Interpolation of Magnetic Fields and Their Gradients for MEG Data with 3D Spline Functions

S.R. Zhao, H. Heer, A. A. Ioannides, M. Wagener,

H. Halling, H. -W. Müller-Gärtner

Forschungszentrum Jülich GmbH 52425 Juelich, F.R. Germany email: zhao@zelux8.zel.kfa-juelich.de

Spline functions are used to interpolate the magnetic fields and their gradients over a surface. The surface itself and the local normals are interpolated in the same way. For all interpolations the local values are obtained from a set of points which correspond to the locations, local normals or magnetic field values of a set of biomagnetic sensors.

Keywords: MEG, Magnetoencephalography, 3D surface, Interpolation, Spline, Mesh

1 Introduction

Magnetoencephlography (MEG) is concerned with the measurement and interpretation of the weak magnetic fields generated by the brain[2]. The goal of MEG and EEG is to extract information about neural activities. It is well known that the inverse problem in MEG and/or EEG[7] [1] [13] has no unique solution[3]. For any given distribution of magnetic fields or potentials over the scalp surface, an infinite number of distributions of neural current sources can explain the data. This is true even in the idealized case where the EEG and MEG signals are known everywhere outside the head. In practice, the data are only measured on points or over partial surfaces and noise is present. Of course not all solutions are physiologically reasonable, and even weak constraints can suffice to eliminate much of non-uniqueness in practice, particularly for superficial sources[5]. The direct display of magnetic field on the sensor surface is always useful, but to achieve this it is necessary to use interpolation methods. The use of the interpolated magnetic fields and specific gradient combinations to highlight nearby sources has been proposed in ref.[4] and applied to the analysis of single trial data from planar sensor arrays[6]. The sensors are not always located on a regular grid and sometimes one or more sensors are defective. Any interpolation method should be able to handle such data. Spline functions can meet these requirements. In ref.[8] [9] [10] the electrical potential and its surface Laplacian were interpolated over a plane. Spline functions on a half sphere represent a partial surface of a head and can be easily projected onto a plane. Only the subset of sensors which can be seen from one side of the head have been utilized.

In this paper, the magnetic fields and their gradients are interpolated with the spline functions on a closed surface. In section 2 we introduce the set of 3D spline functions[11] which will be used. In section 3 we describe the mesh generation for the helmet surface and in section 4 the interpolation of the magnetic fields and their gradients. Finally, the magnetic fields and their gradients are displayed on the helmet mesh surface developed in section 3. We have used a method for displaying the 3D data[12] which allowes us to see the magnetic field and its gradient from any direction around the helmet. This method utilizes all the sensors available on the helmet, offering an interpolation with high quality.

2 Interpolation with 3D spline function

A 3-dim function f(x, y, z) is measured at N random points (x_i, y_i, z_i) on the 3D space, i = 1, 2 · · · · · · N, The values are f(x_i, y_i, z_i). Our goal is to recover the function f(x, y, z) from the data f(x_i, y_i, z_i) by interpolation. We express f(x, y, z) as a linear combination of the basis functions B_k(x, y, z) f(x, y, z) = NX_{k=1 akBk(x, y, z), (1)} where a_k are constants to be found. Given N measurements, a_k can be found by inverting the linear system of equations, NX_{k=1 akBk(xi, yi, zi) = f(xi, yi, zi) i = 1, 2 · · · N. (2)} We have chosen the spline function Ψ^{(l)} of ref.[11] as basis functions B_k(x, y, z),

B_k(x, y, z) = Ψ^{(l)}((x − x_k)^2 + (y − y_k)^2 + (z − z_k)^2 + ρ^2), (3)

where ρ is a parameter, l = 1, 2 or 3, Ψ^{(1)}(x) = x^q, Ψ^{(2)}(x) = ln(x), Ψ^{(3)}(x) = x^m ln(x). Which basis functions should be chosen depends on the smoothness of the interpolated function f(x, y, z). In general, the functions created with choice Ψ^{(2)} will be smoother than those created with choice Ψ^{(1)}, and the functions created with choice Ψ^{(3)} will be smoother than those with choice Ψ^{(2)}. For choice Ψ^{(3)}, the larger m, the smoother the interpolation.

3 The Mesh of the helmet

In this section the interpolation on the surface of a sphere is discussed. The examples involved are the creation of the surface mesh of the helmet from all sensor positions x_i of the BTI system. The surface of the helmet is a closed surface which passes through all sensor positions x_i. This surface is described by a mesh with much more vertices x than the number of sensors. The vertices x on the mesh are obtained by interpolation which utilizes the sensor position x_i.

It is known that a surface mesh can be created on the surface of sphere. In order to transform this mesh to the mesh of the helmet, the mesh on a sphere and the mesh on the helmet are compared. The difference between two meshes concerns their radii which are defined by the distances from the vertices of the meshes to the origin point o. The radius of the helmet r(y) is a function on the surface of a unit sphere, where y is a point

(a) MEG sensor configuration of the helmet.

(b) The surface of the helmet projected from one direction.

Figure 1: BTI MEG helmet system

on the surface of the unit sphere. The positions of sensors are given as x_i. r(y) can be interpolated from the sensor positions x_i

r(y) = NX_{k=1 akBk(y). (4)} The interpolation method used is similar to the method described in section 2. The only difference is that here the interpolation is performed on the surface of the sphere instead of the 3D space. The basis function B_k(y) are obtained from Eq.(3) by changing x, y, z to y. The constant of the interpolation a_k are obtained in the same way as in section 2 by solving the linear equations NX_{k=1 akBk(yi) = ri, (5)} where r_i = ‖x_i‖ = qx^2_i + y^2_i + z^2_i is the radius of the sensor positions. At the end, the mesh vertexes of the helmet are given as follows

x = r(y)y. (6)

The mesh of the surface is created by the mesh transform Eq.(6). Comparing the results of different basis functions we found that the basis functions Ψ^{(2)} have a better performance than the basis functions Ψ^{(1)}. Fig.1(a) shows the sensor configuration of the helmet system. Fig.1(b) shows the surface of the helmet projected from one direction using the basis functions Ψ^{(2)}.

It is worth mentioning that the interpolation method used here is originally suitable for the application of a three dimensional interpolation, however we have found that it is satisfactory for the case of interpolation on a surface of a sphere.

4 The interpolation of the MEG data

Our goal is to derive an analytic expression for the measurements M and for the cross product of the gradient of M with the local mesh normal; the second quantity corresponds to the V_3 transform of ref.[4]. To achieve this goal we first use the measurements M(x) at the sensor positions x_i to interpolate M. We then use the coordinates of the sensors and their local normals (which are known a priority as the normals to the magnetometer coil) to obtain an analytic expression for the local normal n. As before we use x_i to denote the location of the ith vector:

M(x) =

NX_{k=1 akBk(x) and n(x) =} NX_{k=1 akBk(x). (7)}

the scalar constants a_k and the vector constant a_k are obtained in the usual way, by solving the linear system of equations

M_i =

NX_{k=1 akBk(xi) and ni =} NX_{k=1 akBk(xi). (8)}

Where M_i = M(x_i) is the measurement value at the ith sensor and n_i = n(x_i) is the unit normal at the location of the ith sensor i.e. the direction perpendicular to the plane of the magnetometer coil of the ith sensor. We note that the process of interpolation does not necessarily require a unit normal and hence we need to impose this

n(x) ⇐ n(x) ‖n(x)‖ , (9)

The equations Eq.(8) can be written in matrix form, M = BA and N = BA (10) where the elements of the matrix are A_k = a_k, B_{ik} = B_k(x_i), M_i = M(x_i), N_i = n(x_i). The constants matrix can be obtained by inversing the matrix A = B�^1M and A = B�^1N. (11) Once the coefficients are determined the vector transformation V_3 of ref.[4] is simply obtained

V_3M(x) = ∇M(x) × n(x) or V_3M(x) =

NX_{k,k0=1 ak[∇Bk(x) × ak0 ]Bk0 (x) (12)}

Fig.2(a) and 2(b) shows an example of the interpolation of M and V_3M(x) for computer generated data on the helmet mesh with a single current dipole in a conducting sphere.

5 Conclusion and acknowledgments

3D spline functions are suitable for the interpolation of the magnetic field and its gradient on a closed surface.

Shuang-Ren Zhao wishes to thank K. D Müller and H.-W. Müller-Gärtner for offering a position as a visiting scientist, J. Rango for generating the simulated data, L., Liu for testing the software, H. Schlitt for discussion and corrections, R. Möller and A. Terstegge for their support and help.

(a) The magnetic fieldM (x). (b) A contourplot for the modules of

V3M (x).

Figure 2: MEG data are interpolated from values on the sensors of the BTI MEG helmet system

References

[1] Hämäläinen,M., Hari,R., Ilmoniemi, R.J., knuutila, J., and Lounasmaa, O. V., ”Magnetoencephalography–theory, instrumentation, and applications to non invasive studies of the working human brain”. Reviews of Modern Physics, Vol. 65, No. 2, April 1993 413-497.

[2] Williamson, S. J. and L.Kaufman, 1981, ”Biomagnetism”, J. Magn. Magn. Mat. 22, 129-201.

[3] Helmholtz, H., Ann. Phys. Chem. 89 211-233 and 353-377(1853).

[4] Ioannides, A.A. Graphical “Solutions and Representations for the Biomagnetic Inverse Problem”. In: P.C. Sabatier(Ed.), Advances in Electronic and Electron Physics Supplement 19, Inverse Problems: an Interdisciplinary Study. Academic Press, Orlando,1987:205-216.

[5] Ioannides, A.A. “Estimates of 3D Brain Activity ms by ms from Biomanetic Signals Method (MFT), Results and their Significance”. In: E. Eiselt, U. Zwiener, and H. Witte(Ed.), Quantitative and Toplogical EEG and MEG Analysis Universittsverlag Druckhaus-Maayer GmbH, Jena 1994b:59-68.

[6] Liu,L. and Ioannides, A.A., “Acorrelation Study of Averaged and Single trial MEG signals: The Average Describes Multiple Histories Each in a Different set of single trials”. Brain Topography, Voume 8, Number 4, 1996.

[7] Jeffes, B., Leahy,R., Singh, M., “An Evaluation of Methods for Neuromagnetic Image Reconstruction”. IEEE Transactions on Biomedical engineering. Vol. BME- 34, No. 9. September 1987, 713-723.

[8] Law,S. K., Nunez, P.L. Wijesinghe, R. S.: “High-Resolution EEG using Spline Generated Surface Laplacians on Spherical and Ellipsoidal Surface”. IEEE transactions on Biomedical engineering, Vol 40. No. 2 February 1993. 145-153.

[9] Perrin, F. Bertrand,O., Pernier, J., “Scalp Current Density Mapping: Value and Estimation from Potential Data”. IEEE Transactions on Biomedical Engineering. Vol. BME 34, No 4, April 1987. 283-288.

[10] Nunez, P. L., Pilgreen, K. L., Westdorp, A. F. Law,S. K. and Nelson, A. V., “A Visual Study of Surface Potentials and Laplacians Due to Distributed Neuromagnetic Sources: Computer Simulations and Evoked Potentials”. Bran Topography, Volume 4, Number 2, 1991. 151-168.

[11] Späth,H.: “Zweidimensionale Spline Interpolations Algorithmen”. Oldenbourg.

P167-80.

[12] Klemp, J.B., McIrvin, M. J., and Boyd,W. S., “PolyPaint A Three-dimensional Rendering Package. Preprint Volume of the Sixth International Conference on Interactive Information and Processing Systems”, American Meteorological Society, Boston, Mass.

[13] S.R. Zhao, H. Halling: ”Minimum L1 Norm MEG Reconstruction Minimising Signal Deviation Using A Reduced Lead Field” 18th Annual International Conference IEEE Engineering in Medicine and Biology Society. Octotber 31-November 3, 1996 Amsterdam-The Netherlands