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Abstract—Registering the conductivity tensor of brain tissue 

within standard stereotaxic coordinates is critical for

measuring the electrical properties of individual brain

structures. The conductivity tensor can be measured non-
invasively with diffusion tensor imaging (DTI) [1]. We review 

here the steps needed to calculate stereotaxically registered 

brain conductivities, starting from raw DTI images. A series of 

transformations applied to the eigenvalues and eigenvectors of 

diffusion tensor result in gray and white matter conductivity 

values and anisotropies that agree with direct conductivity 

measurements.
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I.  INTRODUCTION

The electrical conductivity of brain tissue is a primary 
determinant of electric and magnetic field spreading within 

the brain. The effects of external electrical stimulation, such 
as deep brain stimulation (DBS) [2] and transcranial

magnetic stimulation (TMS) [3] are determined by the
electrical properties of neuronal tissue. Similarly, the useful 

range of recording techniques, such as electro-
encephalography (EEG) and magneto-encephalography

(MEG) are determined by these properties. Thus, the

solution to both forward [4] and inverse [5] problems are 

dependent on accurate knowledge of electrical conductivity 

values.

The brain is an inhomogeneous and anisotropic

conductor [6], [7] and simu lations have revealed the
importance of inclusion of both these properties for

understanding stimulation and recording [5], [8]. Therefore, 
Tuch et al proposed a method for calculating a high-

resolution conductivity tensor using the data obtained by 

diffusion tensor MR imaging (DTI) [1]. 

In this paper, we present in detail the steps needed to 
convert raw DTI data to conductivity values and orientations 

that are registered in a standard stereotaxic space
(Talairach).

II.  THEORY AND METHODS

DTI measures the way protons move in tissue, i.e. how 

water diffuses along separate directions in space. During 

imaging, different magnetic field gradients are applied for

each scan. When a proton diffuses across a gradient, the 

measured MRI signal is attenuated, due to spin dephasing. 

This attenuation is an exponential function of the diffusion 

coefficient D of water in the tissue. Therefore, D can be 

calculated [9], [10] and used for the calculation of the 

conductivity tensor, which can be registered with Talairach 

space through a series of transformations. These are briefly 
presented in fig. 1 and described in the following sections.

We acquired DTI sequences using a 3T Siemens

scanner. A healthy male subject was scanned after informed 

consent was obtained according to University of Minnesota 
guidelines. The voxel size was 1.5 mm x 1.5 mm x 2 mm

with a field of view of 192 mm x 192 mm. 12 diffusion 
gradient directions were applied with a b-value of 1000 

sec/mm
2
, where b is a factor that characterizes the timing,

amplitude and shape of the diffusion gradient pulses. T1-

weighted and PD structural images were also acquired for 

registration purposes.

Fig. 1.Going from DTI images to standard-space registered conductivity 
tensor.

A. Diffusion tensor calculation
The diffusion tensor can be extracted from 13 raw DTI 

images (1 baseline image for which no gradient is applied 

and 12 direction weighted images - one per diffusion

gradient direction). The fundamental relationship used on a 

voxel by voxel basis, is the following [9]:

Sx=S0 exp(-b ADCx), where S0 is the signal intensity of the 

baseline image, Sx the intensity of the x-th direction
weighted image and ADCx the apparent diffusion coefficient 

for the x-th direction.
After calculating ADCs for all the applied directions, 

the diagonal and non-diagonal elements of the diffusion 

tensor can be computed through a simple transformation, as 

described in [11]. The eigenvalues and eigenvectors of the 
tensor are then calculated. The final result consists of 3 

eigenvalues and 3 eigenvectors, i.e. 3 eigenvalues and 9 

eigenvectors images (one image per vector coordinate).
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B. Correction of EPI Distortion
Echo-planar DT imaging suffers from distortion caused 

by magnetic field inhomogeneities. Magnetic field
inhomogeneities are particularly prominent in regions of

abrupt change in tissue magnetic susceptibility, near

air/tissue or bone/tissue interfaces. DT images show signal 

intensity loss and voxel shift in these regions, predominantly 
in the phase encoding direction. 

Methods have been developed to partially correct for the 
distortion seen in DT imaging [12]. In one method, an

additional image sequence is used to acquire a field

inhomogeneity map for the subject, which is then used to 
correct for the voxel shift distortion in the images.

C.  Image registration

In order to map electrical properties obtained from MRI 
images to particular brain structures, positions within the 

images must be mapped to a standard coordinate space 

where the position of individual brain structures are defined. 

This task is complicated by several limitations. 
First, MRI image acquisition does not follow a standard 

coordinate system and, thus, image coordinates are device-
dependent.

Second, DTI images are relatively low resolution and 

noisy and so are usually coupled to high quality structural 

images, such as T1, T2-weighted or Proton Density images, 
which are used as a reference. Therefore, different image 

sequences need to run for the same subject. During these 
sequences, the field of view may change due to subject 

changes, such as head movement, which effectively further 

degrades image quality.

These limitations can be partly overcome by a
registration procedure, during which images from all

sequences are transformed so that they match a standard 

template image in shape and size. Thus, regardless of the 
geometry, tilt and location of the original scans, a new set of 

images, registered within the same coordinate system, is 
created. This is extremely useful in research studies when 

more than one subjects are used, since brain shape and size 
are both variable between individuals.

The template image usually corresponds to a standard 
brain atlas. Among the existing stereotaxic brain atlases 

[13], [14], [15], the one by Talairach & Tournoux seems to 

be the most commonly used one, due to its landmarks which 

are easily detectable in MRI. The standard stereotaxic
Talairach space has the Anterior Commissure (AC) as its 

origin. The horizontal plane is determined by the line that 
passes through the AC and the Posterior Commissure (PC). 

The coronal plane is defined by the vertical line that passes 

through the AC and the sagittal one by the midline of the 

third ventricle. 
After choosing a suitable template, two more steps are 

needed: a) alignment of the original images, b) image re-
slicing and re -sampling through interpolation to obtain the 

newly registered images. Many alternative programs are

publicly available, such as FSL, SPM, AIR and AFNI [16]-

[19]. For the first step we used an affine linear
transformation with 12 degrees of freedom. For the second 

step, we used a tri-linear interpolation for most of the 
images, apart from the eigenvector ones, for which a nearest 

neighborhood method was used, as explained in section IIE.

We should point out that the registration results are poor 

when the image to be registered is of low quality (e.g. DTI). 
However, they can be significantly improved when a high 

quality structural image is used as an intermediate in the 
procedure. The DTI image can then be mapped to the 

structural T1-weighted or PD one, which is consecutively 

transformed and matched to the template.

D. Talairach Space correction
In order to register our images in the standard space, the 

ideal template would be an MRI scan of the Talairach brain. 
However, there is no such image available. To overcome 

this problem, a group from the Montreal Neurological

Institute (MNI) created an MRI template based on Talairach 

space [20]. Evans et al registered 152 MRI scans, through a 
linear affine transformation with landmarks. The average of 

the registered MRI images, called MNI152, is a very good 
approximation of the Talairach brain. 

MNI152 has been used as a template for the standard 

stereotaxic space registration by most existing MRI

processing programs. However, MNI and Talairach brains 
do not match perfectly. MNI152 is actually larger in all

dimensions and this difference is more obvious in coronal 
slices. The difference is not more than 10 mm, however this 

can be crucial if one is interested in small nuclei. A solution 

was proposed by Brett et al [21] through a non-linear

transform of MNI to Talairach space. This transform was 
applied in all our images.

E. Preservation of eigenvectors’ direction
Registration of images that contain orientational

information is different than the procedure described in 
section IIC. Such images are the 9 diffusion tensor

eigenvectors images, which have to be treated differently 
than scalar images in order to preserve directional

information.
Two problems arise in the registration of eigenvectors. 

The first concerns interpolation, e.g. two vectors that are 

pointing in opposite directions could be interpolated to make 

zero. The second has to do with the space in which the 
vectors exist. If the interpolation is correct and the

registration successful, the new registered eigenvector
images will have the correct shape and size and their voxels

will correspond to the template’s coordinate system.

However, the eigenvectors themselves will point to a wrong 

direction, determined by the old coordinate system.
Therefore, apart from changing the shape and size of the 

images, a reorientation problem arises and an extra
transformation is needed. Alexander et al [22] described the 

Preservation of Principal Direction (PPD) algorithm, which 

preserves orientational information. A nearest neighborhood
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CSF (TLV) CSF (TV) Putamen CN STN CC (body) CC (genu) CP OR ICa ICp STN uc
λ1 (mm2/sec) 0.003202 0.002753 0.000752 0.0007431 0.000741 0.00115758 0.001173 0.00157 0.00128 0.001126 0.001144 0.000901
λ2 (mm2/sec) 0.003114 0.002529 0.0006909 0.0007171 0.000591 0.0003436 0.0002372 0.0004994 0.00032529 0.0003383 0.0004304 0.000486
λ3 (mm2/sec) 0.0026927 0.002229 0.0005517 0.0005839 0.000315 0.0002612 0.00014 0.0001831 0.00025958 0.00015 0.00025 0.000234

FA 0.0904 0.1046 0.1532 0.1247 0.3749 0.6946 0.8200 0.7595 0.7349 0.7566 0.6563 0.5555

RA 0.0740 0.0857 0.1261 0.1023 0.3215 0.6886 0.9013 0.7904 0.7502 0.7856 0.6347 0.5089

1-VR 0.0085 0.0111 0.0247 0.0164 0.1666 0.4876 0.7177 0.6608 0.5500 0.6333 0.4527 0.3503
σ1 (S/m) 2.357 2.026 0.553 0.547 0.545 0.852 0.863 1.156 0.942 0.829 0.842 0.663
σ2 (S/m) 2.292 1.861 0.509 0.528 0.435 0.253 0.175 0.368 0.239 0.249 0.317 0.358
σ3 (S/m) 1.982 1.641 0.406 0.430 0.232 0.192 0.103 0.135 0.191 0.110 0.184 0.172
ρ1 (Ohm.cm) 42.43 49.35 180.68 182.84 183.48 117.37 115.83 86.54 106.15 120.67 118.77 150.80
ρ2 (Ohm.cm) 43.63 53.72 196.66 189.47 229.86 395.43 572.81 272.07 417.69 401.62 315.68 279.62
ρ3 (Ohm.cm) 50.46 60.96 246.27 232.69 431.88 520.17 970.50 742.05 523.42 905.80 543.48 580.39

Table 1. Eigenvalues of Diffusion Tensor (λ), and respective anisotropy indices (FA, RA, VR), conductivities (σ) and resistivities (ρ) for different brain 
structures. CSF: Cerebrospinal  fluid, CN: Caudate nucleus, CC: Corpus Callosum, CP: Cerebral Peduncle, OR: Optic Radiation, ICa: Internal Capsule-

Anterior Limb, ICp: Internal Capsule – Posterior Limb, STN: Subthalamic Nucleus, TLV: Trigone of Lateral Ventricle, TV: Third Ventricle, FA: Fractional 
Anisotropy, RA: Relative Anisotropy, VR: Volume Ratio, uc: uncorrected value.

interpolation method is used for image re-sampling and PPD 

is then applied by taking into account shearing, stretching 

and rigid rotation. The algorithm makes use of the
transformation matrix that is calculated by the registration 

procedure (section IIC) and changes the eigenvector images, 
by mapping the old to the new coordinate system. 

Fig. 2.  Sagittal, coronal and horizontal slices of a registered DTI image. 
The target template (MNI152 brain) is outlined in red. a) With correction of 

EPI distortion, b) Without correction of EPI distortion.

F. Conductivity values calculation
DT images can be used for direct calculation of

conductivity tensors. Tuch et al [1] introduced a model
where diffusion and conductivity tensor eigenvalues are 

connected through a linear relationship. Thus, DT

eigenvalue images can be scaled and give the conductivity 

of brain tissue at the respective locations. The model is 
based on the observation that both phenomena are based on 

movements of specific carriers and that the pathways are the 
same for both types of movement. Under quasistatic

conditions (capacitive effects negligible), the extracellular

space is the main pathway for ions since the intracellular 

space is shielded by the high membrane impedance. The 
extracellular space is also the main pathway for movement 

of water molecules. Therefore, both processes are restricted 
by the same tissue geometry. 

Consequently, the model states that conductivity and 

diffusion coefficient share the same eigenvectors, in other 

words, they have the same principal directions and
anisotropic behaviors. For the eigenvalues, a scaling factor f, 

which is empirically approximated from conductivity and 

diffusion measurements, can be used so that σ=f ⋅D, where 

σ is the conductivity and D the diffusion tensor. 

III.  RESULTS

Fig. 2a shows a typical registration result. The outline, 

shown in red, corresponds to the MNI152 template. Fig. 2b 
shows the registration result when the correction of EPI 

distortion was not performed. 

Table 1 shows indicative conductivity values, calculated

from diffusion tensor eigenvalues. Data for different brain 
structures, including CSF-filled, grey and white matter

regions are presented. Anisotropy indices, including
Fractional Anisotropy (FA), Relative anisotropy (RA) and 

Volume Ratio (VR), are computed as described in [9]. For 

all indices, a value of zero corresponds to a fully isotropic 

material, while a value of 1 (2
1/2

for RA) infers infinite 
anisotropy. All structures were identified by using Talairach 

coordinates on the registered images. 

IV.  DISCUSSION

The registration of a DTI image to the standard space is 

successful when EPI distortions are removed, as shown in 
fig. 2a. Correction of EPI distortion was crucial. Omitting 

this step lead to images that were misaligned with the 
template and incorrectly re-sliced, as shown in fig. 2b, with 

errors as large as 5.5 mm.

The importance of correction of EPI distortion is also 

illustrated in Table 1. Conductivity values for the
subthalamic nucleus, obtained from DTI images with (STN) 

and without (STN_uc) correction, are presented. The smaller 
FA (0.37 vs 0.55) and resistivity (430 Ohm cm vs 580 Ohm 

cm) for the former are closer to what expected for a gray 

matter structure [7].

The conductivity values presented in Table 1 agree with 
typical values found in the literature. As shown by the 

anisotropy indices, FA, RA and VR, CSF is nearly isotropic 

(FA<0.1) and gray matter (0.15<FA<0.37) is less

anisotropic than white matter (FA>0.65). Gray matter has a 
behavior closer to isotropic, while white matter has a large 

a)

b)
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degree of anisotropy, which agrees with the findings in [7]. 
The non-zero FA for CSF may be caused by noise during 

measurements. Furthermore, typical resistivity values for
CSF (56 Ohm cm) [23], gray matter (300 Ohm cm) [4] and 

white matter (average 650 Ohm cm, with the longitudinal 

resistivity being even 10 times larger than the transverse 

one) [6], [7] agree with our results. 
The FA is unexpectedly large for STN compared to 

other gray matter structures, for which the FA is roughly 
0.15. This may be due to errors in the measurements caused 

by the limited resolution of DTI images. Accurate

measurement of small structures or interfaces between
structures requires high spatial resolution, but high sub-

millimeter DTI cannot be currently achieved. Therefore, the 
subthalamic nucleus (STN) appears to be more anisotropic 

than the putamen or caudate nucleus. The small size of STN 
combined with the relative large voxel volume may allow

other surrounding structures (like the internal capsule or the 

lenticular fasciculus) to inflate the measured value. A

similar problem is described in [24].
Interestingly, the MNI to Talairach space conversion 

may not be required when studying deep brain structures. 
This correction is largest in the periphery, but not more than 

one mm in a given dimension for structures deep in the brain 

[21]. Thus it has a limited effect given current limitations on 

imaging these structures. 

V.  CONCLUSION

The six step sequence of transformations from DTI

images to stereotaxically registered images described here
can be used to provide a map of the conductivities and 

anisotropies of specific brain structures, such as the
subthalamic nucleus.

Given the difficulty of making in -vivo measurements in 
the human brain and the limited knowledge of electrical 

properties of particular structures, this non-invasive

technique can provide a basis for computer modeling of the 

effects of electromagnetic stimulation therapies as well as 
refining knowledge of the neuronal sources of

electromagnetic measurements and images. Though image 
resolution limits accuracy, satisfactory results for small deep 

brain structures, such as the subthalamic nucleus, can be 

obtained.
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