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Abstract. This study presents the computational modeling of electric field and current density
distributions during electrical stimulation with the use of MR-based conductivity tensor imaging (CTI).
Electric field and current density distributions inside the brain are determined by the internal conductivity
distribution. At low-frequencies, the macroscopic conductivity may exhibit anisotropic property
expressed as a tensor. Recent CTI method provides an absolute conductivity tensor distribution using a
clinical MRI without injecting currents into the brain. At two human subjects, we acquired the B1 phase
map and multi-b values diffusion tensor images and then calculated a low-frequency conductivity tensor
distribution. Anatomical MR images segmented to build a three-dimensional finite element model.
Electric field and current density distributions were calculated using the experimentally obtained
conductivity tensors and compared with those using the literature values of the isotropic conductivity.
Adopting the C3-FP2 EEG electrode montage, the current density and electric field were significantly
different from the results using isotropic conductivity. The correlation coefficient was 0.19 to 0.26 and
0.27 to 0.33 for white matter and gray matter, respectively. The conductivity tensor-based head model
can accurately predict current density distributions inside the brain, which can be applied to personalize
brain stimulation treatment planning.
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1. Introduction

Brain tissues such as white matter and gray matter are composed of the complicated structure of
cells, extracellular matrix suspended into extracellular fluids. Cells have a thin insulating membrane,
intracellular fluids, and organelles. The extracellular and intracellular fluids carry dominant charge
carriers such as sodium, potassium, chlorides, and calcium, etc. Its electrical conductivity is determined
by the cell density, cellular structure, extracellular volume fraction, composition and amount of
extracellular matrix materials, and membrane characteristics as well as concentration of dominant charge
carriers and their mobility (Grimnes & Martinsen, 2011). Therefore, the electrical conductivity of
biological tissues is inhomogenous and expressed as a weighted sum of conductivity values of its
components (J. Peters, 2001). When elongated cells are aligned towards certain directions, movement of
ions is hindered or restricted making mobility direction-dependent. In the white matter and muscle,
conductivity exhibits anisotropy and is expressed as a tensor (Sajib, 2018).

Transcranial direct current stimulation (tDCS) is a non-invasive neurostimulation therapy that
delivers low-intensity direct current into the brain through surface electrodes, which shifts regional
cortical excitability to a state of excitation or causes exogenous subthreshold modulation of neuronal
resting membranes (Nitsche & Paulus, 2000). In tDCS, a low-intensity direct current (DC) of 0.5 to 2
mA is injected into the human head through a pair of surface electrodes to generate an electric field,
current density, and voltage distributions over a neuronal population inside the brain. With the increasing
interest in the clinical applications of tDCS, computational modeling studies have been pursued to design
the electrode montage, size, shape, and positions as well as the current dosage. Predicting internal current
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density distributions, computational models can be useful for the interpretation of the treatment outcome.
Subject-specific computational models have been developed by segmenting structural MR images to
properly handle the effects of the head geometry and electrode configuration. However, there is a little
previous study to incorporate the internal conductivity distribution measured from the individual subject.
This has been mainly due to the lack of a practically useful noninvasive technique to measure the
conductivity distribution inside the brain.

Recently MR-based conductivity tensor imaging (CTI) method has been developed without
injecting currents to recover conductivity tensor distribution in the human brain (Sajib, 2018; Katoch,
2018). The CTI method has been validated using conductivity phantoms and animals(Katoch, 2018; Sajib,
2018), and its first in vivo human imaging experiment has been successfully demonstrated (Katoch, 2018).
CTI can be readily implemented in existing clinical MRI without requiring any additional hardware
components. In this feasibility study, we performed in vivo CTI imaging experiment of the entire human
brains to image the conductivity tensor distribution for evaluating brain responses by the electrical
stimualtion

2. Material and Methods

Two healthy volunteers (26 and 28 years old) were recruited following the protocol approved by
the Institutional Review Board (IRB) at Kyung Hee University (KHSIRB-16-033). Informed consent
forms were obtained and experiments were conducted on a 3T MRI scanner (MAGNETOM SKYRA,
SIEMENS HEALTHCARE, Erlangen, Germany) equipped with a 16-channel head coil.

2.1 MRI data acquisition

The T1-weighted magnetization prepared rapid gradient echo (MPRAGE) MRI scans were
conducted isotropic voxel in the sagittal plane. The acquisition parameters were as follows: TR/TE =
1200/1.79 ms; FA = 10 ; bandwidth = 510 Hz/Px; FOV = 256 mm; slice per slab = 192; slice thickness
=1 mm with no gap. The total scan time of the MPRAGE scan was 5.43 minutes.

A multi-echo spin-echo (MSE) pulse sequence with multiple refocusing pulses was adopted to
acquire B1 phase maps. The imaging parameters were as follows: TR/TE = 1500/15 ms; flip angle =90 ;
bandwidth = 250 Hz/Px; number of echoes = 6; slices = 30; slice thickness = 4 mm; acquisition matrix
=128 128,and FOV =260 260 mm? The voxel size was2.0 2.0 4 mm’.

For accelerated multi-b values diffusion-weighted imaging (DWTI) data acquisitions, the multi-band
echo-planar imaging (EPI) was conducted with a quadrature transmit and 16-channel receive head coil.
A multiband factor of 3 (MB = 3) was used and acquisition parameters were as follows: TR/TE =2000/80
ms; other parameters were similar to the B1 maps. The diffusion gradients with b-values of 0, 50, 150,
300, 500, 700, 1000, 1400, 1800, 2200, 2600, and 3000 were used. The total scan time of CTI to cover
the entire brain was 28 minutes.

2.2 Conductivity tensor image reconstruction

Combining magnetic resonance electrical properties tomography (MREPT) and multi-b diffusion
MRI, the CTI method first produces high-frequency isotropic conductivity images at the Larmor
frequency using the measured B1 phase map as shown in figure 1B. Multi-b diffusion MR images are
utilized to reconstruct tissue microstructures or to separate the influences from the extracellular space
from those of the intracellular space. The conductivity tensor image was then reconstructed using the
CTI formula (Sajib, 2018; Katoch, 2018):

where, oy is the high-frequency conductivity at the Larmor frequency,  is the extracellular volume
fraction, B is the ion concentration ratio of intracellular and extracellular spaces, and  are the extra-

and intracellular water diffusion coefficients, respectively, and is the extracellular water diffusion
tensor. The computed scale factor ~was multiplied at every pixel to the extracellular diffusion tensor
to calculate the absolute conductivity tensor.

2.3 Tissue segmentation and bioelectric modeling

The automated segmentation algorithms in Statistical Parametric Mapping (SPM 12, Wellcome
Trust Centre for Neuroimaging, UK) were used to generate tissue probability maps from high-resolution
T1-weighted images. The head was segmented into six different tissues: scalp, skull, air, eye,
cerebrospinal fluid (CSF), gray matter (GM), and white matter (WM). Tetrahedral volume mesh head
models were produced using the ScanFE software (Simpleware, Synopsys Inc., Exeter, UK). Electrode



montage was modeled in ScanIP software. The anode (C3 position of EEG) and cathode (FP2 position
of EEG) are denoted as  and , respectively. The current was injected from to  and the electrode
was the voltage reference electrode.
When a DC current of mA is injected between two electrodes and , the voltage u inside the
head denoted as  with its boundary  satisfies the following partial differential equation (Seo & Woo,

2012): in subject to the boundary conditions of on and — on ,where

is the conductivity distribution. For the isotropic model, we adopted the scalar conductivity values of
particular tissue types following available literature at low frequency (McCann, 2009). In anisotropic
conductivity tensor model, pixels belonging to skull, eye and air cavity were also assigned isotropic
literature values (McCann, 2009). For brain region, experimentally obtained conductivity tensor was
used which does not require regional tissue segmentation. The COMSOL Multiphysics software
(COMSOL, Burlington, U.S.A.) was used to numerically calculate and the electric field LA
total of 2 mA current flow, giving an average of J, = 0.4 A/cm? current density through each electrode
area were used.
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Figure 1. Flow chart of conductivity tensor imaging for bioelectric modeling of the human brain. (4) Structural
modeling of a human head using high-resolution T| images, electrode montages, and mesh (B)
Reconstructed conductivity tensor images of the human brain, (C) Reconstructed current density and
electric field in white matter and gray matter.

3. Results

Fig. 1(A) shows the segmented masks of different tissues for structural modeling, electrode
montage, and finite element mesh in the sagittal view. Fig. 1(B) shows the flow chart of conductivity
tensor reconstruction including the intermediate image variables used in the reconstruction process. Fig.
1(C) shows the computed results of the electric field, and current density, distributions in the white and
gray matter regions using a unique conductivity tensor shown in Fig. 1(C). Shown in Fig 2A are the
comparison current density and electric field in the white matter region from the model using subject-
specific conductivity and isotropic literature value of conductivity in subject-1. We observed a significant
variation in the current density, electric field, and voltage while adding the unique conductivity tensor
values. The impact of conductivity tensor on modeling is evaluated by calculating the correlation
coefficient (CC) and relative L? error between conductivity tensor-based model and isotropic literature
value model. Fig 2B shows the average plot of correlation coefficient (CC) in both human subjects on
electrode montage of C3-FP2. The results obtained from the surface of white matter and gray matter
indicate the considerable effect of anisotropy on the magnitude and direction distribution of the current
density and electric field. The current density in the literature model remains homogenous from the left
hemisphere to the frontal part of the right hemisphere where the cathode is located.

4. Discussion

Despite numerous computational bioelectric modeling studies of tDCS, there has been uncertainty
about how much a certain anatomical structure in the brain is affected by a given current stimulation.
This mainly stems from the fact that the anisotropic conductivity distribution of each subject was not
known or could not be measured. In this paper, we implemented the in vivo human brain imaging



experiments of the CTI method using a conventional 3T MRI and can obtain anisotropic conductivity
tensor images of the brain tissues. Incorporating the measured conductivity tensor information into the
anatomically correct subject-specific head model, we computed the electric field and current density
distributions of two subjects in common tDCS electrode montage.
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Figure 2. (A) Electric field, and current density distributions in the white matter regions, (B) Correlation
coefficient plots between the isotropic literature values of tissue conductivities and the reconstructed
conductivity tensors from the CTI imaging experiments of two human subjects.

We quantified the correlation coefficient (CC) and relative L’ of the magnitude of current density
recovered using the reconstructed conductivity tensor images and the isotropic literature values. As the
white matter is highly anisotropic, there is a significant amount of reduction in CC in both subjects. As
the WM anisotropy ratio increases, relative L? error increases and CC decreases significantly. In the WM,
correlation coefficient (CC) between the isotropic and conductivity tensor models are relatively smaller
(about CC = 0.19 and 0.26) in comparison to those in the GM (about CC = 0.27 and 0.33). In the brain,
which includes CSF also the correlation coefficient (CC) were 0.42 and 0.45. The average relative L’
error of the current density distribution ranged from 55% to 73% and 52 % to 71% in two human subjects.
It is worth mentioning that, the result from this study emphasizes and strengthens the need to measure
conductivity tensor for bioelectric modeling application in the human brain.

5. Conclusions

Personalized treatment planning by the electrical stimulation can be possible in a subject-specific head
model using the conductivity tensor information. The advantage of the CTI method is that it can produce
anisotropic conductivity tensor images of the human brain using a 3T clinical MRI without externally
injecting 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.
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