey
matter (GM), white matter (WM), and CSF volumes [23]. It is
evident that there is a lack of investigations about the cumulative
effect of age and sex on the current intensity at target ROI while
considering the anatomical factors that differ between males and
females.

It is known that age-related changes in the anatomy of the
cortex differ between males and females, and sex plays a vital role
in various neuroscientific findings [24]. For example, the sex dif-
ferences in various cortical macro-anatomic features such as brain
volumes, size, and left-right cortical asymmetry have been well
documented [refer to review,15]. The most consistent finding is the
larger brain volume for men accounted for by a larger body
dimension than females [25e29]. However, if variations in brain
size are adjusted, inconsistent findings are reported. For example,
some studies reported a higher percentage of GM in females
[29,30], or a larger GM [28] and WM proportions in males
[29,31e33], while some studies did not report any sex differences
[34,35]. In this aspect, studies have indicated that brain size (rather
than sex) is the primary variable, as no differences in the GM vol-
ume proportions were detectedwhen brain-size matchedmale and
female brains were compared [25,30]. Age-related global GM at-
rophy was also reported to be higher in women (�4.7 cm3/
year, �0.91%/year) than men (�3.3 cm3/year, �0.65%/year) in a
longitudinal study conducted over 1172 healthy older adults (age
>65 years) [36]. Many studies also investigated possible sex dif-
ferences in brain asymmetry when the anatomy of left and right
hemispheres were compared. Such asymmetry is not well under-
stood but is often associated with the left-right handedness or the
hemispheric specialization of functions [37]. In this aspect, one of
the significant structural asymmetries is known as Yakovlevian
torque (Fig.1). It refers to an anticlockwise twist of the brain around
the ventral-dorsal axis [37,38]. This shape asymmetry is proposed
to be unique to humans, and the specific right-frontal and left-
occipital protrusion is present in 60% of the human population
[37]. It consists of three components (see Fig. 1A): (a) “Shift” is the
displacement of the left hemisphere with the right hemisphere in
the dorsal-ventral direction, (b) “Petalia” is a posterior shift of the



Table 1
Studies that have reported a sex difference in the outcomes of tDCS stimulation
(N ¼
number of participants, M ¼
Male, F ¼ Female).

Paper N Age group Outcome measures
under investigation

Electrode size Electrode position Target
region

Current Duration

Behavioural tasks as an outcome measure following tDCS
Females showing better performance than men following tDCS
Younger age group
Adenzato

et al., 2017
[21]

16 M, 16 F F ¼ 24.2 ± 3.7 M ¼ 23.0 ± 3.2 Theory of Mind 7 � 5 cm2 Anode ¼ Fp2
Cathode ¼ Pz

mPFCS 1 mA 6 min

Females showed a significant decrease in reaction time post-stimulation, whereas males did not.
Gallucci et al.,

2020 [45]
45 M, 45F 22.2 ± 2.46 Aggression 5 � 5 cm2 anode,

7 � 5 cm2 cathode
Anode ¼ F6
Cathode ¼ F5

Right and
Left
VLPFC

1.5 mA 20 min

Females show a significant increase in aggression rating following stimulation.
Yang et al.,

2018 [46]
27 M, 25F F ¼ 21.44 ± 1.88

M ¼ 22.30 ± 2.21
Search behaviour 5 � 7 cm2 Anode ¼ F3

Cathode ¼ F4
DLPFC
area

2 mA 20min

Female subjects significantly increased their accepted point right anodal/left cathodal stimulation, but the change was not significant in males
Fumagalli

et al., 2010
[47]

38 M, 40F F ¼ 23.7 ± 0.57,
M ¼ 25.7 ± 1.03

Moral Judgement task Anode ¼ 54 cm2;
Cathode ¼
64 cm2

Condition 1
Anode ¼ forehead
Condition 2
Anode ¼ Occipital cortex
Cathode ¼ deltoid in
both the conditions

Ventral
PFC,
or
Occipital
Cortex

2 mA 15min

Females had a significant change in task reaction time post tDCS on ventral PFC compared to tDCS on the occipital cortex.
Boggio et al.,

2008 [48]
7 M, 7F 23.4 ± 6.8 Go-no Go task 5 � 7cm2 Anode ¼ T3

Cathode ¼ T4
Superior
Temporal
Sulcus

2 mA 8min

Independent of stimulation condition, women had significantly more correct answers when compared to men. Women made significantly fewer errors following active tDCS
compared to sham stimulation. Men made significantly more errors during active stimulation compared to sham

Gao et al.,
2018 [49]

44 M, 46F Not provided Deception task 5 � 7 cm2 Anode ¼ F3
Cathode ¼ F4

DLPFC 2 mA 20min

Right anodal and left cathodal activity on DLPFC only significantly decreased female subjects' deception.
Ye et al., 2015

[50]
24 M, 36F 21.3 Working memory 5 � 7 cm2 Anode ¼ F4

Cathode ¼ F3
DLPFC 2 mA 15 min

Females demonstrated a significant difference in working memory compared to sham. The male group displayed the same tendency but was not significant.
Le�on et al.,

2020 [51]
41 M, 50F F ¼ 22.28 ± 6.44

M ¼ 21.02 ± 5.29
Real-world decision-
making processes

Anode ¼ 9 cm2

Cathode ¼ 25 cm2
Anode ¼ Fp2
Cathode ¼ contralateral
trapezius

Orbito
frontal
area

1.5 mA 20 min

Anodal tDCS increased the task performance in women compared to sham, but a similar stimulation effect is not seen in males.
Lapenta et al.,

2012 [52]
14 M, 14F 23.2 ± 3.1 Multisensory task

integrating shapes and
non-words

5 � 7 cm2 Anode¼ between T3 and
T4
Cathode ¼ right arm

Temporal
cortex

1 mA 15 min

The performance in men was poorer than women on the no-go condition for congruent stimuli during cathodal tDCS.
Martin et al.,

2017 [53]
20 M, 20F F ¼ 21.6 ± 2.7/M ¼ 24.1 ± 5.5 Theory of mind task

through reading the
mind in eye test
(RMET)

4 � 1 HD-tDCS Anode ¼ locating 15% of
the distance from the Fz
toward the FPz

dmPFC 1 mA 20 min

Anodal stimulation to the dmPFC increased accuracy on the RMET task compared to sham only in females.
Workman

et al., 2020
[54]

10 M, 10 F Mean age
24.6 ± 3.8

Isokinetic fatigue
testing

5 � 7 cm2 Anode ¼ C3
Cathode ¼ Contralateral
SO

M1 2 mA
and
4 mA

20 min

Females had significantly greater knee extensor fatigability at only 4 mA compared to men
Middle or Older age group
Frank et al.,

2012 [55]
32 tinnitus
patients
25 M,7F

54.2 ± 10.0 Tinnitus scores Not provided Anode ¼ F3
Cathode ¼ F4

DLPFC
area

1.5 mA 30 min on 2
days per
week for 3-
weeks

Female patients showed superior treatment response in contrast to male patients
Adenzato

et al., 2019
[22]

15 M and 15F
per anodal and
cathodal group

67.9 ± 6.1 Theory of mind 7 � 5 cm2 Anode ¼ Fp2
Cathode ¼ between Oz
and inion

mPFC 1.5 mA 6 min

Female participants were slower to decide after anodal tDCS than a sham, whereas males did not show any effect.
Males showing better performance than females following tDCS
Younger age group
Bertossi et al.,

2017 [56]
24 M, 24F F ¼ 23.3

M ¼ 23.0
Daydreaming,
Working memory

5 � 5 cm2 cathode,
7 � 5 cm2 anode

Anode ¼ Fpz
Cathode ¼ deltoid

mPFC 2 mA 15 min

Males show a significant reduction in the mean scores compared to sham, whereas females did not show a significant change
Wang et al.,

2019 [57]
96 M, 96F F ¼ 20.2 ± 1.5

M ¼ 20.5 ± 2
Decision making task 5 � 7 cm2 Anode ¼ FPz

Cathode ¼ Oz
mPFC 1.5 mA 20 min

Males showed a significant decrease in implicit association test scores following stimulation, whereas females did not show any significant change post-stimulation compared to
sham.

10 M, 10F 35 cm2 2 mA 20 min

(continued on next page)
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Table 1 (continued )

Paper N Age group Outcome measures
under investigation

Electrode size Electrode position Target
region

Current Duration

Tommaso
et al., 2014
[58]

F ¼ 25.5 þ 4.3
M ¼ 25.3 þ 3.8

Bisection line and
computer supported
attention task

Anode ¼ P3
Cathode ¼ Supraorbital
cortex

Left
parietal
Cortex

Males showed reduced error than females following tDCS, whereas oestrogen fluctuations could influence the bisection-line test in females during the menses, follicular and luteal
phases.

Fehring et al.,
2021 [59]

37 females,
36 males

18e32 years old Practice-related
learning in the Stop-
Signal Task

Anode ¼ 2.5 � 4 cm
Cathode ¼ 4 � 6 cm

Anode ¼ F3
Cathode ¼ Right
supraorbital area

DLPFC 1.5
mA

10 min

The effects of tDCS on response execution (percentage of correct responses) were higher for males but lower for females
Bhattacharjee

et al., 2019,
2020
[60,61]

8 M, 6 F F ¼
M ¼

Reading task 5 � 5 cm2 Anode ¼ CP5
Anode ¼ TP7
Cathode ¼ Cz

Left IPL
and left
MTG

2 mA 20 min

Males showed better improvement in reading performance post-stimulation for both the montages
Neurophysiological parameters as outcome measures of tDCS
Kuo et al.,

2006 [62]
52 M,66F F ¼ 26.2 ± 2.2

M ¼ 27.4 ± 3.9
Motor cortex
excitability (MEPs)

5 � 7 cm2 Anode ¼ representational area of
the right abductor digiti minimi
muscle (ADM) as determined by
transcranial magnetic
stimulation (TMS),
Cathode ¼ the right orbit.

2 mA for
(1)4s (intra direct
current effect)
(2)19min (cathodal)
(3)13 min (anodal)

The excitability-diminishing after-effects of cathodal tDCS were prolonged in females compared to males. Similarly, the female group showed more inhibition than males during a
short tDCS that elicits no after-effects. In contrast, excitability-enhancing anodal tDCS resulted in no significant differences between the sexes.

Chaieb et al.,
2008 [63]

22 M, 24F F ¼ 23.6 ± 2.4
M ¼ 27.2 ± 5.4

Visual Evoked
Potential

5 � 7 cm2 Anode ¼ Oz
Cathode ¼ Cz

Visual
cortex

1 mA 10 min

Females showed significantly higher cortical excitability following anodal stimulation compared to the age-matched males.
Lee et al., 2018

[64]
15 M,
14 F

F ¼ 22.92 ± 3.25
M ¼ 23.33 ± 4.56

TMS-EEG to elicit and
record TMS-evoked
potentials (TEPs)

35 cm2 Anode ¼ F3
Cathode ¼ Contralateral
orbit

DLPFC 1 mA 15 min

That study found that tDCS targeting the DLPFC resulted in higher motor excitability in females during high estrogen state compared to womenwith low oestrogen state and males
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left hemisphere relative to the right hemisphere in the anterior-
posterior direction, (c) “Bending” corresponds to the angle at
which the cortical tissue in one hemisphere crosses the midline to
displace the tissue in another hemisphere. Studies have found that
variability in structural asymmetry is associated with both sex and
age [39]. For example, one study reported that right frontal petalia
(in right-handers and left-handers) and occipital petalia (in left-
handers only) are strongly lateralized in men compared to
women [40]. These findings were in accordance with the prior
findings of greater frontal and occipital asymmetries in men which
is reversed in women [41]. Progressive decrease in degree of
asymmetry is also seen with age related cerebral atrophy [42].
Owing to such age related changes in cortical anatomy between
men and women, it is expected that the total current intensity at
target ROI might also differ.

These sex differences in cortical anatomy motivated the present
study to investigate its contribution to simulated current density at
target ROI and how it varies across young, middle, and older age
groups. Thus, the present study simulated tDCS electric field on a
large sample (n ¼ 240) of individual MRIs using an individualized
approach. Two montages CP5_CZ and F3_FP2 were simulated tar-
geting two ROIs left inferior parietal lobule (IPL) and left middle
frontal gyrus (MFG), respectively. These two montages were
selected because most of the tDCS studies uses these twomontages
to modulate specific cognitive functions such as reading behaviour
(CP5_CZ) [43] and depression (F3_FP2) [44]. At the same time,
simulating these two montages can reveal the differences created
by two different stimulation locations (parietal and frontal regions)
in tDCS current. Fifteen anatomical parameters that could influence
tDCS current distribution, including cerebral-volume, -dimension,
and -torque measures, were extracted to characterize each brain.
Finally, the association between demographic factors (age and sex),
anatomical factors (volume, dimension, and torque), and current
intensity at target ROI were analyzed.
128
2. Methodology

The study investigated the influence of demographics (age and
sex), volume and dimension of underlying anatomical tissue types,
and brain asymmetry on tDCS current density at target ROI. The
tDCS current was simulated on 240 individual MRIs of males and
females across three age groups (young, middle, and older adults)
using Realistic Volumetric-Approach-Based Simulator (ROAST)
[65]. Each T1 image was simulated for two standard montages
CP5_CZ and F3_Fp2. ROAST outputs from each brain were post-
processed to estimate current density at the two targets ROIs: left
IPL and left MFG using a toolbox Individual-Systematic Approach
for tDCS Analysis (i-SATA) developed in our previous work [66]. The
morphometric parameters (i) brain volumes (CSF, GM, and WM),
(ii) dimensions (length, breadth, and height), and (iii) torque
(petalia, shift, and bending) were estimated from each MRI. Finally,
four statistical analyses (details in section 2.3) were performed to
investigate the effect of age and sex on the current density at target
ROI and evaluate the contribution of underlying cortical anatomy.
2.1. Data description

We obtained the T1 weightedMRI images from the repository of
the Cambridge Centre for Ageing and Neuroscience (Cam-CAN)
study cohort stage 2 (for details, please refer to Taylor et al. and
Shafto et al. [67,68]). The repository contains multimodal (MRI and
cognitive-behavioral) cross-sectional data from a population-based
sample of a large cohort (approximately N ¼ 700) across the adult
lifespan (18e87 years old). The data was collected in three stages,
and all participants were asked to provide written consent before
recruitment into the first stage. Stage 1 consisted of a home-based
interview of 2681 participants with demographic information,
measures of health (cognitive, mental, and physical), and lifestyle
information. Those cognitively normal participants who [MMSE



Fig. 1. (a) Brain torque computation illustration (for details, refer to Xiang et al., 2019). The front and back shifts are calculated as the distance between the two extreme points
located within the two hemispheres' left and right frontal and occipital poles along the XZ plane, respectively. Similarly, the displacement of the left and right hemispheres along the
XY plane at frontal and occipital poles were calculated as front and back petalias. The X, Y, and Z axes are represented in red, green, and yellow colors, whereas the displacement
measurement is represented in blue color. The third column illustrates the calculation of bending angles. The blue plane represents the fitted least square plane to the vertices in the
medial surface of the frontal and occipital quarters of the brain. The yellow plane represents the midsagittal plane at x ¼ 0. The bending is the angle between the surface normal to
the fitted plane (blue) and the surface normal to the midsagittal plane (red). (B) shows the measurement of cerebral dimensions as an enclosed parallelepiped to the cerebral
hemisphere with its edges parallel to the MNI coordinates. (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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>27] met the hearing, vision, and English language ability criteria,
free of MRI contraindications and neurologic or psychiatric condi-
tions, were recruited for stage 2. This study was approved by the
local ethics committee, Cambridgeshire 2, Research Ethics Com-
mittee (reference: 10/H0308/50).

During stage 2, all MRI images were collected using a 3T
Siemens TIM Trio scanner with a 32-channel head coil. T1 weighted
images were collected using MPRAGE sequence, TR ¼ 2250 ms
(ms), TE ¼ 2.99 ms, flip angle ¼ 9�, Voxel size ¼ 1 � 1 � 1 mm3,

FOV ¼ 256 � 240 � 192 mm3, GRAPPA: 2; TI: 900 ms. All the
selected images passed a quality control checked by a semi-
automated script monitored by the CAM-CAN team. All right-
handed individuals (based on the handedness scores) were
selected and arbitrarily divided the data into three groups: young
(group A: between >18 and �41 years), middle-aged (group B:
between >41 and �64 years), and older age (group C: between >64
and �87 years). Each group had 80 MRIs (Total n ¼ 3 age groups�
2 sex� 40 images of each sex ¼ 240). Within each age group males
and females didn't significantly differ (p > 0.05) in, height, weight,
handedness, MMSE, anxiety, depression, and sleep quality scores,
as shown in Table 2.

2.2. Data simulation

Each MRI image underwent the following analysis: (i) Simula-
tion of tDCS current spread using ROAST, (ii) Estimation of current
intensity at target ROI using i-SATA, (iii) Calculation of brain vol-
umes CSF, GM, and WM using CAT12, and (iv) Calculation of cere-
bral dimensions and torque parameters using the methodology
reported in Xiang et al., [37,38]. These steps are described in detail
as follows.

2.2.1. Simulation of tDCS
Individual T1-weighted images were modelled using ROAST

V3.0 [65]. Two electrode montages (based on the 10e20 EEG Sys-
tem), namely CP5_CZ (anode at CP5 and cathode at Cz) and F3_FP2
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(anode at F3 and cathode at Fp2), were simulated. These two
montages were selected for three reasons: (1) The parietal
(CP5_CZ) and frontal (F3_FP2) locations were of particular interest
as Russel et al. [69] reported sex differences in frontal and parietal
bone density and also the resultant simulated tDCS current density.
(2) Prior simulation studies have well established that the target
regions, the left IPL and the left MFG, are optimally targeted by
CP5_CZ [43]and F3_FP2 [44], respectively. (3) Finally, these two
montages are used bymost of the tDCS studies to modulate specific
cognitive functions such as reading behaviour (CP5_CZ) [43] and
depression (F3_FP2) [44]. These bipolar montages were modelled
with electrode pads of size 5 � 5 cm2 and 3 mm thickness. Rect-
angular bipolar electrodes were used because a prior study has
shown that this electrode configuration produces the most ho-
mogenous field in the target ROI, compared to other electrode types
[70].Whilst 3� 3 cm2 and 5� 7 cm2 electrode pads also exist in the
literature, prior evidence suggests a negligible change in pattern of
distribution in current density with electrode sizes [43]. These
montages were simulated with 2 mA current intensity. At this
point, it is worth mentioning that a study has shown that at least
4e6 mA current is needed to produce reliable neuronal activity
using animal models and human cadavers [71]. However, more
investigations are required regarding the safety and tolerability of
participants in using such high current intensities [72]. Hence we
restrict our simulations only to 2 mA as commonly used maximum
current intensity in tDCS studies to improve cognitive functionwith
successful blinding [73]. The values of conductivities of various
tissues (as inbuilt in ROAST) were utilised for white matter (0.126 S/
m); grey matter (0.276 S/m); cerebrospinal fluid (1.65 S/m); bone
(0.01 S/m); skin (0.465 S/m); air (2.5 e�14 S/m); gel (0.3 S/m); and
electrode (5.9 e7 S/m)). ROAST's outputs, which are the current
density (mA/m2) corresponding to each node (x, y, and z co-
ordinates), were obtained. The ROAST output could also be in
Electric field intensity (E), a frequently used parameter in the tDCS
studies. Current density (J) is related to E as in J ¼ sE, where
J ¼ current density (A/m2), E ¼ Electric field intensity (V/m) and
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s ¼ resistivity of the tissue. J and E demonstrate equivalent dis-
tribution when resistivity in the cortex is maintained constant.

2.2.2. Estimation of current density at target ROIs
The output from the ROAST for each T1 image was post-

processed using i-SATA. ROAST simulates each brain in the native
space to provide two outputs as coordinate and magnitude of
electric field (norm values) matrices. The i-SATA converts the co-
ordinate matrix of each head (as supplied by ROAST) to Talairach
space [for details, refer to, 56]. The converted coordinates are
projected to the Talairach Client, and anatomical boundaries of the
ROIs are demarcated according to the Talairach template (similar to
[43,66]). The correspondingmagnitudes of current density received
by each lobe and gyrus are averaged. For the convenience of the
readers, the top 10% of the regions with maximum average current
density are shown in Figs. 2 and 3. Thus, the total current density at
each target ROI: left IPL and left MFG (w-target) was also calculated
for both the tDCS montages.

2.2.3. Estimation of volume parameters
Volume parameters for each T1 image were calculated using the

CAT12 toolbox (version 12.7) [74]. The images were corrected for
biasefield inhomogeneity and spatially normalized using the
DARTEL algorithm. The scans were then segmented into GM, WM,
and CSF volumes. The modulation of the segmented images was
performed wherein tissue class images aligned with the template
were multiplied with the Jacobian determinant derived from the
spatial normalization [74,75]. This step ensures that the tissue
volumes get corrected for individual differences in brain size [76].
The segmented images are then smoothed by convolving with an
isotropic Gaussian kernel of 8-mm FWHM size [74]. After pre-
processing, all the images passed the quality control in CAT12,
and the weighted overall image quality index and mean correlation
of our sample (n ¼ 240) were 1.98 ± 0.03 and 0.91 ± 0.01, respec-
tively. The absolute GM, WM, and CSF volumes were standardized
with the respective total intracranial volume (TIV) and referred to
as relative GM (VolRelGM), WM (VolRelWM) CSF (VolRelCSF)
volumes.

2.2.4. Estimation of torque parameters and cortical dimensions
The coordinate matrix (or the vertices) of individual MRI (ob-

tained from ROAST) were used to determine the length and torque
parameters using the methodology described by Xiang et al.
[37,38]. The matrix was divided into two hemispheres by selecting
the midsagittal plane passing through anterior commissure, pos-
terior commissure, and midsagittal points. The extreme points on
each cerebral hemisphere along the anterior-posterior axis were
demarcated as the frontal and occipital poles. Front and back shifts
were the displacements of the left and right frontal and occipital
Table 2
The participant's details in three age groups.

Items GROUP A GROU

MALE FEMALE MALE

Age (yrs) 36.6 ± 8.4 34.9 ± 8.7 52.7 ±
Height (cm) 170.9 ± 20.6 169.4 ± 15.1 170.6
Weight (kg) 73.86 ± 16.6 75.84 ± 16.6 75.7 ±
Handedness 84.9 ± 34.1 83.5 ± 41.0 79.7 ±
MMSE 28.91 ± 1.21 29.17 ± 1.18 29.1 ±
HADS_anxiety 5.6 ± 3.4 5.8 ± 3.5 4.8 ± 2
HADS_depression 2.7 ± 2.8 2.8 ± 2.9 2.9 ± 2
Sleep_efficiency 84.02 ± 13.1 86.7 ± 13.7 86.3 ±
PSQI 5.2 ± 3.5 5.4 ± 3.7 4.7 ± 3

MMSE (Mini-Mental State Examination), HADS (Hospital Anxiety and Depression scale
different within age groups and between sexes.
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poles along the XZ plane (Fig. 1A). Similarly, front and back petalias
were the respective displacements of left and right frontal and
occipital poles along the XY plane (Fig. 1A). Front and back bending
were computed in three steps - (1) The vertices in the first and last
quarters of the medial surface of each hemisphere were identified,
(2) A least-square plane was fitted onto the vertices of each quarter,
and the surface normal to the respective planes was calculated, and
(3) front and back bending values for each hemisphere were
calculated as the angle (q) between the surface normal to the fitted
individual planes and the surface normal to the midsagittal plane
(Fig. 1A). The asymmetry in bending was calculated as the differ-
ence of bending angles between left and right hemispheric at
frontal (LR front bending) and occipital poles (LR back bending).

The three dimensions of the brain (Fig. 1B) that were measured
for each hemisphere are latero-medial width (x distance), ante-
roposterior length (y distance), and dorso-ventral height (Z dis-
tance). These were the dimensions of the smallest orthogonal
parallelepiped that would enclose the outer surface of each cerebral
hemisphere with edges parallel to the three axes of the MNI coor-
dinate system (Fig. 1B). We computed the ratios.

length=width (left LW and right LW), and length=height (left LH
and right LH) for left and right hemispheres.

2.3. Statistical analysis

Initially, all the parameters obtained from the individual images
were checked for the normality distribution using Shapiro-Wilk's
method. The overarching aim of the present study was to investi-
gate the effect of age and sex (both main and interaction effects) on
w-target and the underlying anatomical factors contributing to-
wards it. To this aim, four statistical analyses were performed: (1)
As a starting point, a single model was designed using stepwise
linear regression that considered the contribution of all the 16
parameters (including demographics and anatomical characteris-
tics, refer to Table 3); (2) subsequently, the whole dataset was
categorized into six groups (2 sex � 3 age groups), and group-level
differences in w-targets was analyzed; (3) next, mediation analysis
with multiple mediators was applied to each age group to evaluate
the contribution of all cortical anatomy factors in predicting the sex
difference in w-target; and (4) finally, the sex difference for each
cortical anatomical parameter was analyzed separately through
independent two-tailed t-tests within each age group. The associ-
ation of each anatomic parameter with w-target was also analyzed
independently. Each analyses has been described in details as
follows.

2.3.1. Analysis of individual parameters
For each montage, a single stepwise linear regression model

(using the ‘stepwiselm’ function in matlab) was used to investigate
P B GROUP C

FEMALE MALE FEMALE

18.6 53.07 ± 7.8 74.2 ± 7.6 74.08 ± 7.5
± 15.1 169.5 ± 15.1 169.5 ± 15.1 169.5 ± 15.1
16.6 75.7 ± 16.6 73.7 ± 16.7 75.7 ± 16.6
44.1 80.6 ± 41.01 83.3 ± 44.4 82.8 ± 45.2
1.05 29.1 ± 1.02 28.5 ± 1.28 28.5 ± 1.29
.9 4.5 ± 2.8 4.2 ± 3.2 4.2 ± 3.2
.8 2.5 ± 2.7 3.2 ± 2.5 3.3 ± 2.6
10.7 86.09 ± 10.7 80.8 ± 12.4 80.9 ± 12.5
.05 4.6 ± 3.0 5.9 ± 3.8 5.9 ± 3.9

), PSQI (Pittsburgh Sleep Quality Index). None of the parameters are significantly



Fig. 2. A-F visualizes the spatial distribution of current density (CD) averaged across participants of the parietal montage CP5_CZ for males and females in young, middle-aged, and
old-age groups (represented in three columns). The i-SATA outputs show the average CD (mA/m2) in the top 10% of the brain regions, and the target region of interest, “Left inferior
parietal lobule (left IPL)" is shown in pink color. (G) The difference in current at target region “Left inferior parietal lobule (left IPL)" (w-target, bar in pink color) between males and
females across the three age groups. (H) Example of an electric field stimulation (ROAST output in v/m) with the electrode positions with anode at CP5, cathode at CZ with 5 � 5 cm2

electrode sizes, and 2 mA of injected current. (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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the association of w-target with the 15 parameters (age, sex,
3 volume, 4 length, and 6 torque parameters). Backward elimina-
tion in stepwise regression allows the model to reduce parameters
by selecting the most significant (a ¼ 0.05) variables. This pro-
cedure calculates the coefficient for each variable and level of sig-
nificance (p-value). If the p-value is more than a, the variable is
removed, and the linear regression is repeated with the remaining
variables. When the p-value is less than a for all the variables, the
process of backward elimination is complete. Moreover, when any
item is linearly dependent with others in the current model, the
‘stepwiselm’ function removes the redundant term, regardless of
the criterion value (p-value) (For additional analysis about checking
of assumptions of the model, please refer to the supplementary)

2.3.2. Group-level differences in current density at target ROI
To determine howcurrent intensity varied across the age groups

and between sexes in each age group, we divided the results from
the individual simulation into six groups. The i-SATA outputs from
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each T1 image, which provided a common reference head model,
were averaged into six groups to visualize the mean current dis-
tribution across participants. Group-level analysis was performed
using two separate ANOVA models with w-target as dependent
variable and age (group A, B, and C) and sex as independent vari-
ables for both the tDCS montages.

2.3.3. Evaluating the contribution of anatomy parameters to sex
difference

Mediation analyses with multiple mediators were performed
for each age group using the ‘mma’ package developed in R soft-
ware (for details, refer to Yu et al. [77]). We usedmediation analysis
to investigate the contribution of each cortical anatomic parameter
(volume, dimension, and torque) to determine if there were dif-
ferences in w-targets at two ROIs due to sex. Accordingly, sex was
used as an independent variable, w-target as the dependent vari-
able, and the rest of the volume, dimension, and torque parameters
as mediators. Mediation analysis with multiple mediators allows



Fig. 3. A-F visualizes the spatial distribution of current density (CD) averaged across participants of frontal montage F3_FP2 for males and females in young, middle-aged, and old-
age groups (represented in three columns). The i-SATA outputs show the average CD (mA/m2) in the top 10% of the brain regions, and the target region of interest, " Left middle
frontal gyrus (left MFG)" is shown in pink color. (G) The difference in current at target region “Left middle frontal gyrus (left MFG)" (w-target, bar in pink color) between males and
females across the three age groups. (H) Example of an electric field stimulation (ROAST output in v/m) with electrode positions with anode at F3, cathode at FP2 with 5 � 5 cm2

electrode sizes, and 2 mA of injected current. (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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estimation of individual effects of each parameter and joint-effects
of multiple parameters. Bootstrapmethodwith 5000 iterations was
used to evaluate the significance of mediators as suggest by
Preacher et al., [78].
2.3.4. Determining the sex difference in the cortical parameters and
its association with current intensity at target ROI

A question that follows the mediation analysis is how the
morphometric parameters change between males and females
across the age groups? Although brain atrophy is expected with
advancing age in both males and females, we calculated two
measures evaluating the degree of cerebral atrophy:
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CSF
�
GM ratio ¼ VolRelCSF

VolRelGM
(1)

and

Brain parenchyma fraction ðBPFÞ¼ absGM þ absWM
TIV

(2)

The difference between males and females for these atrophy
measures across the three age groups was analyzed using an in-
dependent two-tailed t-testwith Bonferroni correction for multiple
comparisons. Similarly, the sex difference between length and
torque parameters was also calculated across the age groups.
Additionally, the association of length and torque parameters with



Table 3
The fifteen parameters that are included in the analysis.

Demographics Volumes Length Torque

Age
VolRelCSF ¼ abs CSF

TIV
Left LW ¼ Left length

left width
Front Shift

Right LW ¼ Right length
Right width

Back Shift

Sex
VolRelGM ¼ abs GM

TIV
Left LH ¼ Left length

left height
Front Petalia

Right LH ¼ Right length
Right height

Back Petalia

VolRelWM ¼ abs WM
TIV

LR(Left-Right) Front Bending
LR (Left-Right) Back Bending

VolRelCSF ¼ Relative volume of cerebrospinal fluid. VolRelGM ¼ Relative volume of grey matter, VolRelWM ¼ Relative volume of white matter, absCSF ¼ absolute volume of
cerebrospinal fluid, absGM ¼ absolute volume of grey matter, absWM ¼ absolute volume of white matter, TIV ¼ Total intracranial volume.
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atrophy measures was evaluated to determine whether any of the
changes in these parameters are associated with cerebral atrophy.
Finally, to determine how the change in atrophy influences the
current intensity at target ROI, the association between atrophy
measures and the w-target were analyzed for the three age groups
(group A, B, and C), considering sex as a covariate.
3. Results

3.1. Analysis of the individual parameters

For the CP5_CZmontage targeting the IPL, we found a significant
main effect of age (p¼ 0.001), sex (p¼ 0.001), VolRelCSF (p¼ 0.005),
VolRelGM (p ¼ 0.01), VolRelWM (p ¼ 0.004), FrontShift (p ¼ 0.04),
FrontPetalias (p ¼ 0.04), LeftLW (p ¼ 0.03), RightLW (p ¼ 0.02),
LeftLH (p ¼ 0.001). We also found a significant interaction of age
and sex (p ¼ 0.04) as shown in Fig. 4A.

For the F3_FP2 montage, we found significant main effects of
age (p ¼ 0.001), VolRelCSF (p ¼ 0.01), VolRelGM (p ¼ 0.03), Vol-
RelWM (p ¼ 0.02), FrontShift (p ¼ 0.008), FrontPetalias (p ¼ -0.01),
LeftLH (p ¼ 0.005), RightLH (p ¼ 0.004). The main effect of sex and
the interaction effect of age and sex was not significant (p > 0.05)
for this montage. The predicted response of the age and sex inter-
action is shown in Fig. 5A.
3.2. Group-level differences in current density at target ROI

Fig. 2AeF and 3A-F show the group level averages of the total
current intensity received by the top 12 brain regions (i-SATA
output) for the parietal montage CP5_CZ and frontal montage
F3_Fp2, respectively. The mean current intensity at the two ROIs of
interest (w-targets), i.e., left IPL (for CP5_Cz) and left MFG (for
F3_FP2), are highlighted in both figures. For the montage CP5_CZ
following the two way ANOVA analysis (Fig. 2G), significant main-
effect of age [F(1, 2) ¼ 3.43, p ¼ 0.03)] and interaction effect of age
and sex [F(1, 2) ¼ 8.31, p ¼ 0.0003)] were found on w-target (IPL).
Pair-wise comparison (Bonferroni corrected) revealed a decrease in
current intensity in old age compared to the young age group (p ¼
8.04e-05) and old age compared to the middle age group (p¼ 0.012)
for males only. Males received higher current than females at the
young age group (p ¼ 0.01), whereas females received higher cur-
rent than males in the old age group (p ¼ 0.004) [Fig. 2G]. Similarly,
for the montage F3_Fp2, a significant main effect of age [F (1,
2)¼ 9.09, p¼ 0.0001)] was found on the w-target for left MFG. Pair-
wise comparison (Bonferroni corrected) reveals a decrease in cur-
rent intensity in old age compared to the young age group for both
males (p ¼ 0.0009) and females (p ¼ 0.02) and a decrease in middle
age compared to young age group only for females (p ¼ 0.004).
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Males had lower current intensity compared to females in old age
group only (p ¼ 0.02) [Fig. 3G].

3.3. Evaluating the contribution of anatomy parameters to sex
difference

For the CP5_CZ montage (Fig. 4B, C and D), we found a signifi-
cant total effect of sex in current density at IPL for both young (0.23,
p ¼ 0.03) and old age (0.34, p ¼ 0.04) groups. In the middle age
group, the total effect of (0.01, p ¼ 0.98) of sex was negligible.
Amongst the mediating factors, the indirect effects of VolRelCSF
and VolRelGM made the highest contributions in determining the
w-target at left IPL, irrespective of age group. In young age (Fig. 4A),
VolRelGM (0.67, p ¼ 0.04) has positive indirect effects whereas
negative indirect effects of VolRelCSF (�0.857, p ¼ 0.06) trended
towards significance on the w-target at left IPL. Besides having a
mediation effect, sex had a significant direct effect (0.13, p ¼ 0.04),
which means there was a significant effect of sex in the current
density, even in the absence of the mediators considered in the
analysis. In middle age, only the indirect effect of VolRelGM (1.01,
p ¼ 0.04) was significant. In the older age group, a positive indirect
effect of VolRelCSF (0.93, p ¼ 0.04) but negative indirect effect of
VoRelGM (�0.81, p ¼ 0.05) with current density was observed.
These findings imply that the larger the CSF volume, the higher the
current intensity at target ROI in old age, which is in contrast to
young age, where larger is GM volumes, higher is the current in-
tensity. In the older age group we found a joint effect of torque (0.2,
p ¼ 0.02) also to make significant contributions in determining the
sex difference in current intensity (Fig. 4D).

For the F3_FP2 montage (Fig. 5B, C and D), the sex difference in
current density at the left MFG was not seen for either young or
middle-aged groups. A sex difference was seen only in older adults
(TE¼�0.24, p¼ 0.04). Inmiddle age, VolRelCSF (1.12, p¼ 0.03) have
a positive indirect effect and VolRelGM (�0.93, p ¼ 0.02) have a
negative indirect effects onw-target at left MFG. Similar association
is also seen in old age with significant positive indirect effect of
VolRelCSF (0.55, p ¼ 0.04) and negative indirect effect of VolRelGM
(�0.57, p ¼ 0.03). In the old age group only, a joint indirect effect of
brain-torque (0.27, p ¼ 0.04) had a significant contribution to the
sex difference in w-target.

3.4. Determining the sex difference in the cortical parameters and
its association with current intensity at target ROI

Fig. 6A show that CSF/GM ratio increases as the age advances
from young to old age for both the sexes. This suggests degree of
brain atrophy increases with advancing age as confirmed by BPF
values in Fig. 6B. It can be seen that BPF values are highest in young
age (0.83 ± 0.03) and gradually declines through middle age



Fig. 4. (A) The interaction effect of age and sex at the targeted inferior parietal lobule ROI for the CP5_CZ montage. (B) The mediation analysis for the young age group shows a total
effect and direct effects of sex and indirect effects of CSF and GM relative volumes. (C) In the middle age group, no significant total/direct effect of sex was seen but a significant
indirect effects of VolRelGM was seen (D) in older adults, sex had a total effect on current intensity mediated by significant CSF and GM volumes and joint effect of brain-torque. The
significant mediators are also marked with (*) in (B), (C) and (D).
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(0.77 ± 0.02) and lowest in old age (0.68 ± 0.02). High BPF values
and lower CSF/GM ratio at young age correspond with the positive
indirect effect of VolRelGM to determine the current density at
target ROI (as mentioned above in the mediation analyses). Simi-
larly, Low BPF and high CSF/GM ratiovalues in old age correspond
with the positive indirect effect of VolRelCSF on current density at
target ROI. Fig. 6A also show that CSF/GM ratios is higher in females
than males in all the three age groups but the difference widens as
the age advances (p < 0.1 � 10�05). This sex difference in brain at-
rophy is confirmed by the brain parenchyma fraction (BPF) in
Fig. 6B, where the gap between males and females widens in old
age (p ¼ 0.14 � 10�12) compared to the middle (p¼ 0.259 � 10�07)
and young age (p ¼ 0.001).

Additionally, males had a higher torque parameter (FrontShift)
value compared to females (p¼ 0.005), as shown in Fig. 6C, which is
driven by old agers (p¼ 0.34� 10e06) only, but not bymiddle (p¼
0.29) or young (p ¼ 0.33) agers. Overall, males had a higher length
bywidth ratio (p¼ 0.004) than females, mainly driven bymales at a
young age (p ¼ 0.01, figure not shown). No significant sex difference
was seen for length by height ratios in any of the age groups. To
analyse whether the lower torque parameter in old females
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compared to males is associated with higher cerebral atrophy,
regression of front shift with CSF/GM ratio and sex as independent
factors was performed. We found a significant main effect of CSF/
GM ratio (est ¼ �7.83, p ¼ 0.007), and sex (est ¼ �7.49, p ¼ 0.008)
and interaction effect of CSF/GM and sex (est¼ 19.30, p ¼ 0.002), as
shown in Fig. 6D.

Subsequently, the association of the CSF/GM ratio with the w-
target was analyzed using linear regression for age groups A, B, and
C by considering sex as a covariate. The main effect of CSF/GM
(est ¼ �0.44, p ¼ 0.01) was significant for group A, suggesting that
the lower the CSF/GM ratio is associated with the higher the w-
target values. Since males had a lower CSF/GM ratio than females, a
higher w-target was seen for males than females, and a significant
covariate factor of sex (est ¼ �0.71, p ¼ 0.005) was found. The main
effect of CSF/GM was not found significant for groups B and C, but
sex was found as a significant covariate for group C only (est ¼ 0.11,
p¼ 0.007). To this, whenw-target was regressed with CSF/GM ratio
separately for males and females in Group C, an opposite trend was
seen (Fig. 6F). For males, higher CSF/GM ratio was associated with
lower w-target (est ¼ �0.73, R2 ¼ 0.08, p ¼ 0.02). Whereas for fe-
males, higher the CSF/GM ratio was associated with higher w-



Fig. 5. (A) The interaction effect of age and sex at the targeted dorsolateral prefrontal cortex ROI for the F3_Fp2 montage. (B) The mediation analysis for the young age group showed
no total effect or indirect effects (C). The mediation analysis in middle age show no significant total or direct effect of sex but shows the significant indirect effect of CSF and GM
volumes (D) In older adults, sex had a total effect on current intensity mediated by indirect effects of CSF, GM volumes and joint effect of brain torque. The mediators are also marked
with (*) in (B), (C) and (D).
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target values (est ¼ 0.38, R2 ¼ 0.05, p ¼ 0.04). For all the above
analyses, the normality and homogeneity of variance assumptions
were not violated as tested by Shapiro-Wilk test and Barlett's test,
respectively (p > 0.05).
4. Discussion

To the best of our knowledge, the present study is the first to
simulate a large sample of individual MRIs for males and females
across young to old age groups and investigate the association of
current density at target ROI with15 cortical morphometric fea-
tures. Such an analysis is expected to benefit future tDCS studies in
tuning the tDCS stimulation parameters according to age and sex of
an individual, so that response variability in tDCS could be mini-
mized. Our analysis has four key findings- (i) Depending on age, the
current density at targeted ROIs differed between males and fe-
males, (ii) CSF, and GM volumes played a significant role in deter-
mining the current density across all ages, (iii) sex difference across
age groups in current density at a targeted site varies depending on
the brain region stimulated (investigated through simulating
frontal and parietal brain regions), and finally, (iv) structural
hemispheric asymmetry quantified by torque plays a crucial role in
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mediating the sex difference in current density in the older age
group only.

Overall, the present study found that the simulated current
density that decreases with advancing age (refer to section 3.2) is
associated with the atrophy-induced increase in CSF volume. This
finding is in concordance with prior studies that investigated the
association of age-related brain atrophy and tDCS current distri-
bution [79e81], but these studies were limited in the number of
brain MRIs being simulated (maximum three images). However, to
the best of our knowledge, the present study is the first to report
sexual dimorphism in simulated current intensity at older ages
supported by our large sample size. The present study found that
older females receive higher simulated current at target ROIs than
their counterparts (parietal and frontal montages). A larger sex
difference in current density at old age is mediated by higher CSF
volume and lower GM volumes (Figs. 4 and 5D). When the asso-
ciation of CSF/GM ratio with w-target was investigated, a con-
trasting patternwas seen for males and females. For males, a higher
CSF/GM ratio was associated with lower w-target values, but for
females, higher CSF/GM ratios were associated with increased w-
target values. Such reversal of the expected inverse relationship of
current intensity with CSF volume in females could be related to



Fig. 6. Illustration of the parameters significantly different between males and females (p < 0.001) - (A) ratio of cerebrospinal fluid (CSF) to grey matter (GM) volume, (B) Brain
parenchyma fraction (BPF), and (C) torque parameter (FrontShift) for three age groups (group A ¼ �18 and <41 years, group B ¼ �41 and <64 years, group C ¼ �64 and <87 years of
age). For CSF to GM ratio, and BPF, the values are significantly different between males and females for all the three age groups (denoted by *p < 10�03, **p < 10�05, ***p < 10�10). In
the case of FrontShift, significant sex difference was found only in old age (group C, denoted by **). The red (þ) represents a mean and standard error, (D) The front shift in the y-axis
is regressed with the CSF/GM ratio in the x-axis for males and females of the whole sample. (E) The relation between CSF/GM ration (x-axis) with current at target region (w-target
in the y-axis) is shown for males and females of older age group only. (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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sex-related differences in brain aging. For example, prior studies
have reported larger peripheral (sulcal) and lateral (Sylvian) fissure
CSF volumes and apparent widening of sulcus in parieto-occipital
regions for elderly males compared to females [82,83]. Specif-
ically, Gur et al. [29] showed that the increase in the ratio of
regional sulcal CSF to brain volume in males is significantly larger
(p < 0.0001) than in females as their age progresses from young to
old (refer to Fig. 3 in Gur et al. [29]). Since the conductivity of CSF is
very high (1.71 S/m) compared to other tissue volumes like GM
(0.47 S/m) and WM (0.22 S/m) [84], it is plausible that the greater
regional (sulcal) accumulation of CSF volume inmenmight result in
a preferential flow of current to the sulcal depths. Conversely, more
current is left on the surface for females. Interestingly, such
shunting of current injected to the brain (a phenomenon referred to
as ‘hot spots') due to brain atrophy has been reported previously in
MCI and stroke patients [79e81].

Another factor contributing to such sex difference in current
intensity at older ages (Figs. 4D and 5D) is the sex-specific dimor-
phism in the cerebral torque, which is reported for the first time in
the present study. It was found that females have lower front shift
values compared to males in older ages (Fig. 6C), but such differ-
ence is not seen in middle or young age. The observed sex differ-
ence in the torque parameters at older ages in the present study is
associated with higher cerebral atrophy in females than males
(Fig. 6E). It is interesting to note that cerebral atrophy has a com-
plex interplay with other factors like cerebral torques to determine
the current intensity in older ages. Altogether, our study reports the
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differential pattern of current distribution in old males and females
and opens up new avenues for research that investigate the influ-
ence of regional sex differences in brain atrophy on tDCS current
distribution.

In middle age, the sex difference in current intensity at target
ROIs (both parietal and frontal) did not differ significantly between
men and women. This finding is in concordance with a previous
study investigating the variation in trajectories of the regional brain
of healthy men and women aged from 20 to 85 years old, using
longitudinal data collected from 122 adults (55 men and 67
women) with an interval of 8 years [83]. They reported an accel-
erated increase in CSF volumes of lateral ventricle, third ventricle,
and Sylvian fissures in men compared towomen only after 60 years
of age. An exponential decrease in GM volumes was seen for both
frontal and parietal cortices only after 60 years of age, more so for
men than women. However, these increases (CSF volumes) and
decreases (GM volumes) in brain volumes exhibited a linear pattern
before 60 years of age with no significant difference between males
and females (refer to 2 in Pfefferbaum et al. [83]). Thus, if the brain
volumes mediate the current density at middle age (as shown in
Figs. 4 and 5B), it is expected that no sex difference in current
density at target ROIs can be seen.

At a young age, differences in the current density received by
males and females at targeted ROIs vary depending on the location
of the stimulated region. We found that young males received
higher current than young females for the CP5_CZ montage over
the parietal cortex. Interestingly, we found a similar trend for the
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F3_FP2 montage, located over the frontal cortex, but the sex dif-
ference did not reach statistical significance. When the association
of the CSF/GM ratio with w-target was investigated, a lower CSF/
GM ratio was associated with higher current density at target ROI.
Young males in the present sample have a lower global CSF/GM
ratio than females, possibly due to their larger brain dimensions
(refer to Fig. 6B); and hence males are expected to receive a higher
current at target ROI. However, comparing regional volumes of left
IPL and left MFG ROIs can facilitate our understanding of regional
sex differences in current intensity between the two montages. In
this aspect, prior studies investigating sex differences in regional
CSF volumes are scanty, which seems to be the primary determi-
nant for current distribution due to its highest conductivity. How-
ever, a sex difference in GM volumes was investigated from
childhood to adulthood in a prior cross-sectional study of structural
MRI data from 442 typically developing individuals (age range
8e30 years) [85]. In concordance with the present findings, their
investigation revealed that lobar GM volumes (both parietal and
frontal) are larger formales compared to females [85]. Interestingly,
when the interaction effect of age and sex (age2 � sex) was
investigated, they found the parietal lobe only survived correction
for multiple comparisons of significance (p < 0.001) but the frontal
lobe didn't [85]. These findings suggest the existence of a possible
sex difference in the trajectory of regional cortical development.
We believe that it would be helpful to investigate this relation with
tDCS current spread for various montages in future studies.

Another possible reason for the difference in parietal region
current density between males and females (males > females)
could be due to the differences in skull density between the sexes
(females >males) [86]. The effect of such sex differences in regional
skull density on simulated tDCS current was reported by Russell
et al. [69] by measuring the thicknesses of the three layers of the
scalp using a combination of T1, T2, and proton density imaging.
They found males (12 males ranging from 34 to 68 years) had more
porous bone (a thicker spongy layer) than females (12 females
ranging from 21 to 75 years), and the difference was higher for the
parietal than the frontal bone. As a result, a higher simulated tDCS
current density was found for males compared to females (skull
modelled as three-layers of compact and spongiform layers), and
the difference was more significant at the C3 (near temporopar-
ietal) region compared to F3 (frontal) [86]. The present study also
found thatmales receive more current at parietal montage ROI than
females when the skull was modelled as a single compartment. The
porous nature of the male skull might have contributed to this
finding as studies have reported that single layer approximation
and three-layered skull modelling don't produce much difference
in the final simulated current [86,87], although the opposite view
also exists [88].

To summarize, the present study reiterates that the inter-
individual variability in cortical anatomy greatly influences the
tDCS current distribution, as shown in previous studies. Specifically,
the age range that undergoes rapid changes like the developing and
aging brains are susceptible to more significant variations in tDCS
current spread. Interestingly, both these categories are the likely
populations that benefit from the application of tDCS. This variation
emphasizes the need to individualize the tDCS modelling for
different population categories and customize the stimulation pa-
rameters accordingly. In this direction, Evan et al. [89] recently
proposed that the observed variability amongst individuals at the
target ROI could be shifted from inside to outside by varying the
stimulation dose. The present findings suggest that a specific cohort
might need higher doses while low quantities might be sufficient
for others. A recent simulation study supports this notion and
shows that higher doses like three mA result in better selectivity in
stimulating the target ROI than the non-target region in older
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adults (more so in males). But, a lower dose (1e2 ma) is enough to
obtain the desired selectivity in younger adults [90]. Interestingly,
studies have also shown that higher doses up to 4 mA could be
safely used [72] but less tolerable in females compared to males
[91]. Such personalized protocols need to be validated for gener-
alization across populations while contemplating the sex differ-
ences in the tolerability of higher doses.

5. Limitations and future directions

The results in the present study are based on modelling and
whether they would translate into behavioural or neurophysio-
logical response needs further validation with empirical data. In
this regard, women's hormonal status might also play a vital role as
prior studies have demonstrated enhanced tDCS induced neuro-
physiological effects during high estrogen status of the late follic-
ular phase of the menstrual cycle [refer to Table 1, 61]. Additionally,
measures of neurotransmitter levels critical in tDCS responses (e.g.,
Gamma aminobutyric acid [GABA] and glutamate) support hor-
monal influences on cortical excitability [92]. Modelling ap-
proaches could also be influenced by electrode properties (shape,
size, and conductivities of different electrode materials) [70].
However, it is reported that bipolar rectangular electrodes with
saline beneath the electrodes produce a homogenous electric field
at target ROI [70] and balances inter-individual variability, focality,
and current magnitude [93]. Limitations regarding the segmenta-
tion procedure applied in tDCS modelling studies have also been
reported but could benefit from including T2w images in future
studies [94]. The conductivities of the tissue layers are considered
constant in modelling studies. Differences in age-related changes in
skull conductivity have been reported due to calcifications [84],
which could, in turn, vary between males and females [95].
Although CSF conductivity seems relatively stable across the age
groups [96], data regarding tissue conductivities across different
age groups are scanty. Last but not least, only the norm component
of the electric field was included in the study without any consid-
eration to the direction of the current flow. The previous research
has reported a reduced effect of bipolar electrodes on electric field
magnitude variation [86], and directionality might not be that
important when large areas covering numerous cortical folds are
stimulated. However, the current direction might be relevant to the
cortex's anatomy when specific gyri or sulci are stimulated by a
more focal, high-definition electrode configuration [97]. Overall,
modelling studies are helpful and can serve as a starting point to
identify induced electrical current behaviour in recent years.
However, future studies with neuroimaging methods like PET, ce-
rebral blood flow and electrophysiological techniques could com-
plement the tDCS modelling studies to clarify the associated
physiological changes (for details [98,99]).

Although the results in the present study are encouraging,
conclusions need to be drawn with caution as further empirical
studies are required to understand the effect of the biology of sex in
tDCS current distribution. The study considered the influence of sex
difference in cortical parameters on tDCS-induced current density
at the whole-brain level. Naturally, the effect of sex difference in
regional morphometric factors underlying the target ROIs (for
example, regional-cortical volumes, CSF and cortical thicknesses,
surface area, convolution, and sulcal depth [25]) in regulating the
spread of current across the brain region becomes an essential
point for investigation. In this aspect, the amount of cancellous
bone in the skull [100] through which the current percolates to the
brain also deserves special attention. We keep it to the future
studies to extract all such parameters from a multimodal (MRI, CT
scans, etc.) and large dataset. In the present study, we considered
the volumes in a normalized brain and have corrected for head size,
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a practice commonly followed in all the volumetric analyses. An
alternative way would be to perform the analysis in the native
space and corroborate the findings. While doing so, we also suggest
increasing the number of subjects in each group so that division of
each age group into smaller bins can be performed to identify a
smaller age range that exhibits the most apparent sex difference
[101]. Finally, the present study reports the importance of one of
the global cerebral asymmetries (Yakovlevian torque) in deter-
mining tDCS current density. Local asymmetries like planum pari-
etale, central sulcus depth, parasagittal callosal measures, and grey
matter posterior to central sulcus [25] should also be considered
when montages positioning these regions are simulated. Such an
investigation will enhance our understanding of the inter-
individual variation in tDCS effects.
6. Conclusions

To conclude, depending on a person's age, the tDCS-induced
current density at targeted ROIs could differ between males and
females, mediated by variations in cortical anatomy. The motive is
to highlight an influence of individual morphological changes in
developing and degenerating brains on tDCS simulated current. To
obtain desired stimulation benefits, individual modelling is needed
to account for variability in cortical morphometry and to tailor the
stimulation parameters.
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