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Abstract. Electrical conductivity at low-frequency is associated with the cell density, fiber direction, and 
extracellular composition of the biological tissues. Imaging of conductivity distribution inside the human 
brain can localize the source in EEG measurements and predict current pathways for brain stimulation 
therapy planning. Human tissues such as white matter and muscles are known to be anisotropic in nature 
and conductivity changes concerning fiber directions. Since muscle is the most abundant anisotropic 
tissue in the human body, in vitro and in vivo muscle conductivity tensor assessment has been attempted. 
In this study, we conducted high-resolution imaging of muscle tissues using recent MR-based 
conductivity tensor imaging (CTI) to validate its in vivo usefulness. The low- and high-frequency 
conductivity obtained from the CTI and the in vitro conductivity obtained from the impedance analyzer 
were compared, and the anisotropy of the tissue was quantified using the anisotropy ratio (AR) to confirm 
the anisotropy. The application of the CTI method can be found in the evaluation of musculoskeletal 
microstructure.
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1. Introduction
Recent magnetic resonance (MR)-based conductivity tensor imaging methods can provide 

information about tissue properties as well as anisotropy from the contrast mechanism, which reveals 
changes in ionic concentration and mobility in the cellular space (Sajib, 2018). Accurate estimation of 
the electric field distribution inside the human body is related to the evaluation of the therapeutic effects 
of electrical stimulation (Sajib, 2016). The conductivity tensor of human brain tissue can be used to 
construct patient-specific models of both EEG source imaging and electrical stimulations, such as 
transcranial direct current stimulation (tDCS), deep brain stimulation (DBS), and electroporation (Katoch, 
2017). Cross-sectional imaging of a low-frequency conductivity tensor without injection of any external 
current has recently been developed and is currently being studied and validated in clinical applications

CTI method utilizes information on isotropic high-frequency conductivity, which is affected by both 
intra- and extracellular spaces. Multi-b diffusion-weighted imaging is also used to extract information 
about intra- and extracellular diffusion coefficients, extracellular volume fraction, and water diffusion 
tensor. Katoch et al. reported the conductivity tensor imaging results of the human brain as well as a 
model that mimics the cellular space. Like the white matter in the brain, muscle tissue is highly 
anisotropic because an applied current flows more easily along muscle fibers than across the fibers. Some 
clinical studies have suggested that the anisotropy of muscle tissues may be beneficial for distinguishing 
between neurogenic and myopathic injuries and may be used as an indicator of disease progression. As 
few studies have applied conductivity and conductivity tensors to muscle tissues, imaging the 
conductivity tensor of muscle tissues remains a challenge.

In this validation study, we image the conductivity tensor distribution of anisotropic muscle tissues 
using a phantom with animal muscle. Using the conductivity tensor results, we compare the isotropic 
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conductivities of the two types of muscle tissue at both low and high frequencies. The anisotropy of the 
muscle tissues was analyzed by comparing the conductivity tensors and quantifying the anisotropy ratio 
(AR) in the principal direction.

2. Methods

2.1 Preparation of muscle phantom
Bovine muscles with uniform muscle fibers and low-fat content were purchased from a local butcher. 

We designed two different muscles, as shown in Fig. 2(a). The phantom consisted of an acrylic cylinder 
with a diameter of 50 mm and a height of 90 mm. Two resected bovine muscle blocks, each with a 
volume of 10 × 10 × 10 mm3, were positioned in the center of the phantom such that the muscle fibers 
were perpendicular to each other. The phantom was filled with conductive material (agarose gel with a 
conductivity of 0.3 S/m) to provide structural support to the muscle blocks. In vitro measurements of the 
conductivity spectra in all muscle blocks were performed using an impedance analyzer (SI1260A, 
AMETEK Inc., UK) to support the imaging experiment. Each muscle block was measured with a four-
electrode method in the frequency range of 10 Hz to 3 MHz. MRI experiment was performed after 3 
hours of resection.

2.2 Ex vivo CTI experiments
After the preparations above, ex vivo CTI of muscle tissues was performed in a 9.4T MRI (Agilent 

Technologies, Santa Clara, CA, USA) for the phantom. The phantom was placed inside the bore of a 
9.4T MRI scanner with a single channel body coil. High-frequency conductivity images and multi-b 
diffusion-weighted images are needed to reconstruct the conductivity tensor. A multi-echo spin-echo 
pulse sequence with multiple refocusing pulses was used to obtain high-frequency conductivity images. 
The imaging parameters were as follows: repetition time (TR)/echo time (TE) = 1500/15, 30, 45, 60, 75, 
90 ms (6 echoes), field-of-view (FOV) = 60 × 60 mm2, matrix size = 128 × 128, slice thickness = 1 mm 
(5 slices), number of excitations (NEX) = 5, and imaging time = 16 min. A single-shot spin-echo echo-
planar imaging pulse sequence was separately used to obtain multi-b diffusion- weighted images, which 
can be used to extract structural information about the cellular environment. The imaging parameters 
were as follows: TR/TE = 1800/39 ms, FOV = 60 × 60 mm2, matrix size = 128 × 128, slice thickness = 
1 mm (5 slices), NEX = 2, and imaging time = 5 min. Diffusion weighting gradients was done in 12 
directions with b-values of 0, 50, 150, 300, 500, 700, 1000, 1400, 1800, 2200, 2600, 3000, and 3500 
s/mm2. For correction of the echo-planar images in phantom, an additional MR scan was performed by 
using a non-diffusion sensitizing gradient (b = 0 s/mm2) along the posterior-anterior (PA) phase encoding 
(PE) direction. The total scan time was 1 hour 36 minutes. 

2.3 Conductivity tensor reconstruction
The acquired B1 phase image from 9.4T MRI was unwrapped using the PUMA algorithm and then 

all echo signals were combined to obtain an optimized B1 phase image. The optimized B1 phase images 
were used to reconstruct the high-frequency conductivity images. The multi-b diffusion-weighted images 
were corrected and registered to compensate for eddy-current effects and geometrical distortions in the 
EPI sequence using FSL software (www.fmrib.ox.ac.uk/fsl). Finally, conductivity tensor images of the 
muscle phantom were reconstructed using the MRCI toolbox (Sajib, 2017) with the following formula:

where C is the low-frequency conductivity tensor, H is the high-frequency conductivity at the Larmor 
frequency,  is the extracellular volume fraction,  is the ion concentration ratio of the intracellular and 
extracellular spaces, de

w and di
w are the extracellular and intracellular water diffusion coefficients, 

respectively, and De
w is the extracellular water diffusion tensor. Detailed image reconstruction of the 

conductivity tensor was followed from the work of Katoch et al.

2.4 Quantification
Using the conductivity tensor images, we measured the low- and high-frequency conductivities of 

muscle tissues in the same region-of-interest (ROI). The anisotropy of the muscle tissues was compared 
by measuring the conductivity tensor along the longitudinal and transversal directions of muscle fibers. 
The anisotropy ratio (AR), which is a set of indices derived from the sorted eigenvalues of the 
conductivity tensor C, was introduced to quantify the degree of anisotropy. The AR was defined as 
follows:
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where Cl is the largest eigenvalue of C along the longitudinal direction, Ct1 and Ct2 are the other two 
eigenvalues in the transversal directions. Tissues with higher AR values exhibit stronger anisotropy than 
tissues with lower values. An AR value of 1 represents an isotropic tissue.

3. Results
Figure 1 shows the CTI results of the phantom. The images of the intermediate variables in Fig.1 (a), 

including high-frequency conductivity H, extracellular volume fraction α, extracellular water diffusion
coefficient de

w, intracellular water diffusion coefficient di
w and scale factor η, provide information about 

the cellular space used to calculate the conductivity tensor. The conductivity tensor (C) was computed 
using the relation in equation (1) and mapped in the longitudinal and transversal directions (Fig. 1(b)). 

Figure 1. CTI results of bovine muscle tissues from the phantom (a) Images of high-frequency conductivity and 
the intermediate variables used to calculate the conductivity tensor. (b) Reconstructed conductivity 
tensors along the longitudinal direction (Cl) and the transversal directions (Cti and Ct2)

Figure 2 and Table 1 show the CTI analysis of bovine muscle tissues in the phantom. The mean and 
standard deviation values of the low- and high-frequency conductivities were measured and compared 
among the bovine A, bovine B and Agarose gel (Fig. 2(a) and Table 1). The conductivities of bovine A 
and B were higher than that of agar, which was designed to have a conductivity of 0.3 S/m. There was 
no clear difference in conductivity between the two bovine muscles (Fig. 2(c) and Table I). Meanwhile, 
the conductivity had a higher value along the fiber direction that was the longitudinal direction. Since 
the agar was not anisotropic, the conductivity tensor was similar in all directions. The anisotropy ratio 
was higher in the bovine muscles than in agar. 

Figure 2. Analysis of CTI results of the phantom. (a) Configuration of the phantom (b) Measured conductivities 
of the ROIs at low and high frequency. (c) Measured conductivity tensors and ARs of the ROIs. (d) 
Measured conductivities of agar in the longitudinal and transversal direction at multiple frequencies. 
(e and f) Measured conductivities of bovine A and B in the longitudinal and transversal direction.

Figure 2(d-f) shows the in vitro conductivity spectra measurements of the two bovine muscles and 
agar at multiple frequencies. Conductivity increased with an increase in frequency in all tissues. Agar 
showed no difference in conductivity regardless of the measurement direction (Fig. 2(d)). However, there 
was a clear difference in the conductivity according to the measurement direction in both bovine muscles 
(Fig. 2(e) and (f)).

Table 1. Measurement of the isotropic conductivity, conductivity tensor, and anisotropy ratio (AR) of muscle 
tissues in the phantom

Conductivity [S/m] Conductivity tensor [S/m] AR
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Low-freq. High-freq. Cl Ct1 Ct2

Bovine A 0.41  0.11 0.92  0.08 0.46  0.10 0.40  0.09 0.39  0.09 1.17

Bovine B 0.46  0.13 0.90  0.10 0.51  0.12 0.43  0.11 0.40  0.10 1.21

Agar 0.33  0.11 0.66  0.12 0.35  0.10 0.33  0.10 0.32  0.11 1.07
Cl indicates the conductivity tensor along the longitudinal direction.
Ct1 and Ct2 are the other two conductivity tensors in the transversal directions

4. Discussion
When evaluating an anisotropy of living tissues, current MRI system provides information on the 

fiber direction using its own measurement coordinate in the x-, y-, and z-direction. The fibers of bovine 
muscle in the phantom were located parallel to the x- and y-directions, respectively, and the resulting 
conductivity tensor could fully express the information on fiber direction. The conductivity tensors of 
muscle tissues express the degree of tissue anisotropy in the longitudinal and transversal directions of 
each conductivity tensor, which correspond to the longitudinal and transversal directions of muscle fibers, 
respectively. Compared to agarose gel, which has no anisotropy, bovine muscle tissues showed a 
difference in conductivity values depending on direction. To quantify the degree of anisotropy, we 
introduced the anisotropy ratio (AR) of muscle tissue, which measures the intrinsic anisotropy along the 
longitudinal direction with respect to the transversal directions. The AR of bovine muscle was higher 
than that of agar. As agarose gel is an isotropic material, its AR was close to 1. 

5. Conclusions
In conclusion, we experimentally imaged the cross-sectional conductivity tensor distribution of 

anisotropic muscle tissues using a recent CTI method. High-frequency conductivity and multi-b 
diffusion-weighted images are required to image the conductivity tensor distribution using an MRI 
system. After calculating the position-dependent scale factor, we can finally reconstruct the conductivity 
tensor map of anisotropic muscle tissues with the combination of the two types of information. The 
reconstructed images of muscle tissue provided quantitative information about the electrical tissue 
properties as well as anisotropy. These findings suggest that the current conductivity tensor imaging 
method can be used as a tool for evaluating the microstructure of muscle in a noninvasive manner. We 
expect that CTI can provide a prior information about tissues in situ to be utilized for in vivo human 
imaging and, finally, as a clinical tool for measuring muscle microstructure and indicating disease 
progression.
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