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Background: Varying treatment outcomes in transcranial electrical stimulation (tES) recipients may
depend on the amount of current reaching the brain. Brain atrophy associated with normal aging may
affect tES current delivery to the brain. Computational models have been employed to compute predicted
tES current inside the brain. This study is the largest study that uses computational models to investigate
tES ﬁeld distribution in healthy older adults.
Methods: Individualized head models from 587 healthy older adults (mean ¼ 73.9years, 51e95 years)
were constructed to create ﬁeld maps. Two electrode montages (F3-F4, M1-SO) with 2 mA input current
were modeled using ROAST with modiﬁed codes. A customized template of healthy older adults, the
UFAB-587, was created from the same dataset and used to warp individual brains into the same space.
Warped models were analyzed to determine the relationship between computed ﬁeld measures, brain
atrophy and age.
Main results: Computed ﬁeld measures were inversely correlated with brain atrophy (R2 ¼ 0.0829,
p ¼ 1.14e-12). Field pattern showed negative correlation with age in brain sub-regions including part of
DLPFC and precentral gyrus. Mediation analysis revealed that the negative correlation between age and
current density is partially mediated by brain-to-CSF ratio.
Conclusions: Computed ﬁeld measures showed decreasing amount of tES current reaching the brain with
increasing atrophy. Therefore, adjusting current dose by modifying tES stimulation parameters in older
adults based on degree of atrophy may be necessary to achieve desired stimulation beneﬁts. Results from
this study may inform future tES application in healthy older adults.
© 2020 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/).
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Introduction
The older adult population of 60 years and older has increased
exponentially in the past decade [1] and numerous research efforts
have been dedicated to address and treat age-related issues. These
efforts include exploring intervention strategies targeting brain
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function to maintain independent living in the aging population.
Transcranial electrical stimulation (tES) has emerged as an attractive treatment to remediate age-related decline in cognitive and
motor functions [1e3]. Conventional tES delivers mild electrical
current (typically 1e2 mA) via a pair of large electrodes (e.g.,
~35 cm2 area) placed on scalp at locations based on desired target
brain regions. Prior research shows that while tES has potential for
impacting motor and cognitive functions in older adults [1,4e8],
individual responses to tES application vary signiﬁcantly. This
variability can depend, in part, on different amounts of current
reaching the brain across participants due to inter-individual
anatomical differences despite using the same standardized electrode montage. Further, direct measurements of electrical current
in-vivo is difﬁcult and thus pose a challenge to quantify current
dose in the brain for optimizing stimulation effects. Therefore, ﬁnite
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element modeling (FEM) based computational studies have been
employed to predict electrical current distribution in the human
head during stimulation [9e12]. Individual head models are typically converted from T1-weighted magnetic resonance (MR) images following a standard modeling workﬂow [13]. Prior research
shows that variation in brain anatomy e.g., gyrus morphology have
considerable effects on modeled ﬁeld measures in the brain, and
thus warrant the need for individualized head models [12,14,15].
Initial modeling validation studies suggest that predicted ﬁeld
measures and reconstructed in-vivo tissue conductivity values
computed using FEM are comparable to empirical values [16e19].
Therefore, FEM continues to be considered as an acceptable tool to
indirectly measure electric current distribution in the brain during
tES.
Prior research studies suggest that computed ﬁeld measures in
the brain change with increasing age, and these changes are associated with structural changes in the brain (i.e., brain atrophy).
Laakso et al. [20] conducted tES FEM studies in 24 adult males
(mean age ¼ 38.63, range ¼ 21e55 years) using 1 mA C3-Fp2 (M1SO) montage and reported a signiﬁcant negative effect of age on
peak electric ﬁeld due to the positive correlation between age and
cerebrospinal ﬂuid (CSF) volume, as a measure of brain atrophy.
Mahdavi et al. [21] reported decreased ﬁeld measures in the brain
with increasing brain atrophy in three head models (younghealthy, elder-healthy, elder-MCI) and increasing ﬁeld measures in
CSF from the younger to elder, both in healthy and MCI group [21].
Thomas et al. [22] computed ﬁeld measures in ﬁve head models
representing ﬁve decades of life (ages ¼ 42, 54, 66, 75, and 85),
using conventional and high-deﬁnition electrode montages located
in F3-F4 and M1-SO. They found a decreasing peak ﬁeld strength
from 42 to 75 years old and an increasing trend from 75 to 85 years
old in target gyri. While previous studies observed similar trends of
decreasing magnitudes in both electric ﬁeld and current density
with increasing age, these studies were performed in small cohorts
(mean n ¼ 10.7 ± 11.6 subjects). Therefore, computational models
in a larger cohort of older adults are needed to provide a more
comprehensive insight on whether age-related effects e.g., brain
atrophy can alter the amount of current delivered to the brain.
In this paper, we present the largest tES FEM study in 587 older
adults with ages ranging from 51 to 95 years old. Stimulation of
2 mA using two conventional electrode montages was modeled to
evaluate age effects on modeled ﬁeld measures. Computed current
density and electric ﬁeld strength were assessed in brain regions
only (white and gray matter). Brain atrophy was quantiﬁed as brain
ratio which was the ratio of the individual brain volumes relative to
their intracranial volumes. We hypothesize that predicted ﬁeld
measures are indicative of the structural changes of the aging brain,
which can be useful for current dose determination in future tES
studies involving aging populations.
Methods
T1-weighted images of 587 older adults (age range ¼ 51e95
years; mean age ¼ 73.9 years, 325 females, 262 males) sourced
from a variety of study were converted into individual models. 300
participants were sourced from the Center for Cognitive Aging and
Memory (CAM) database at the University of Florida, where 161
participants were screened using the National Alzheimer’s Coordinating Center (NACC) Uniform Data Set (UDS-III) and 139 participants were screened using the Montreal Cognitive Assessment
for cognitively healthy. Additional 287 were obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.
loni.usc.edu) and screened as cognitively normal based on the ADNI
procedures manual. The ADNI was launched in 2003 as a publicprivate partnership, led by Principal Investigator Michael W.
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Table 1
Age range and the total of subjects in each age group.
Age Range

Number of Subjects (n)

51e55
56e60
61e65
66e70
71e75
76e80
81e85
86e90
91e95
Total

7
14
40
125
176
121
66
31
7
587

Weiner, MD. The primary goal of ADNI has been to test whether
serial magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and clinical and neuropsychological assessment can be combined to measure the
progression of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD). For up-to-date information, see www.adniinfo.org [23]. All experimental procedures reported in this study
followed protocols approved by the Institutional Review Boards at
the University of Florida, University of Arizona, and all participating
ADNI sites. Averaged ﬁeld measures were computed in nine age
groups (5-year range per group) as shown in Table 1. All T1weighted images were acquired with 3T MRI scanners as
described in Table 2.

Electrode placements
Two electrode montages based on the 10e20 EEG System, F3-F4
and C3-Fp2 (anode ¼ F4, C3; cathode ¼ F3, Fp2), were modeled
independently (Fig. 1). Each electrode was modeled as a 5  7 cm2
pad (s ¼ 5.9  107 S/m) with 3 mm thickness, and placed on the
scalp with a gel layer (s ¼ 0.3S/m) interface [24]. Voltage boundary
conditions equivalent to 2 mA total current at the anodes and
-2 mA at the cathodes were assigned to each electrode montage.

Head model construction and execution
Individual T1-weighted images acquired from both databases
were converted from DICOM to NIfTI ﬁle types using dcm2niix [25]
and resampled into a 256 mm3 ﬁeld of view (RAS orientation)
1 mm3 voxel size using FreeSurfer v6.0.0 [26] prior to processing
with ROAST v2.7.1 [24]. In ROAST, each head volume was
segmented into white matter (WM), gray matter (GM), CSF, bone,
skin, and air compartments [27,28]. A combination of segmented
WM, GM, and CSF volumes were used to compute brain ratio to
estimate brain atrophy, such that:

fVolumeinterest g Ratio ¼

fVolumeinterest g
GM þ WM þ CSF

(1)

Where {Volumeinterest} is either WM, GM, or both WM and GM
(brain) volume. Isotropic conductivity values for all tissue types
except air were modiﬁed from the default setting to the values
listed in Table 3 [13]. WM isotropic conductivity was computed as
an average of the longitudinal and transverse measured values
[14,29]. Segmented head volumes were meshed and solved in
ROAST [24] using parallel processing on a high-performance
computing cluster (50 CPU, 175 GB RAM) at the University of Florida using the MATLAB Parallel Computing Toolbox to reduce total
wall time from ~18 min to ~1.8 min per subject.
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Table 2
MRI information and the number of participants. A breakdown of the number of participants and their corresponding information on MRI scanner, imaging sequence, matrix
size, image resolution and pulse sequence parameters.
Number of participants

Scanner

Imaging sequence

Matrix size

Resolution (mm)

TR (ms)

TE (ms)

121
25
25
115
15
30
14
61
121
60

Siemens
Siemens
Philips
Philips
Siemens
Siemens
GE
Philips
Siemens
GE

MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
MPRAGE
IR-SPGR

176x256x256
176x256x256
170x240x240
170x240x240
176x256x256
160x240x256
166x256x256
170x256x256
176x240x256
196x256x256

1x1x1
1x1x1
1x1x1
1x1x1
1x1x1
1.2x1x1
1.2x1x1
1.2x1x1
1.2x1x1
1.2x1x1

1800
1800
7200
7000
2500
2300
7000
7000
2300
7000

2.3
2.3
3.3
3.2
3.4
2.9
2.9
3.0
2.9
2.9

DARTEL template construction
The same 587 T1-weighted images were processed using the
DARTEL toolbox [30] to create a custom template, referred to as the
UFAB-587 (University of Florida Aging Brain-587, https://woodslab.
phhp.uﬂ.edu/lab-resources/downloads/UFAB-587/). The UFAB-587
template (FOV ¼ 121x145x118, 1.5 mm3 voxel resolution) consists
of probability distributions of six tissue volumes (WM, GM, CSF,
bone, skin, and air) with assigned contrast values for visualizing
purposes computed from the 587 T1 images acquired at 3T
(GM ¼ 80.56, WM ¼ 108.06, CSF ¼ 28.41, bone ¼ 30.83,
skin ¼ 74.74, air ¼ 0). Voxel-wise statistical analyses were
compared between using the UFAB-587 template versus the more
commonly used standard template, the ICBM-152 2009a Nonlinear
Symmetric 1 mm3 collected from healthy young adults [31].

Table 3
Tissue conductivity values for six tissue types. White matter, gray matter, bone and
skin values were sourced from the literature for measurement frequency up to
20 kHz [13] and within the range of reported values in typical volume conductor
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
models [29]. Bone conductivity (combined) was computed as s ¼ scan ,scor where
scan was cancellous bone and scor was the average of cortical bone conductivity
reported in the reference. Isotropic white matter conductivity was simulated using
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the formula s ¼ sl ,st where sl was longitudinal and st was transverse
conductivity.
Tissue types
White matter
Gray matter
Cerebrospinal ﬂuid
Skin
Bone

Air

s (S/m)

Reference
1

1.2  10 (trans.)
1.2 (long.)
1.0  101
1.8
4.3  101
21.4 x10-3 (cancellous)
5.52 x 10-3 (cortical)
10.9 x 10-3 (combined)
2.5  1014

Geddes and Baker (1967) [29]
Gabriel et al. (1996) [30]
Baumann et al. (1997) [31]
Holdefer et al. (2006) [32]
Akhtari et al. (2000) [33]

Huang (2019) [24]

Current density and electric ﬁeld calculation
Current density (J) is useful for dosage determination in terms of
the amount of current (A/m2) that reached the brain. Electric ﬁeld
(EF) values are useful for comparing predicted ﬁeld strength in the
cortex from stimulation to literature reported values of ﬁeld
threshold needed for neurons in the cortex to ﬁre (e.g., 27 V/m for
pyramidal neurons [32]). Additional MATLAB routines were added
to the ROAST pipeline to convert electric ﬁeld magnitudes, |EF| (V/
m) to current density values, J (A/m2). Prior to all analyses,
computed J and |EF| values were masked using individual brain
regions to restrict ﬁeld measures within the brain tissues only,
excluding CSF regions. Masked values were then transformed to
UFAB-587 space using FSL FMRIB’s Linear Registration Tool (FLIRT)
[33]. Pre- and post-transformation J and |EF| median values were
computed and plotted in MATLAB as a quality check (Appendix A).
Transformed J and |EF| values were averaged in each age bin to
create heatmaps per electrode montage. To demonstrate practical

examples of adjusting current dose in older adults with respect to
young, we applied the same modeling pipeline to young adult T1weighted images (n ¼ 38, age range ¼ 22e31 years; mean
age ¼ 27.2 years, 19 females, 19 males) sourced from CAM and the
Human Connectome Project database [34]. Percent difference in
median J was computed between older and young adult cohorts,
and converted into current magnitudes to reﬂect the amount of
current needed in older cohorts to achieve current dose equivalent
to 2 mA stimulation in young adults.

Voxel-wise statistical analyses
A smoothing ﬁlter, 3 mm3 FWHM Gaussian kernel, was applied
to transformed J and |EF| values to reduce any normalization errors
and satisfy the random ﬁeld theory for multiple comparison

Fig. 1. Electrode montages investigated in this study. Showing from left to right: F3-F4 and C3-Fp2, with red electrodes denoting the anodes and blue electrodes as the cathodes.
(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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Fig. 2. The UFAB-587 template and the standard ICBM template. Showing from left to right is A) the UFAB-587 template created from 587 T1-weighted images of healthy older
adults (mean age 73.9, range 51e95 years) and B) the standard ICBM-152 template sampled from 152 T1-weighted images of young adults (mean age 25.01, range 18e44 years).

corrections [35]. Four separate linear regression models were
created using SPM12 for J and |EF| in F3-F4 and C3-Fp2. Each model
had a predictor variable of age, and a nuisance covariate of scanner.
A dummy variable of 6 classes was created to model the scanner
covariate of UF-Phillips, UF-Siemens, UA-Siemens, ADNI-GE, ADNIPhillips, and ADNI-Siemens and account for any variance explained
by the different MRI scanner properties (Table 2). Clusters within
the brain regions were formed using a voxel-wise threshold of 0.05
family-wise error corrected and deemed signiﬁcant if they had a
false discovery rate cluster-wise p-value of less than 0.05.
Mediation analyses
Mediation analysis [36] using the SPSS Process package [37] was
performed in ﬁve representative clusters obtained from voxel-wise
analyses to determine whether the relationship between age and J
was mediated by WM, GM or CSF volume ratio. Age, volume ratio,
and J were assigned as the independent, mediation, and dependent
variables, respectively. A bootstrapping estimation approach based
on 5000 samples [37,38] was used to estimate the indirect effect of
the mediator.

Results
The UFAB-587 template and the ICBM-152 template are shown
in Fig. 2. The UFAB-587 (Fig. 2A) shows the pruning of gray matter
volume and a larger lateral ventricle region compared to the ICBM
template (Fig. 2B), which is indicative of brain atrophy. Fig. 3 shows
the brain inclusion analysis mask overlays on their respective
templates that were used for statistical analyses. The mask overlay
on the UFAB-587 template (Fig. 3A) shows a larger brain coverage
than the mask overlay on the standard ICBM template (Fig. 3B),
especially in the frontal region that indicates an improvement of
using a relevant older adult head template versus young. Further
details of J and |EF| analyses across nine age bins in both montages
are described in the subsections below.
Brain atrophy
Computed brain ratio as a measure of brain atrophy was plotted
against age (Fig. 4AeC) and median J (Fig. 4DeF)). Brain ratio shows
a declining trend with increasing age (R2 ¼ 0.1163, p ¼ 1.7e-17) as
illustrated in Fig. 4A. Further breakdown of brain ratio into WM and

Fig. 3. An overlay of an analysis mask on UFAB-587 and ICBM-152 templates. An example of analysis masks used in voxelwise analysis to show coverage area with respect to A) our
custom template (UFAB-587) of older adults and B) the ICBM-152 sampled from young adults.
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Fig. 4. Relationship of brain ratio with age and median current density (J). Each plot is color coded based on age from the youngest (blue) to oldest (yellow). Volume ratio is
computed in equation (1), brain is a combination of white and gray matter. Correlation values (R2) indicate the relationship between A) brain ratio and age, B) gray matter ratio and
age, C) white matter and age, D) brain ratio and median J, E) gray matter ratio and median J, and F) white matter and median J. Smaller values of volume ratio indicate an increase in
atrophy. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

GM showed that the negative correlation between brain ratio and
age was primarily driven by decreasing GM volume (R2 ¼ 0.1875,
p ¼ 2.78e-28) versus WM (R2 ¼ 0.0071, p ¼ 0.0421) as shown in
Fig. 4B and C, respectively. On the contrary, Fig. 4D shows an
increasing trend of median J values with larger brain ratio
(R2 ¼ 0.0829, p ¼ 1.14e-12), while GM and WM volume had a
negative and positive correlation with median J, respectively. WM
(R2 ¼ 0.3505, p ¼ 9.66e-57) primarily drives the positive correlation
between brain ratio and median J as opposed to GM (R2 ¼ 0.0085,
p ¼ 0.0251), as shown in Fig. 4EeF.
Field measure heatmaps
Heatmaps of the average J and |EF| values in the brain for each
age bin (Figs. 5, 6) demonstrate a qualitative observation of changes
in ﬁeld measures across age. Each row of heatmaps in Figs. 5 and 6
represents each age group with 5 years span. Overall distribution of

J values in the brain (Fig. 5) showed a decreasing trend in the
inferior frontal, precentral and postcentral gyrus from the youngest
(51 years) to the oldest (95 years) cohort. Montage C3-Fp2 in Fig. 5
shows decreasing J values in the basal nuclei, particularly the
caudate, putamen and pallidum. J distribution in Fig. 5 also showed
an “enlargement” of the lateral ventricle region from younger to
older age, indicating an increase in brain atrophy. Overall |EF| distribution on the cortical surface (Fig. 6) indicated larger |EF| values
in the frontal lobe, the precentral and postcentral gyrus for the
younger cohort in both montages. Fig. 6 also demonstrates the
strongest |EF| values are located in between the anode and cathode
electrodes, rather than directly underneath them.
Current dose variability
Fig. 7 shows the continuous relationship between age and current density with color distribution represents brain ratio

A. Indahlastari et al. / Brain Stimulation 13 (2020) 664e674

Fig. 5. Current density (J) heatmaps in F3-F4 and C3-Fp2 montage. Heatmaps of current density distribution in the brain region (white and gray matter) shown in a typical
scale reported in the literature. Qualitatively, a decreasing trend of J values is seen from
the youngest (51e55) to oldest (91e95) cohort, particularly in the inferior frontal,
precentral and postcentral gyrus. Montage C3-Fp2 also shows decreasing J values in
the caudate, putamen and pallidum regions.
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Fig. 6. Electric ﬁeld strength (|EF|) heatmaps in F3-F4 and C3-Fp2 montage. Heatmaps
of electric ﬁeld strengths in the brain region (white and gray matter) shown in a typical
scale reported in the literature. A decreasing trend in |EF| values, particularly in the
brain region underneath the electrodes (the frontal lobe, the precentral and postcentral gyrus), is seen from the youngest (51e55) to oldest (91e95) cohort.

Mediation analysis
computed in equation (1). The average median Js were 0.0142 A/m2
and 0.0170 A/m2 for F3-F4, and 0.0211 A/m2 and 0.0239 A/m2 for
C3-Fp2 montage in the older and young adult cohort, respectively.
No correlation was found between age and median J computed in
the whole brain (Fig. 7A) for both montages. Fig. 7B shows the
percent difference in median J of old versus young, as well as the
required current dose in the older adult cohort. Overall, the majority of the older adult cohort requires current delivery larger than
2 mA to achieve the same current level as those found in the young
adult brains.

GM, WM, and CSF volume ratio were independently assessed as
mediators on the relationship between age and J in ﬁve representative clusters (Appendix E). The direct and indirect effects of GM,
WM and CSF ratio on age and J relationship were signiﬁcant in the
four negative clusters (Cluster B-E in Fig. 9), indicating partial
mediation effects of brain ratio on age and J. In the positive cluster
(Cluster A in Fig. 9), gray and white matter ratio also partially
mediated the relationship between age and J with no signiﬁcant
mediation effect of CSF ratio in the positive cluster.
Discussion

Voxel-wise analyses of transformed ﬁeld measure and age
Signiﬁcant clusters from the voxel-wise analyses for J are reported in Tables 4e7 and their locations are illustrated across the
axial slices in Fig. 8. Cluster locations in Tables 4e7 and analyses for
|EF| are reported in Appendix B. For both electrode montages, signiﬁcant (FDR p < 0.05) clusters were observed for the negative
relationship between age and J while controlling for scanner. A
single cluster was observed for the positive relationship between J
and age. Fig. 9 shows ﬁve representative clusters selected from
Tables 4e7 with positive and negative correlation between ﬁeld
measures and age.

To our knowledge, this is the largest study to investigate individualized tES head models in healthy older adults and determine
the relationship between age related effects and produced tES ﬁeld
distribution. Overall, model results show variation in the amount of
current reaching the brain tissue depending on brain ratio, and
comparisons to a young adult cohort provide insight for current
dose determination in healthy older adults.
Model validity
The use of a custom older adult template (UFAB-587) and
restricting ﬁeld measures to only brain tissues improved the accuracy of tES current prediction in an older adult population. The
UFAB-587 produces a better representation of older adult brain
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Fig. 7. Scatter plots of age versus current density (J) for F3-F4 and C3-Fp2 montage. Showing from top to bottom is scatter plots to show the relationship between A) age and median
J (Am2) as well as B) age and required current (mA) with respect to young adult cohort. Percent difference was computed between older adults and the averaged young adult
Brain
median J values. Color distribution demonstrates brain ratio computed as BrainþCSF
where Brain is the volume of white and gray matter (equation (1)). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

morphology (such as enlarged lateral ventricles and larger gaps
between gyri curvature) than the ICBM-152 template sourced from
young adults and, in turn, produced a more accurate correlation of
ﬁeld measures versus age. Voxel-wise analysis performed using the
ICBM-152 template without restricting current values in the brain
only yielded an opposite trend (Appendix C), with an increase in
current strength with age. The opposing trend was likely caused by
incorrect tissue assignments (CSF erroneously included in regions
that appear as brain in young adults), underlining the importance of
excluding ﬁeld measures outside of gray and white matter prior to
group analyses. This partial volume and boundary tissue effect is
further exacerbated when considering that CSF conductivity is high
in comparison to gray/white matter conductivity (see Table 3). CSF
contamination artiﬁcially inﬂated ﬁeld measures in presumed gray/
white matter structures and thus the CSF regions were excluded in
group-level analysis post-registration to the UFAB-587 template.
We also performed another voxel-wise analysis using a more

Table 4
F3-F4 montage: J x Age positive relationship clusters.
Peak T

Cluster Size (voxels)

Cluster FDR

Coordinates (peak)

5.69

41

0.037

51,86,75

Table 5
F3-F4 montage: J x Age negative relationship clusters.
Peak T

Cluster Size (voxels)

Cluster FDR

Coordinates (peak)

8.31
7.34
6.92
6.78
6.77
6.66
6.65
6.61
6.57
6.52
6.3
6.27
6.24
6.24
6.13
6.09
6.04
5.8
5.44
5.41
5.3

2860
1371
93
99
80
308
688
92
515
110
373
146
437
279
52
150
30
115
77
68
27

1.32E-39
3.36E-24
0.0002
0.0002
0.001
4.30E-09
3.15E-15
0.0002
1.34E-12
9.03E-05
2.83E-10
1.19E-05
2.34E-11
1.45E-08
0.004
1.05E-05
0.026
7.15E-05
0.001
0.001
0.033

68,112,60
92,162,94
142,99,69
84,64,80
136,102,86
93,72,102
70,87,58
50,108,82
58,90,66
117,116,57
108,116,96
104,66,87
68,52,56
124,74,74
40,94,84
124,76,52
105,92,74
108,60,60
116,90,56
92,148,63
92,52,81
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Table 6
C3-Fp2 montage: J x Age positive relationship clusters.
Peak T

Cluster Size (voxels)

Cluster FDR

Coordinates (peak)

5.64

36

0.007

51,82,76

Table 7
C3-Fp2 montage: J x Age negative relationship clusters.
Peak T

Cluster Size (voxels)

Cluster FDR

Coordinates (peak)

7.99
7.26
7.22
7.09
7.06
6.79
6.66
6.66
6.65
6.41
6.03
5.89
5.78
5.76
5.66
5.65
5.64
5.59

4651
191
1100
318
678
719
133
1567
196
52
34
50
43
33
39
84
94
26

6.83E-55
1.40E-06
7.19E-21
3.80E-09
3.36E-15
1.01E-15
3.32E-05
2.23E-26
1.23E-06
0.007
0.025
0.007
0.012
0.025
0.016
0.001
3.58E-04
0.048

66,112,60
136,102,86
90,160,94
116,114,58
84,66,80
124,74,74
50,110,81
68,81,60
76,90,74
142,99,68
106,92,74
48,135,60
88,72,26
117,81,63
92,78,93
106,54,60
86,174,86
81,87,36

restricted analysis mask based on the UFAB-587 template
(Appendix D) to further eliminate possible CSF contamination.
Further, since the rate of brain atrophy might vary across gender
[39], we performed voxel-wise analysis by adding gender as a covariate (Appendix B). We found locations of signiﬁcant cluster
remain the same as the default mask when applying a more
restricted mask and including gender as a covariate, and thus
deeming the voxel-wise analyses results reported in Figs. 8e9 and
Tables 4e7 as valid.
Model implication on tES application in older adults
Field measure and age
Correlations between age and ﬁeld measure exist locally in brain
sub-regions rather than globally. We found no correlation between
age and median current density computed in the whole brain
(Fig. 7A). However, voxel-wise analyses (Fig. 8) produced positive
or negative correlation between age and median J in speciﬁc brain
sub-regions. This ﬁnding implies that signiﬁcant changes of current
dose in the brain does not happen globally, but rather in more
localized regions within the brain. For example, qualitative analyses
from heatmaps showed that J decreased in the temporal/insula
boundary and the precuneus region from the youngest to oldest
group. This decrease was conﬁrmed in voxel-wise analyses
showing a signiﬁcant negative relationship (FDR p < 0.05) between
age and J in Cluster B(R2F3-F4 ¼ 0.074, R2C3-Fp2 ¼ 0.075), C(R2F32
2
2
F4 ¼ 0.086, R C3-Fp2 ¼ 0.083) and E(R F3-F4 ¼ 0.077, R C3Fp2 ¼ 0.096). Therefore, a sub-region analysis may be required to
assess the subtle changes of varying current dose in the aging brain.
Voxel-wise analyses indicated that the sub-brain regions with
signiﬁcant negative correlation of ﬁeld measures and age might
reﬂect the location of brain atrophy. Fig. 6 shows a decrease in ﬁeld
strength in the frontal lobe for both electrode placements. This
observation was further supported by voxel-wise analysis as reported in Fig. 8 that illustrates the location of clusters with significant relationship between age and median J. The location of
signiﬁcant clusters might be indicative of the brain regions that
experience the most atrophy across age. For example, Cluster D

Fig. 8. Axial montages showing speciﬁc regions with signiﬁcant positive and negative
correlation between median current density (J) and age. Axial montages showing
cluster location within the brain (brighter colors indicate larger signiﬁcant values) for
signiﬁcant positive and negative correlation between age and median J in A) F3-F4 and
B) C3-Fp2 (M1-SO) montage. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the Web version of this article.)

with the largest effect size (R2F3-F4 ¼ 0.118, R2C3-Fp2 ¼ 0.111) located
in the frontal region (Fig. 9), which has been reported as the most
prone region to decline with normal aging [21,40,41]. Further, the
positive relationship with brain ratio and current density (Fig. 4)
implied that there was less current reaching the brain tissues with
more atrophy. This observation agrees with previous modeling
studies that were performed using various conductivity values
assigned to WM and GM, and concluded the critical role of CSF
volume in current delivery to the aging brain due to atrophy
[20e22]. Brain tissue loss due to atrophy is replaced by CSF, causing
an increase of CSF content within the brain cavity. CSF is a better
conductor than brain tissue and thus the electrical current reaching
the brain cavity is “shunted” around the CSF, causing less current to
enter the brain.

Field measure and electrode montage
Adjusting current dose in the aging brain might be necessary to
ensure sufﬁcient amount of current reaching target brain regions.
The dorsolateral prefrontal cortex (DLPFC) and the precentral gyrus
are commonly presumed target ROIs for stimulation using F3-F4
and M1-SO (C3-Fp2) montage, respectively [1]. We found a nonsigniﬁcant relationship between age and median J (Appendix F)
when using predetermined ROIs restricted to the prefrontal cortex
and precentral gyrus, probably because the presumed target ROIs
were too broad and brain atrophy occurs non-uniformly within
these ROIs. Our voxel-wise analyses were able to identify location
where age had the most effect e.g., brain atrophy on Js in both
montages (Appendix B). For instance, we found a signiﬁcant
negative relationship (FDR p < 0.05) in Cluster D (R2F3-F4 ¼ 0.118,
R2C3-Fp2 ¼ 0.111 that is partially within the superior frontal gyrus,
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Fig. 9. Cluster speciﬁc scatter plots to illustrate current density (J) and age relationship. Blue and red markers are corresponded to F3-F4 and C3-Fp2 montage, respectively. Five
selected clusters reported as signiﬁcant at [x,y,z] location of A) [51, 86, 75] in Table 4, and B) [93, 72, 102] C) [50, 108, 82] D) [92, 162, 94] E) [136, 102, 86] in Table 5 were plotted as a
representative of positive and negative correlation between median J and age. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.)

which encompasses DLPFC, a target brain region for F3-F4 montage.
Furthermore, Cluster E (R2F3-F4 ¼ 0.077, R2C3-Fp2 ¼ 0.096) is located
in the precentral/postcentral gyrus boundary where the motor strip
lies and thus a typical target ROI for M1-SO (C3-Fp2) montage.
These ﬁndings demonstrated that brain atrophy location may have
signiﬁcant effects on the current distribution within target brain
regions for F3-F4 and M1-SO and thus a consideration to adjust
current dose in tES may be warranted.
Brain atrophy, age and ﬁeld measures
Mediation analysis revealed that the negative relationship
observed between age and ﬁeld measure in ﬁve clusters were
partially mediated by brain ratio. For a mediation analysis to be
valid, a correlation of brain ratio versus age, brain ratio versus J, and
age versus J need to exist. Brain ratio showed a declining trend with
increasing age (R2 ¼ 0.1162, p ¼ 1.17e-17) indicating that brain atrophy increased with normal aging (Fig. 4A) and was primarily
driven by GM volume loss (Fig. 4B and C), which agrees with observations reported in the literature [42e44]. Since the interaction
between age, brain ratio and current density might be difﬁcult to
disentangle, we performed a mediation analysis by testing GM,
WM, and CSF volume ratio separately as mediator variables. The
partial mediation effect of brain ratio on age versus J implies that
the negative correlation of age and J is partially contributed by brain
ratio. There were potentially other brain atrophy attributes that
were not being measured by our brain ratio calculation, such as the
curvature of the gyri or cortical thickness, that could contribute to
the observed relationship of age and ﬁeld measures.
Current dosage determination
Our results implicate that older adults with more brain atrophy
required higher current dose than 2 mA to achieve the same current
level equivalent to 2 mA stimulation in young adults. Results in

Fig. 7B demonstrates the required current input ranging from 1.47
to 3.25 mA for F3-F4 and 1.65e2.87 mA for C3-Fp2. The larger range
of current dose needed for F3-F4 in Fig. 7B implies that the frontal
region (target region for F3-F4) is more prone to decline compared
to the motor strip (target region for C3-Fp2), which agrees with the
literature [41]. The color distribution in Fig. 7B also illustrates that
individuals with more atrophy (smaller brain ratio) are likely to
require more current compared to those with less atrophy (larger
brain ratio). Therefore, the practical application of tES may need to
consider the degree of brain tissue loss (atrophy) instead of the
chronological age when considering the appropriate current dose
in healthy older adults.
Model limitation and future direction
Models presented in this study can be improved to increase
accuracy prediction and investigate other potential age-related
factors that can affect current distribution. Head volume can be
segmented into more tissue types and include anisotropic conductivity [14]. Osteoporosis associated with aging [45] can be
modeled by separating bone tissue into cancellous and cortical
bone, and assigned them with different conductivity values. White
matter integrity can also deteriorate with aging, and can be incorporated into the models by using information gathered from
diffusion weighted imaging [46].
Conclusion
We present the largest tES modeling study in a healthy older
adult population. Brain ratio, which is a measure of brain atrophy,
plays a larger role than chronological age in determining appropriate current dosage in an older adult cohort. Therefore, adjusting
current dose for tES application in older adults depending on their
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degree of brain atrophy may be necessary to achieve a stimulation
level equivalent to a younger adult cohort. This study underlines
the importance of performing individualized modeling. Future
studies can pair modeling results with behavioral outcomes, and
aid the transition towards personalized medicine by tailoring current dose to each individual’s anatomy.
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Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.brs.2020.02.007.
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