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Electrical stimulation such as transcranial direct current stimulation (tDCS) 
is widely used to treat neuropsychiatric diseases and neurological disorders. 
Computational modeling is an important approach to understand the mechanisms 
underlying tDCS and optimize treatment planning. When applying computational 
modeling to treatment planning, uncertainties exist due to insufficient 
conductivity information inside the brain. In this feasibility study, we performed 
in vivo MR-based conductivity tensor imaging (CTI) experiments on the entire 
brain to precisely estimate the tissue response to the electrical stimulation. A 
recent CTI method was applied to obtain low-frequency conductivity tensor 
images. Subject-specific three-dimensional finite element models (FEMs) of the 
head were implemented by segmenting anatomical MR images and integrating 
a conductivity tensor distribution. The electric field and current density of brain 
tissues following electrical stimulation were calculated using a conductivity 
tensor-based model and compared to results using an isotropic conductivity 
model from literature values. The current density by the conductivity tensor was 
different from the isotropic conductivity model, with an average relative difference 
|rD| of 52 to 73%, respectively, across two normal volunteers. When applied to two 
tDCS electrode montages of C3-FP2 and F4-F3, the current density showed a 
focused distribution with high signal intensity which is consistent with the current 
flowing from the anode to the cathode electrodes through the white matter. The 
gray matter tended to carry larger amounts of current densities regardless of 
directional information. We suggest this CTI-based subject-specific model can 
provide detailed information on tissue responses for personalized tDCS treatment 
planning.

KEYWORDS

electrical stimulation, conductivity tensor, transcranial direct current stimulation, 
magnetic resonance imaging, electric field, current density

OPEN ACCESS

EDITED BY

Zhiyong Zhao,  
Zhejiang University, China

REVIEWED BY

Arianna Menardi,  
Universitàdi Padova, Italy
Sam Sedaghat,  
University of California San Diego,  
United States

*CORRESPONDENCE

Jin Woong Kim  
 jw4249@gmail.com  

Hyung Joong Kim  
 bmekim@khu.ac.kr

†These authors have contributed equally to this 
work

RECEIVED 31 March 2023
ACCEPTED 09 May 2023
PUBLISHED 23 May 2023

CITATION

Katoch N, Kim Y, Choi BK, Ha SW, Kim TH, 
Yoon EJ, Song SG, Kim JW and Kim HJ (2023) 
Estimation of brain tissue response by electrical 
stimulation in a subject-specific model 
implemented by conductivity tensor imaging.
Front. Neurosci. 17:1197452.
doi: 10.3389/fnins.2023.1197452

COPYRIGHT

© 2023 Katoch, Kim, Choi, Ha, Kim, Yoon, 
Song, Kim and Kim. This is an open-access 
article distributed under the terms of the 
Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in this 
journal is cited, in accordance with accepted 
academic practice. No use, distribution or 
reproduction is permitted which does not 
comply with these terms.

TYPE Original Research
PUBLISHED 23 May 2023
DOI 10.3389/fnins.2023.1197452

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2023.1197452%EF%BB%BF&domain=pdf&date_stamp=2023-05-23
https://www.frontiersin.org/articles/10.3389/fnins.2023.1197452/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1197452/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1197452/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1197452/full
https://www.frontiersin.org/articles/10.3389/fnins.2023.1197452/full
mailto:jw4249@gmail.com
mailto:bmekim@khu.ac.kr
https://doi.org/10.3389/fnins.2023.1197452
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2023.1197452


Katoch et al. 10.3389/fnins.2023.1197452

Frontiers in Neuroscience 02 frontiersin.org

1. Introduction

Electrical stimulation of brain has been used for the treatment of 
neuropsychiatric and neurodegenerative diseases (Stagg and Nitsche, 
2011). Transcranial direct current stimulation (tDCS) is a typical 
neuro-stimulation technique that delivers low-intensity direct current 
(DC) into the brain through a pair, or through multiple surface 
electrodes. The injected current may cause exogenous modulation of 
neuronal membrane potentials, leading to an enhancement of brain 
functions (Nitsche and Paulus, 2000; Woods et al., 2016). The tDCS is 
clinically used for enhancing motor or memory functions and 
treatments of neuropsychiatric and neurodegenerative diseases 
(Fregni et al., 2006; Márquez-Ruiz et al., 2012; Reinhart et al., 2015; 
Lindenmayer et al., 2019). When electrical stimulation is applied to 
the head, the injected current through the brain generates voltage, 
electric field, and current density, which are affected by head geometry, 
electrode configuration, and the internal conductivity distribution 
(Bikson et al., 2012; Woods et al., 2016). To calculate these internal 
distributions, modeling studies have focused on designing electrode 
montages, modifying the sizes and shapes, and adjusting the amount 
of current applied (Miranda et al., 2006; Bikson et al., 2012). Moreover, 
subject-specific head models have been developed by segmenting 
structural MR images to handle the effects of the head geometry and 
electrode configuration (Miranda et  al., 2006; Bikson et  al., 2012; 
Datta et  al., 2012). Several studies have proposed methods to 
incorporate in vivo distribution of internal conductivity and/or its 
tensors in individual subjects (Rampersad et al., 2014; Shahid et al., 
2014; Opitz et al., 2015). However, its application was limited due to 
the lack of proper ways to measure subject-specific conductivity 
distribution at low-frequency ranges.

A comprehensive computational approach has been proposed to 
optimize the design of tDCS for clinical use (Bikson et al., 2012; Lee 
et al., 2021). Although the idea of subject-specific brain conductivity 
recognizes as an important factor (Puonti et al., 2020), the use of 
individual anisotropic conductivity has not been widely applied in 
modeling studies (Lee et al., 2021). Meanwhile, Tuch et al. introduced 
a linear model based on the physical relationship between conductivity 
tensor and water diffusion tensor (Tuch et al., 2001). Based on the idea 
of a cross-property relationship, several conductivity tensor models 
were developed and utilized for modeling of brain stimulation 
(Rampersad et al., 2014; Shahid et al., 2014). Recently, Katoch et al. 
reported that water diffusion tensor models may not fully address the 
effect of ion concentrations on conductivity distribution, therefore, 
novel model using conductivity tensor was suggested to precisely 
estimate the anisotropic distribution of brain (Katoch et al., 2021).

Diffusion-tensor magnetic resonance electrical impedance 
tomography (DT-MREIT) is currently used to image brain responses 
during electrical stimulation (Kwon et al., 2014; Jeong et al., 2016). The 
basis of DT-MREIT is that the water diffusion tensors have the same 
directional property as conductivity tensors (Tuch et al., 2001). There 
have been several experimental studies of DT-MREIT in phantoms, 
animals, and human subjects (Kwon et al., 2014; Jeong et al., 2016; 
Chauhan et al., 2018), but clinical uses may be  limited due to the 
requirement for imaging currents of a few milliamperes through 
multiple surface electrodes during MRI scans. The conductivity tensor 
imaging (CTI) method, which does not require external current 
injection, was developed recently (Sajib et al., 2018). The CTI consists 
of a combination of magnetic resonance electrical properties 

tomography (MREPT) and multi-b-value diffusion weighted imaging 
(DWI). To reconstruct the conductivity tensor, MREPT is used to 
obtain high-frequency conductivity (at the Larmor frequency), and 
multi-b-value DWI is used to separate the information on both the 
extracellular and intracellular spaces. This method was validated in 
the designed phantoms and animal imaging studies using a 3 T MRI 
scanner and its feasibility was evaluated (Sajib et al., 2018). Specifically, 
Katoch et al. developed a model that mimicked a cell structure with 
giant vesicles and separated extracellular and intracellular spaces using 
a CTI method (Katoch et al., 2018). The relative errors between the 
conductivity tensor images and in vitro measurements of the giant 
vesicle suspensions were found to be about 1.1 to 11% (Katoch et al., 
2018; Choi et al., 2020). In addition, Choi et al. reported that CTI can 
distinguish the contrast between ion concentrations and their mobility 
(Choi et  al., 2020, 2023). The advantage of CTI is that it is easily 
implemented in a clinical MRI scanner without addition of hardware 
components. In vivo CTI imaging of the human brain was reported, 
and resulting conductivity values of white matter, gray matter, and 
cerebrospinal fluid were compared with those previously reported in 
the literature (Katoch et al., 2018; Jahng et al., 2021). Therefore, CTI is 
the latest method to image tensor information along with conductivity 
distributions inside the brain, without the need to inject 
imaging currents.

In this feasibility study, we performed in vivo CTI experiments of 
entire human brains and implemented subject-specific conductivity 
tensor-based head models to evaluate the brain response to electrical 
stimulation. We  acquired MR images for both structural and CTI 
information from two normal volunteers using a 3 T clinical MRI. After 
segmenting the structural MR images of the heads, three-dimensional 
finite element models were constructed. A subject-specific head model 
was implemented by incorporating the conductivity tensor images into 
the geometrical finite element model. Applying electrical stimulation 
to electrode montages of tDCS, the electric field and current density of 
the brain were calculated using a conductivity tensor-based head 
model and its performance evaluated by comparing it to the isotropic 
conductivity models as a tool for personalized tDCS treatment planning.

2. Subjects and methods

All experimental procedures were approved by the institutional 
review board of Kyung Hee University (KHSIRB-18-073) and carried out 
in accordance with the relevant guidelines and regulations. Two healthy 
male volunteers (26 and 28 years old) participated and informed consent 
was obtained from the volunteers before the imaging experiments.

2.1. Imaging experiments

The imaging experiments were performed on a 3 T MRI scanner 
(Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) equipped 
with a 16-channel head coil. For structural images of the head 
(Figure 1A), T1-weighted magnetization prepared rapid gradient echo 
(MPRAGE) sequence was applied with a cubic voxel of 1 mm edge 
length in sagittal plane. The parameters were as follows: repetition time 
(TR)/echo time (TE) = 1200/1.79 ms; flip angle = 10°; 
bandwidth = 510 Hz/Px; field of view (FOV) = 260 × 260 mm2; slice per 
slab = 192; slice thickness = 1 mm (no gap). The acquisition time was 
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5 min and 4 s. CTI requires two separate MR scans shown in 
Figures  1B,C. For high-frequency conductivity images by MREPT 
method (Figure 1B), the multi-echo spin-echo (MSE) pulse sequence 
with multiple refocusing pulses was adopted to acquire B1 phase maps. 
The parameters were as follows: TR/TE = 1500/15 ms; flip angle = 90°; 
bandwidth = 250 Hz/Px; number of echoes = 6; number of slices = 30; 
slice thickness = 4 mm; matrix size = 128 × 128 and FOV = 260 × 260 mm2. 
The voxel size was 2 × 2 × 4 mm3. The acquisition time for obtaining high-
frequency conductivity images covering the whole brain area was 19 min.

To separate the influences of the extracellular and intracellular 
spaces, multi-band echo-planar imaging (EPI) sequence was used to 
acquire two-shell DWI (Figure 1C). A multi-band factor of 3 was used 
with the three-band RF excitation and axial spin-echo EPI (SE-EPI) 
readout with phase encoding (PE) in the anterior–posterior (AP) 
direction. The diffusion gradient was applied in 30 and 64 directions 
with two b-values of 800 and 2,200 s/mm2. The parameters were as 
follows: TR/TE = 2000/80 ms; flip angle = 90°; number of slices = 30; 
slice thickness = 4 mm; matrix size = 128 × 128 and FOV = 260 × 260 mm2. 
The acquisition time was 9 min. An additional MR scan was obtained 
using a non-diffusion sensitizing gradient (b = 0 s/mm2) along the 
posterior–anterior phase encoding (PE) directions. The total acquisition 
time to implement the subject-specific model using CTI was 35 min.

2.2. Brain segmentation and model 
generation

High-resolution MPRAGE images were bias-corrected and 
preprocessed by applying a median filter to reduce noise (Smith et al., 

2004). The automated segmentation algorithms in Statistical 
Parametric Mapping software (SPM 12, Wellcome Trust Centre for 
Neuroimaging, London, United  Kingdom) were used to generate 
tissue probability maps. The head was segmented into six tissue types; 
scalp, skull, air cavity, eye, cerebrospinal fluid (CSF), gray matter 
(GM), and white matter (WM) (Figure  1D). After generating the 
initial tissue probability maps, a Matlab (Mathworks, Natick, 
United  States) based algorithm (Huang et  al., 2013) was used to 
correct tissue discontinuities and segmentation errors. The segmented 
tissue data was imported into ScanIP software (Simpleware, Synopsys, 
Exeter, United Kingdom) to build a three-dimensional head model 
(Figure 1D). The overlaps and unassigned pixels in the segmented data 
were removed by manual correction and all slices were confirmed to 
ensure proper tissue classifications. We used a recursive Gaussian filter 
with a kernel size of 1 × 1 × 1 to smooth the masks of tissue surfaces. 
Two sponge-pad electrodes with a size of 50 × 50 mm2, were attached 
on the model to stimulate the brain. The thickness of the sponge-pads 
was 3 mm and the electrode was 2 mm thickness. The finite element 
meshes of the head models include 1.5 million tetrahedral and 0.3 
million triangular elements with an average element quality of 0.678.

2.3. Conductivity tensor image 
reconstruction

Conductivity tensor images were reconstructed using an MRCI 
toolbox which is available at http://iirc.khu.ac.kr/toolbox.html (Sajib 
et al., 2017). Acquired MR data (including anatomical images, B1 
phase map, and DWI) was re-oriented to standard MNI space and 

FIGURE 1

Schematic illustration of the conductivity tensor-based head model. High-resolution anatomical MR images (A) are used to generate the model. Multi-
echo spin-echo images (B) and multi-b-value diffusion weighted images (C) are used to reconstruct the conductivity tensor of brain. Three-
dimensional head model (D) and conductivity tensor information of the brain (E) are combined to estimate the response to tDCS electrode montages 
(F).
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preprocessed using the MRtrix31 and FMRIB software library (FSL 
6.03v, www.fmrib.ox.ac.uk/fsl) (Smith et  al., 2004; Tournier et  al., 
2019). The B1 phase maps and DWI were registered with the 
anatomical T2-weighted images to minimize geometrical mismatches. 
The high-frequency conductivity images were reconstructed using a 
method proposed by Gurler and Ider (2017). The diffusion data were 
corrected for eddy-current effects and geometrical distortions by 
affine registration of the directional images of B0 using FSL software 
(www.fmrib.ox.ac.uk/fsl) with the FLIRT routine (Smith et al., 2004). 
The following CTI formula was used for all conductivity tensor image 
reconstructions (Katoch et al., 2018; Sajib et al., 2018):
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where C is the low-frequency conductivity tensor, σH is the high-
frequency conductivity at the Larmor frequency, vint is the intracellular 
volume fraction, β is the ion concentration ratio of the intracellular 
and extracellular spaces, λ is the intrinsic diffusion coefficient, λext  is 
the extracellular mean diffusivity, and De

w is the extracellular water 
diffusion tensor (Figure  1E). The details of conductivity tensor 
reconstruction procedures followed the works of Jahng et al. (2021). 
Finally, the reconstructed conductivity tensor images were 
incorporated into the subject-specific head models.

2.4. Modeling of electrical stimulation

Two electrode montages were modeled to visualize the brain 
response during tDCS using a CTI head model (Figure 1F). The first 
montage consisted of an anode positioned in the C3 (motor cortex) 
and a cathode in the FP2 (supra-orbital). The second montage 
consisted of an anode in the F4 (right dorsolateral prefrontal cortex, 
DLPFC) and a cathode in the F3 (left DLPFC). The anode and cathode 
are denoted as εA and εC, respectively, and currents were injected from 
εA to εC. The cathode εC was chosen as the voltage reference electrode 
for all numerical computations. When a DC current of I mA is 
injected between two electrodes εA and εC, the voltage u inside the 
head denoted as Ω with its boundary ∂Ω satisfies the following partial 
differential equation (Seo and Woo, 2012):
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where C is the conductivity tensor, n is the outward unit normal 
vector on the boundary ∂Ω, and g  is the Neumann boundary 
condition of the injected current. The voltage u (V), electric field −∇u 
(V/m), and current density − C∇u (A/m2) were numerically calculated 
using COMSOL Multiphysics (COMSOL, Burlington, United States) 
software. The conjugate gradient method with a relative tolerance of 
1 × 10−6 was used to solve linear systems of equations. The amplitude 
of the injected current I was 2 mA and the average current density 

1 www.mrtrix.org

under the electrode was 0.8 A/cm2. The total computation time to 
obtain u, −∇u, and − C∇u was about 9 min.

2.5. Evaluation of CTI-based head model

The electric field and current density of the brains were calculated 
using a conductivity tensor-based head model and compared with 
those using the isotropic conductivity of brain tissues from literature 
values. For the conductivity tensor models, we used the reconstructed 
conductivity tensor images for the pixels belonging to the white 
matter, gray matter, and CSF regions. The isotropic low-frequency 
conductivity values from the literature were used for the conductivity 
of the other tissues such as scalp, skull, air cavity, and eye. Meanwhile, 
we used the isotropic literature values for all pixels for the isotropic 
conductivity model (Gabriel et al., 1996; Baumann et al., 1997; Datta 
et al., 2009; Bikson et al., 2012; Huang et al., 2013). The values (S/m) 
were as follows: air = 1 × 10−15, scalp = 0.47, skull = 0.01, eye = 2.00, 
CSF = 1.79, gray matter = 0.27, white matter = 0.14, 
electrode = 5.99 × 107, and saline-soaked sponge = 1.00. For 
comparison of current densities between the two models, we analyzed 
the relative difference |rD| defined as follows:
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where JCTI and JISO are the magnitude of current density at each 
pixel from the conductivity tensor and isotropic conductivity models, 
respectively. A high error indicates that there is a significant difference 
between two current densities.

3. Results

3.1. CTI of human brain

Figure 2 shows the reconstructed conductivity tensor images 
of two normal brains using the CTI method. In Figure 2A, the 
high-frequency conductivity (σH) and intermediate images 
(including intracellular volume fraction, vint; intrinsic and 
extracellular water diffusion coefficients, λ and λext; scale factor, 
η) were used to reconstruct low-frequency conductivity tensors 
shown in Figure 2B. To reconstruct the diffusion coefficients (vint

, λ  and λext) of brain we used the software available at https://
ekaden.github.io (Kaden et  al., 2016). The conductivity tensor 
images in the white matter, gray matter, and CSF regions were 
clearly distinguished (orange arrows) and showed different signal 
intensities in the white matter depending on the fiber direction 
(yellow circle) (Figure 2B).

3.2. Brain tissue response by electrical 
stimulation

Figure 3 shows the results of brain responses to tDCS focusing on 
the white matter. The electric field (Figure 3A) and current density 
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(Figure 3B) distributions were obtained from both the CTI-based 
head model and the isotropic conductivity model with literature 
values. The electric field by the conductivity tensor model showed 
higher signal intensity in the activated area, but the activated area was 
wider in the isotropic conductivity model (Figure 3A). The current 
density in the conductivity tensor model showed a high signal 
intensity in the activated area, but the activated area was similar to the 
isotropic conductivity model (Figure 3B). The dynamic ranges of the 

electric field and current density were wider in subject A than in 
subject B. Table 1 summarizes the electric field and current density 
measurements in gray matter, white matter, and entire brain tissues. 
The conductivity tensor showed higher signal values than the isotropic 
conductivity model in all brain tissues. The averaged current density 
of the conductivity tensor in the corpus callosum (CC) were 0.073 A/
m2 and 0.061 A/m2 in two subjects, respectively, which is twice as 
much as that in the isotropic conductivity model (0.034 A/m2 and 

FIGURE 2

Typical conductivity tensor images acquired from two normal brains. High-frequency conductivity (σH), intracellular volume fraction (vint ), extracellular 
mean diffusivity (λext), intrinsic diffusion coefficient ( λ ) and scale factor (η ) images (A) are used to calculate the conductivity tensors at three different 
fiber directions (B).

FIGURE 3

Brain response by the tDCS in the white matter of two normal brains. The three-dimensional images of electric fields (A) and current densities (B) were 
calculated from both the conductivity tensor model and isotropic conductivity tensor model.
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0.022 A/m2). This could also stem from the fact that conductivity of 
CC ranged 0.20 to 0.75 S/m, which is higher than that of 0.14 S/m in 
isotropic conductivity model.

3.3. Comparison of brain tissue response 
between two models

Figure 4 shows the difference images between the two models. 
From difference images of the electric field (Figure 4A), the conductivity 
tensor model showed high signal intensity around the electrode 
position. The current density showed high signal intensity along the 
direction of current flow between the two electrodes (black arrows) 
(Figure 4B). The signal intensity from model comparisons was different 
between the two subjects in both the electric field and current density.

Figure 5 shows the current density streamlines from the anode to 
the cathode of the two models. The streamlines in the conductivity 
tensor model showed a concise and concentrated distribution between 
the electrodes (Figure 5A), while the isotropic conductivity model 
showed a wider distribution (Figure 5B). The dynamic range of the 
current density streamline was slightly wider in subject A than in 
subject B for both models.

Figure 6 represents comparisons of the current densities obtained 
from the two models by applying a relative difference (|rD|). The 

relative difference for two electrode montages was calculated in the 
white matter, gray matter, and entire brains of the two subjects. The 
differences ranged from 55 to 73% for the subject A and from 52 to 
71% for the subject B. The minimum and maximum errors ranged 
from 15 to 98%.

3.4. Estimation of brain tissue response by 
different stimulation method

Figure 7 shows the current density distribution in brains with two 
electrode montages (C3-FP2 and F4-F3). The current density images, 
which consist of one coronal and two axial slice positions, were 
calculated from the conductivity tensor model. From the C3-FP2 
electrode montage in Figure 7A, the current density showed a high 
signal intensity which is consistent with the current flowing from the 
cortex where the anode electrode is located, through the deep brain 
region, and to the opposite cortex where the cathode electrode is 
located. In the F4-F3 electrode montage (Figure 7B), however, the 
current density was high in the cortex regions between the two 
electrodes but did not pass through the deep brain. Table 2 summarizes 
the measurements of current density in the entire brain. The C3-FP2 
electrode montage showed higher signal values than the F4-F3 
electrode montage in all slice positions.

FIGURE 4

Difference images between the conductivity tensor model and isotropic conductivity model. The electric field (A) and current density (B) were 
calculated at a single slice whose position was chosen at 12 mm from the skull.

TABLE 1 Measurements of the electric field and current density in gray matter, white matter, and entire brain tissues from isotropic and conductivity 
tensor models.

Model
Electric field [V/m] Current density [A/m2]

Gray matter White matter Entire brain Gray matter White matter Entire brain

Subject A Conductivity tensor 0.104 ± 0.060 0.117 ± 0.063 0.116 ± 0.073 0.039 ± 0.026 0.032 ± 0.027 0.042 ± 0.032

Isotropic conductivity 0.087 ± 0.035 0.112 ± 0.029 0.098 ± 0.057 0.023 ± 0.010 0.017 ± 0.005 0.042 ± 0.053

Subject B Conductivity tensor 0.099 ± 0.042 0.118 ± 0.045 0.097 ± 0.049 0.033 ± 0.021 0.024 ± 0.011 0.043 ± 0.032

Isotropic conductivity 0.076 ± 0.029 0.097 ± 0.031 0.074 ± 0.039 0.021 ± 0.008 0.014 ± 0.004 0.046 ± 0.048
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4. Discussion

Computational modeling of electrical stimulation approaches, 
such as tDCS, still faces uncertainty regarding the optimal stimulation 
of specific anatomical structures in the brain that are affected by a 

given current stimulation. One reason is that there are no proper ways 
to measure the anisotropic conductivity distribution of each 
individual’s brains in vivo. In this study, we performed in vivo brain 
imaging using a conductivity tensor imaging (CTI) method from a 3 T 
MRI and obtained subject-specific anisotropic conductivity tensor 

FIGURE 5

Distribution of current density streamlines inside the two brains. The colored streamline represents the magnitude of the current density obtained from 
the conductivity tensor (A) and the isotropic conductivity (B) models.

FIGURE 6

Comparison of relative difference (|rD|) between the current densities obtained from the two models. The current density in the brain tissues was 
calculated from the C3-FP2 (A) and F4-F3 (B) electrode montages.
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images of two normal brains. The resulting conductivity tensors in the 
white matter, gray matter, and CSF regions were clearly distinguished 
and showed similar results to those reported in a previous study 
(Katoch et al., 2018). In particular, the conductivity tensor of white 
matter tends to exhibit position dependency and inter-subject 
variability depending on the degree of anisotropy. Therefore, 
compared to the isotropic conductivity model which is based on fixed 
values, regional differences could be  observed in estimating the 

electric field and current density by using the conductivity 
tensor model.

At low frequencies below 10 kHz, externally injected currents are 
mostly blocked by cell membranes, and internal current flows are 
constrained within extracellular pathways. The white matter exhibits 
strong anisotropy because the myelinated fibers running in parallel 
along the fiber direction behave as electrical insulators at low 
frequencies. From the results of electrical stimulations shown in 

FIGURE 7

Estimation of current density distribution by electrical stimulation. The current density was calculated from the C3-FP2 (A) and F4-F3 (B) electrode 
montages using the conductivity tensor model. The current density distribution was imaged at single coronal slices of the heads near the anode 
electrode and at two axial slices of the head 75 and 25 mm apart from the skull. The vector field of current pathways is represented by black dashed 
lines.

TABLE 2 Measurements of the current density in two electrode montages.

Electrode montage
Subject A Subject B

S1 S2 S3 S1 S2 S3

C3-FP2 0.043 ± 0.026 0.045 ± 0.034 0.040 ± 0.049 0.039 ± 0.026 0.052 ± 0.037 0.044 ± 0.031

F4-F3 0.036 ± 0.022 0.028 ± 0.017 0.019 ± 0.014 0.031 ± 0.020 0.030 ± 0.017 0.022 ± 0.019

Values were obtained from the entire brain tissues at three different slice positions.
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Figure  3A, the electric field calculated by the conductivity tensor 
model showed a focused distribution with higher signal intensity in 
the left frontoparietal lobe compared to the results from the isotropic 
conductivity model. In the frontal views, however, the electric field by 
the conductivity tensor model showed lower signal intensity in the 
supraorbital area. The overall signal intensity of the entire brain was 
high in both subjects as seen from the difference images between the 
two models in Figure  4A. Since the tissue response to electrical 
stimulation was higher in subject A than in subject B, the dynamic 
range of the electric field was different between two subjects.

The current density by the conductivity tensor model showed a 
focused distribution with high signal intensity along the current 
pathways. This high current density was observed in the white matter 
tissues such as corpus callosum, cingulum, and cortex regions around 
the electrodes. Especially, the high current density in the corpus 
callosum, which connects the left and right hemispheres, indicates 
that the anisotropy of the white matter is well reflected in the current 
density distribution produced by this model. The current density of 
gray matter showed a wider distribution than the white matter due to 
its higher isotropic conductivity. From the difference images in 
Figure 4B, the current density of the entire brain was high along the 
current pathway. This was also seen in the results of the current 
density streamlines in Figure 5. The current density streamlines of the 
isotropic conductivity model were widely distributed inside the brains 
whereas streamlines of the conductivity tensor model shows a more 
focused distribution between the two electrodes. Since the current 
densities are different between the two subjects, the dynamic ranges 
were different despite being performed under the same conditions. 
Therefore, our subject-specific conductivity tensor model may reflect 
the position dependency and inter-subject variability better than the 
isotropic model models.

For comparisons of the current densities between the two models, 
the relative difference (|rD|) analysis was applied to the brain tissues. 
Average relative difference in brain tissues were above 50% in both 
subjects. These large error values indicate that there is a significant 
difference between the two models. Similar errors were found when 
using white matter’s directional conductivity information based upon 
diffusion tensor information (Shahid et al., 2013; Rampersad et al., 
2014; Opitz et al., 2015). Shahid et al. reported up to 48% higher 
strength of current density in the white matter compared to isotropic 
model. In these previous studies, however, anisotropic conductivity 
tensors were assumed to be proportional to water diffusion tensors 
with one fixed global scale factor.

To evaluate the brain response to electrical stimulation, 
we applied our subject-specific conductivity tensor models to image 
the current density distributions with two different electrode 
montages delivering tDCS (C3-FP2 and F4-F3). In Figure 7, the 
current density distributions at three different slice positions showed 
different patterns depending on the electrode montage as well as the 
individual brains. Specifically, the C3-FP2 montage in Figure 7A 
produced a more concentrated current density according to the 
current flow in subject A, but the amount of current density was 
larger in subject B. The current density showed higher signal 
intensity in the interhemispheric fissure and cortical regions around 
the two electrodes. The current density of the CSF region, which 
flows outside of the brain, was higher in subject B than in subject 
A. The overall signal intensity inside the brains was different between 
the two subjects in response to the injected currents. These results 

could be important for estimating the polarizing effects of individual 
brains by the electrical current (Purpura and McMurtry, 1965; 
Abascal et al., 2008). For the F4-F3 montage in Figure 7B, the current 
density was high in the cortical regions between the two electrodes 
in both subjects. However, the effect of CSF was more severe in 
subject B than in subject A.

It is important to determine how to evaluate tissue responses to 
electrical stimulation. As seen tissue responses may vary depending 
on individual brains and the stimulation location. Though the 
conductivity tensor information can be obtained using other imaging 
methods such as DT-MREIT, CTI has an advantage for tDCS 
treatment planning, since it does not require externally injecting 
currents into the head during MRI scans and treatments. The 
CTI-based head model exhibits potential in that it can consider 
position dependency and inter-subject variability. Although this study 
presented the results of only two normal brains and limited electrode 
positions, it showed a potential as an imaging tool for the evaluation 
of electrical stimulation approaches such as tDCS, through the 
accumulation of individual data from many samples and the 
subsequent implementation of statistical analysis.

The proposed CTI method has several limitations and requires 
careful considerations in its applications. First, the reconstructed 
images were geometrically registered, but the resolution of 
conductivity tensors imaging was limited. Moreover, there might be a 
partial volume effect that may result in field values being less accurate 
within the regional boundaries of each tissue type. Future studies can 
utilize higher resolution images to improve the head model (Marino 
et al., 2021). Second, since CTI uses MREPT and DWI data, a rigorous 
error analysis is desirable for propagating measurement noise and 
artifacts. Third, cell membranes are assumed to block low-frequency 
currents in CTI method. The CTI method in its current form could 
underestimate the low-frequency conductivity value of tissue, 
including cells with leaky membranes. To remedy this, it would 
be  worthwhile to investigate a more sophisticated CTI model 
including such cells. A potential way to validate the CTI-based model 
is by combining surface voltage measurements using an EIT device or 
current density images from MRCDI (Abascal et  al., 2008; 
Kasinadhuni et  al., 2017). Future research focuses on optimizing 
targeted stimuli while exploring multiple electrode locations and 
recommending the optimal location based on the required amount of 
current for effective activation. This may be essential in the field of 
personalized tDCS treatment planning.

5. Conclusion

Feasibility of a personalized tDCS treatment planning was 
evaluated using a subject-specific head model with both 
conductivity tensors and anatomical information. The key 
ingredient is the CTI method that can produce anisotropic 
conductivity tensor images of the human brain using a 3 T clinical 
MRI without injecting external currents into the head. Once the 
subject-specific head model is constructed, various numerical 
simulations and analyses can be performed for different electrode 
configurations and current dosages. We  suggest constructing 
subject-specific head models using the method described in this 
study and quantitatively analyzing internal distributions of the 
electric field and current density for tDCS treatment planning. 
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Developing a software tool to automate the computational 
modeling process described in this study may facilitate the basic 
research and clinical applications of tDCS.
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