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Introduction 

 
Transcranial magnetic stimulation (TMS) is a relatively recent technique for studying 
brain function and treating neurological disorders [1]. In TMS, one or more coils carrying 
time varying currents located near the scalp generate magnetic fields inside the brain that 
in turn induce electric fields and eddy-currents in the conductive brain tissue (Fig.1). 
Whenever a nerve fiber is aligned with the induced electric field, a current is produced in 
the axon, which in turn depolarizes its membrane [2]. Unfortunately, standard TMS coils 
stimulate large lateral regions of tissue near the scalp. To broaden the scope of current 
TMS applications, new applicators capable of delivering focused magnetic fields deep 
into the brain are called for [3]. 
 
Recently, it was shown that negative refractive index metamaterials (MM) can be used to 
focus magnetic fields in the near-field [4]. We have implemented a quasi-static finite-
difference code [5] to simulate eddy-currents inside the conductive brain when excited by 
magnetic fields focused through a MM lens. Initial results show that coils used in 
conjunction with MM lenses produce more compact brain excitations than lens-free 
setups. 
 

Basic Guidelines  
 

Finite difference scheme.  Our code is not unlike that proposed by Cerri et al. [5] though 
modified to allow for the presence of MM lenses. For the range of frequencies used in 
TMS, displacements currents can be neglected as they are much smaller than conduction 
currents. The same holds true for magnetic fields scattered by the brain as they are small 
relative to incident magnetic fields. We solve eqns. 1-4 below using a two step process 
(Figs. 2a-b). First, known driving coil currents are used to calculate the magnetic field in 
the presence of a MM lens by enforcing eqns. 1 and 2 on a cubic lattice.  Second, 
previously obtained magnetic fields are used to calculate electric fields and eddy currents 
in brain tissue using an MRI derived conductivity map by enforcing eqns. 3 and 4.   
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In the above equations, ( )sJ r is the coil current, ( )E r is the total electric field, ( )H r is the 
total magnetic field produced by the TMS coil in the presence of the MM lens, and ( )μ r  
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and σ (r)  are the permeability and conductivity at r .  The time derivative in eqn.3 is 
assumed to equate to a linear scalar factor multiplying the magnetic field derived from 
the time derivative of the coil current. In eqns. 1 and 3, C is an arbitrary contour 
enclosing a surface S, and in eqns. 2 and 4, Sc  is an arbitrary closed surface. 

 
Characterization measures. The effects of the induced fields on the brain are complex, 
and highly dependent on the magnitude and timing of the TMS pulse [6]. Although small 
fields can potentially cause neurons to depolarize, for most scenarios of interest neuronal 
activity only occurs when the electric field magnitude exceeds 150V/m. As typically the 
intensity of the electric field drops rapidly as it penetrates the brain, only neurons near the 
top of the brain are activated. Increasing the amplitude of the coil currents of course 
deepens the region with above-threshold electric fields, but also widens its lateral cross 
section. In other words, an increase in the penetration depth (the distance from the top of 
the brain to the lowest point with fields in excess of 150 V/m (Fig. 2c)) typically is 
associated with an increase in the excitation volume (the brain volume with fields in 
excess of 150 V/m (Fig 2c)). Our goal is to design TMS systems that produce sharp 
excitations in the brain, maximizing the excitation volume for a given penetration volume 
and study Pareto trade-offs between both objectives. 
 

Results 
 
Effect of MM lens. To study the effect of a MM near-field lens on a typical TMS setup, 
we performed two simulations. In the first simulation a ‘figure-8’ coil resides 
symmetrically relative to the head’s “symmetry plane” (Fig. 3a), 8mm above the brain; 
no MM lens is present. In the second simulation the same figure-8 coil resides 14mm 
above a MM lens that has been shown by Pendry [3] to produce a perfect image 14mm 
beneath the lower lens surface. Because this surface resides 8mm above the brain (Fig. 
2b), this setup is expected to produce an image of the figure-8 coil 6mm into the brain.  
The MRI brain image is comprised of  80 87 44× × cubic cells with voxel dimensions of 
2 2 2mm mm mm× × . The time derivative of the coil current is 108 A/μs and the individual 
coil radius is 23mm. The MM lens has dimensions 460 230 28mm mm mm× × . Figure 4 
shows electric field magnitudes across a transverse slice 6mm into the brain, as well as 
coronal and sagittal slices through the center of the brain. The incident field of the MM 
setup is much more compact at this thickness. Correspondingly, in the presence of a brain 
the MM setup produces a more compact spot size.  However, the sagittal and coronal 
planes show that the MM setup does not produce excitations that penetrate as deeply into 
the brain as the setup without a MM lens. These results clearly demonstrate a depth to 
volume tradeoff when using MM TMS setups. 
 
Tradeoff study. To further study this depth to volume tradeoff we studied the effect of the 
MM lens shape, thickness, coil current intensity, and placement of the head relative to the 
MM lens and coil. For these simulations we used a three-sphere model of the head [3] 
and a ‘figure-8’ coil (Fig. 5). Figure 6 shows Pareto fronts that illustrate optimal 
penetration depth to volume trade-offs derived by varying the above parameters. We 
found that the use of a MM lens always results in smaller excitation volume for a given 
penetration depth. This means that the TMS setups leveraging MM lenses perform 
superior to classical setups. More research is needed to determine how MM lenses 
enhance TMS setups using ‘Hesed’ coils [3] and TMS setups leveraging multiple small 
coils. 
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Fig. 2. Schematic of the numerical methods 

Fig. 1. TMS procedure 

(a) (b) (c) 



 

Fig. 4. Row 1: transverse view 6mm into the brain; row 2: coronal view through 
center of the brain; row 3: sagittal view through center of the brain. Col. 1: 
conductivities for each plane; cols. 2-3: electric field magnitudes for the setup shown 
in Fig 3a; cols. 4-5: electric field magnitudes for the setup shown in Fig. 3b. 

Fig. 5. (a) flat-concave lens (b) 
convex-flat lens (c) convex-concave 
lens (d) concave-concave lens  

Fig. 6. Pareto fronts derived from analyzing 
designs shown in Fig. 5. 
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