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Abstract— Transcranial Magnetic Stimulation offers 

enormous potential for noninvasive brain stimulation. While it 

is known that brain tissue significantly “reshapes” induced field 

and charge distributions, most modeling investigations to-date 

have focused on single-subject data with limited generality. 

Further, the effects of the significant uncertainties which exist 

in the simulation (i.e. brain conductivity distributions) and 

stimulation (e.g. coil positioning and orientations) setup have 

not been quantified. In this study, we construct a high-

resolution anisotropic head model in standard ICBM space, 

which can be used as a population-representative standard for 

bioelectromagnetic simulations. Further, we employ Monte-

Carlo simulations in order to quantify how uncertainties in 

conductivity values propagate all the way to induced field and 

currents, demonstrating significant, regionally dependent 

dispersions in values which are commonly assumed “ground 

truth”. This framework can be leveraged in order to quantify 

the effect of any type of uncertainty in noninvasive brain 

stimulation and bears relevance in all applications of TMS, both 

investigative and therapeutic.  

I. INTRODUCTION 

A. Transcranial Magnetic Stimulation: pitfalls, potential 

and models 

Transcranial magnetic stimulation (TMS) employs time-
varying electromagnetic fields to induce fields/currents 
within brain tissue, allowing selective, non-invasive and 
painless interference with brain function. TMS is being 
increasingly used in neuroscience research and as a 
therapeutic tool in neurology, psychiatry and rehabilitation 
[1]. It has long been recognized that the size, shape and 
distribution of brain tissue have a significant influence on the 
conductive phenomena ultimately elicited by TMS, and 
finite-element-based approaches have been employed in 
order to study how induced fields are shaped by cortical 
geometry [2], tissue type and anisotropy [3], while finite-
difference based algorithms have proven useful in 
elucidating the departure from the presumed focality in 
figure-8 stimulation and the clinical relevance of slight 
variations in coil positioning [4]. However, to our 
knowledge, studies to date have constructed models based on 
single subject imaging data, limiting the generality of results 
precisely because of the high degree of dependence of TMS 
outcome on local, individual tissue geometry. 
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B. Brain tissue conductivity estimation – procedures and 

uncertainties 

The lack of extensive in-vivo conductivity measurements 
leads to an uncertainty in commonly adopted values which is 
usually estimated around 10% [5]. Also, it is well known that 
the conductivity of brain tissue is anisotropic at least in white 
matter. A linear relationship between the apparent water self-
diffusion tensor (as measured by Diffusion-Tensor Imaging - 
DTI) and the conductivity tensor has been proposed [6], 
which relates the two transport tensors through a 
perturbation expansion in the statistical correlations of the 
microstructure. However, the estimates in the linear 
regression coefficients carry an uncertainty of over 5%, and 
concerns were raised about the validity of this linear 
relationship in an in-vitro study performed on excised brain 
tissue in patients undergoing neurosurgery [7]. Lastly, it 
should be noted that diffusion weighted images are 
significantly corrupted by Rician-distributed or non-central 
Chi-distributed noise which inevitably propagates to 
conductivity tensor estimation. 

C. Aims of the study 

The aims of this study are therefore twofold: 1) 
Establishing an accurate modelling framework in which 
bioelectromagnetic problems can be solved over a model of 
the human head derived from a high number of subjects in 
standard space, and 2) Quantifying the propagation of the 
cumulative uncertainties which corrupt conductivity tensor 
estimation through extensive Monte-Carlo simulations which 
leverage the previously established framework. 

II. MATERIALS AND METHODS 

A. Construction of anisotropic conductivity head model in 

International Consortium for Brain Mapping (ICBM) 

space 

Isotropic tissue conductivity distribution was derived from 
the MNI (Montreal Neurological Institute) ICBM152 
template at 1x1x1 mm

3 
resolution, which is an average of 

152 subjects (MNI152, available as part of part of FSL 4.1.9 
[8]). The MNI152 template was segmented based on a 
hidden Markov random field model and an associated 
Expectation-Maximization algorithm using FAST (FMRIB's 
Automated Segmentation Tool), also part of FSL (Fig. 1). 
Remaining soft tissue masks were generated by subtraction, 
and segmentation masks were used to assign isotropic 
conductivity values (skull: 0.0042, whiter matter: 0.126, grey 
matter: 0.337, skin and soft tissue: 0.33, CSF: 1.79, all 
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values in S/m) as previously described [4]. The resulting 
isotropic conductivity map is shown in Fig. 2. 

 

Fig. 1: initial segmentation result. Blue: gray matter. Red-Yellow: white 

matter. The MN152 T1 template is overlayed for reference. 
 

 

Fig. 2: initial isotropic conductivity head model in MNI152 space. Values 

range from 0 S/m (air, black) to 1.67 S/m (CSF, green). 

 

The inclusion of an anisotropic conductivity tensor model 
employed an enhanced diffusion tensor template (IIT2 
template, [9]) obtained from 67 subjects and accurately 
coregistered into MNI152 space. The IIT2 template was 
mapped into an estimate of the conductivity tensor using the 
volume constraint method, which involves solving the 
following equations for each voxel: 
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where 
i

 is the ith diffusion tensor eigenvalue, 
i

s  is the ith 

conductivity tensor eigenvalue, and isos is the isotropic 

conductivity value assigned to each voxel in the previous 
step.  

B. Solution of the Electromagnetic Problem 

 

As previously shown [4], in the quasi-static limit the 
system is governed by the following: 
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where   is the scalar electrostatic potential, E is total 
electric field, n is normal to the outer bounding surface, and 

C  is the electrical conductivity tensor. In the quasi-static 

limit, the magnetic vector potential A  is due only to the 

current density coilJ  flowing in the induction coil and can be 

evaluated preventively as: 
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where p(t) is the time-dependent component of A ,   is the 

total magnetic permeability of tissue (very close to unity) and 
is r  the position vector. The simulated stimulation setup 

employed a standard “figure-8” coil (MC-B70, 2x10 
windings, inner radius: 10 mm, outer radius: 50 mm, winding 
height 6mm) which was placed symmetrically and 
horizontally over the model head. Eqn. (3) was solved 
numerically using a systematic over-relaxation method based 
on a finite-difference stencil capable of accounting for 
anisotropic conductivity through an ad hoc developed 
FORTRAN 90 implementation. 

C. Monte Carlo Simulations: Perturbation of tensor size 

and orientations 

 

In order to investigate how uncontrolled perturbations in 
conductivity values can affect the resulting estimates of 
conductive phenomena of tissue, we perturbed both tensor 
size and orientation as follows: 

  

   orient

shape

Tos





,0,,;,,

;,01
,





RR

RCRC
 (4) 

where os ,
C and C  are the perturbed and unperturbed 

conductivity tensor distribution over the whole head, 

respectively. The standard deviation (s.d.) shape  was 0.05. 

A random rotation R was also applied to each tensor, 

characterised by randomly sampled Euler angles   ,,  

distributed around mean 0 with a s.d. of 4 degrees. 200 

realisations of the conductivity tensor field were generated 

for subsequent repeated solution of the EM problem.  

D. Quantification of perturbation of induced fields and 

currents 

For each realisation, we computed the scalar quantity  , 
the vectorial quantities E , J and their respective scalar 

moduli. Voxel-based means and standard deviation were 
computed for scalar quantities. For vectorial quantities, the 
uncertainty in orientation was quantified by computing the 
dyadic coherence and the cone of uncertainty. Specifically, 
for a unit length vector v , the mean dyadic tensor  was 

calculated as: 
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j

i
v is the ith component of the jth realisation of v . 

Each individual dyadic tensor has only one non-zero 

eigenvalue and a principal eigenvector which is parallel to 

the vector from which the dyad is formed, while the average 

dyad (mean dyadic tensor) has eigenvectors 
i
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eigenvalues i . The dyadic coherence  of the 100 
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collinear. Further, the angle subtended between each 

realisation 
j

v and the average principal eigenvector 1Ψ was 

calculated as  1acos Ψv 
jj

 , and 95% confidence 

intervals for  (which define the cone of uncertainty) were 

computed in each voxel using the percentile method. This 

procedure was applied to the unit length-vectors 

EE and JJ . 

III. RESULTS 

The first result of the above procedure is a full, 
anisotropic model of the conductivity distribution of the 
human head in MNI152 space which is employed in all 
subsequent simulations (Fig. 3). 

  
 
Fig. 3: 3D- rendering of MNI152 template used for tissue segmentation 

(middle); example fiber tracts reconstructed from the IIT2 template and 

overlayed on the MNI152 template (left). Full set of fibers reconstructed 

and used in conductivity tensor estimation (right).  

A. Quantification of current density induced in the 

"standard" ICBM brain and effects of anisotropy 

Fig. 4 show a sample simulation result which summarises 
the primary field as well as the total currents induced in the 
head model.  

 
 
Fig. 4: Sample simulation results. 3D rendering of primary field streamlines 

(blue - yellow) and total current streamlines (red-blue). 

 
The induced currents show a significant departure from 

the regular spatial arrangement of the primary field. Also, the 
inclusion of conductivity anisotropy in the model affords 
significant corrections in the resulting induced currents. Fig. 
5 shows a comparison of identical simulations run with an 
isotropic and anisotropic model, respectively (i.e. the 
conductivity tensor in Eqn. 2 was substituted with a diagonal 

tensor with trace isos3 ). 

 
 
Fig. 5: Comparison of simulation results obtained using isotropic and 

anisotropic head models. 3D rendering of primary field streamlines (blue - 

yellow), streamlines of the algebraic difference between the current density 

isoJ (obtained using the isotropic model) and anisoJ (obtained using the 

anisotropic model). The difference is also rendered as a density plot in the 

sagittal section (black-red). 

B. Dispersion of moduli and orientations of induced field 

and currents 

The bootstrap/Monte Carlo procedure results in spatial 
uncertainty maps in J  and E  in terms of both magnitude 

(relative errors, Figures 6 and 8, respectively) and 
orientation (coherence and confidence intervals, Figure 10). 

 

 
Fig. 6: Mean (top, A/m2) and relative error (s.d./mean, unitless) of J  

The uncertainty distributions of J  and E  can be also 

visualized as a function of Fractional Anisotropy (FA – 
normalized variance of eigenvalues) or tensor Trace (sum of 
eigenvalues) in order the evaluate the dependence of 
uncertainty on tissue configuration. Figures 7 and 9 provide 
an example of this visualization. 
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Fig. 7: Whole-brain scatterplot of relative error (s.d./mean, unitless) of 

J as a function of Fractional Anisotropy (FA - left) and Tensor Trace 

(right) 

1220



  

 

 
 

Fig. 8: Mean (top, V/m) nd relative error (s.d./mean, unitless) of E  
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Fig. 9: Whole-brain scatterplot of 95% confidence interval (degrees) of 

J orientation as a function of Fractional Anisotropy (FA -left) and Tensor 

Trace (right). 

 

 

 

 

 
Fig. 10: dyadic coherence and 95% confidence interval (bottom) of J (top 

two panes) and E  (two bottom panes)  

 

IV. DISCUSSION AND CONCLUSIONS 

Compared to other high-resolution models, the model 

built in this study is based on templates which are 

representative of hundreds of subjects and is hence can be 

employed to test simulated novel setups, EEG source 

localisation techniques, or the effects of conductivity or coil 

positioning perturbation without the restriction of working in 

one particular subject’s space. This is particularly relevant in 

view of the growing body of literature which has highlighted 

the sensitivity of TMS outcome on inter-individual 

anatomical variability. Conversely, our Monte-Carlo 

methodology can be employed in single-subject space if 

needed. As an example application, we have demonstrated 

(Figures 6-10) how the uncertainty associated with head 

conductivity estimation propagates in a markedly 

inhomogeneous manner, which is also highly dependent on 

anatomy. For example, for a given perturbation in 

conductivity, a larger loss of directional coherence (up to 8-9 

degrees confidence interval) in induced current density is 

observed in white matter (high FA and low trace) areas when 

compared to gray matter, while current density magnitude 

shows a slight tendency in the opposite directions. Such 

results exemplify how our framework can be expanded to 

quantify the sensitivity of uncertainties in all TMS variables 

in a regional manner, eventually providing a quantitative 

guide to interpreting the variability in outcome of stimulation 

when a specific area is targeted in terms of the perturbational 

“sensitivity” of that particular area. 
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