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1 Introduction

Transcranial Magnetic Stimulation (TMS) is a non-invasive and safe method for
activation of cortical regions by delivering high amplitude, short current pulses into
a coil adjacent to the subject’s scalp. This creates a strong time-varying magnetic
field (~1-2 T), which in turn induces an E-field at the surface of the brain [1, 2]. The
E-fields can depolarize/hyperpolarize the cell membrane to activate/inhibit neuronal
populations [3]. TMS is approved by the FDA for treating neuropsychiatric disor-
ders such as major depressive disorder (MDD) [4] and obsessive-compulsive disor-
der (OCD) [5], with more clinical applications under investigation. While accurate
targeting of a brain region with a single TMS coil is a highly useful and accurate
method for various experimental paradigms, characterising the functional connec-
tivity of adjacent areas of a cortical network is only achieved by dual or multichan-
nel TMS systems [6, 7]. Additionally, multichannel TMS arrays allow electronic
steering of the induced Electric field (E-field) without the need to physically move
the coils [2, 8] resulting in the capability of rapidly shifting the target/focus. This
can be accomplished by computationally determining the E-field distribution of
each coil in the array individually and then combining them all together to
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synthesize a desired E-field pattern to stimulate any given cortical target according
to a user-specified cost-function [2].

In general, a major challenge in TMS targeting is how to position the coil with
respect to subject’s head for optimal stimulation of a desired brain region [9-11]. To
address this, a neuronavigation system can be used in which an optical tracking
device localizes the TMS coil with respect to the subject’s head [12], ensuring con-
sistent coil placement across multiple TMS sessions [13]. However, using a basic
navigation system without anatomically realistic E-field modeling, the actual stimu-
lation intensity at the intracranial target and the surrounding regions remains
unknown. Therefore, it is critical to computationally estimate the distribution of the
TMS-induced E-field intensity in order to delineate the affected brain regions in
real-time [12]. In general, we need to consider several factors for precise computa-
tional TMS navigation. First, the anatomy of subject’s head must be accurately reg-
istered to their MRI data, ensuring that systematic coil positioning errors are
minimized [11]. Second, we need to rapidly and accurately calculate the E-field
pattern of the TMS coil or coil array to create the best possible “match” with the
target area [12]. The real-time E-field based computational neuronavigation is uti-
lized in our multichannel TMS system within a slightly different way such that
when the coil array position is fixed with respect to the subject’s head, the E-fields
need to be computed only once and different current amplitudes will be applied to
each coil to synthesize a desired E-field pattern at the target [8]. However, if the
subject’s head moves between pulses, the currents need to be adjusted to compen-
sate for this, requiring a “near real-time recalculation” of the induced E-fields for all
the coils in the array.

For interactive E-field based navigation of the TMS coil during a stimulation ses-
sion, the E-field distributions need to be ideally computed and displayed within
100 ms (frame rate of 10 Hz). While simple (spherical) models used in commercial
neuronavigation systems allow fast E-field computations, they may give inaccurate
results due to oversimplification of the volume conductor (head) model [14, 15]. On
the other hand, while high resolution individualized head models used in Boundary
Element Method (BEM) and Finite Element Method (FEM) reach higher spatial
precision, they are computationally too sluggish for real-time navigation requiring
~10 seconds per solution [16—18]. We have previously addressed this speed vs. pre-
cision dilemma by introducing a new method based on the concept of an individual-
ized Magnetic Stimulation Profile (MSP) [19]. The real-time E-field estimation by
MSP approach leverages pre-calculation of the E-fields from a set of dipoles placed
around the head model. The pre-calculations are done with the Boundary Element
Method accelerated by the Fast Multipole Method (BEM-FMM) [20, 21]. Since the
total E-field of an arbitrary TMS coil only depends on the incident E-field and tissue
conductivity boundaries [20], we can find the matching coefficients between the
incident E-field of the coil and the dipole basis set approximation, and the total
E-field of the coil will be obtained by applying these matching coefficients to the
total E-fields of the dipoles [19].
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Here we used two 3-axis coils [8] to illustrate how different combinations of the
array elements allow steering the E-field ‘hot spot’. Furthermore, our computational
multichannel TMS neuronavigation system allows rendering the E-fields of indi-
vidual 3-axis coils and synthesizing the ‘hot spot’ using the array approach with
speed and accuracy suitable for human studies. To verify that the computational
neuronavigation system is working as expected, we used two z-elements of our 2x3-
axis coil array connected to individual stimulators to mimic a figure of eight coil to
activate the motor cortex and compared the results with a commercially available
TMS coil.

This article is organized as follows: In Sect. 2 we describe the design of the
3-axis coils and investigate the efficiency of these coils in a simple 2x3-axis array
configuration by calculating the induced E-field using a spherical model. Section 3
provides a brief description of TMS neuronavigation methods as well as their pres-
ent limitations in practical applications. In Sect. 4 we briefly describe the methodol-
ogy behind the MSP approach for real-time calculation of the E-fields and its
integration with a commercial TMS navigation system. Finally, in Sect. 5, we dem-
onstrate the efficiency of two z-elements in a 2x3-axis array in conjunction with the
interactive navigation system to elicit Electromyography (EMG) responses in a
healthy volunteer.

2 Multichannel TMS Array Design Concept

2.1 The 3-Axis Coils as the Building Blocks of a TMS Array

The proposed modular 3-axis multichannel array allows efficient and safe stimula-
tion of any cortical area with high degrees of freedom in shaping and adjusting the
orientation of the E-field. Delivering specific current amplitudes for each coil
enables simultaneous or sequential stimulation of multiple areas which can be uti-
lized for investigation of causal relationships between cortical areas involved in
various information processing tasks [22, 23].

Figure 1a shows the basic conceptual design of our envisioned 48-channel (16 x
3) TMS array. In this array configuration that has been motivated by our overarching
goal of an integrated TMS-compatible MRI acquisition system [24], there are 16
locations for placement of 3-axis coils allowing whole-head coverage. The 3-axis
coil consists of three orthogonal circular elements called X, Y and Z as shown in
Fig. 1b, c. The goal of this coil design is to achieve high efficiency and focality
while offering accurate spatial control of the E-field hot spots using simple coil
modules. The purpose of adding the X and Y elements is to cover for the zero E-field
at the center of the circular Z-element [8]. Additionally, the X and Y elements will
provide more degrees of freedom to the overall field shaping capabilities of the
multichannel array. Furthermore, the geometrical design of the X, Y and Z elements
eliminates the coupling between them within each unit [8].
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Fig. 1 (a) Multi-channel TMS coil array. (b) prototype of the first of its kind 3-axis coil. (¢) Each
3-axis coil consists of three orthogonal elements allowing separate and combined stimulations

2.2 The Numerical Method for E-Field Computation
of TMS Coils

The calculation of the E-field induced by each coil element was done using the
BEM approach accelerated by the Fast Multipole Method (BEM-FMM) [20]. Based
on the Maxwell-Faraday law, the magnetic field of the TMS coil induces an elec-
tric field:

VXE=—6—B, (1)
ot

where B is the magnetic field of the coil. The total electric field E can be written as:
E:Ef"C+Ef=—g—A—V<p 2)
t

The E™ = — 0A/ot corresponds to the primary or ‘incident’ field induced by the
current in the coil, and the E* = — V @ is called the secondary field that arises from
the differences in the electrical conductivities of various tissues inside the head [25].
The BEM-FMM operates with tissue conductivity boundaries where E™ causes
accumulation of surface charges giving rise to the secondary field — V . The
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boundary integral equations stemming from the quasi-static current conservation
conditions V - J = 0 are numerically solved by the Generalized Minimal Residual
Method (GMRES) [26]. Once the solution converges and the charge distribution on
the conductivity boundaries is known, the total E-field in any region of the 3D space
can be obtained.

The individual E-field patterns generated by each element were previously char-
acterized [8] and here we explore different E-field patterns obtained by various
combinations of the elements. The coil models were generated in MATLAB [21]
(MathWorks, Inc., Natick, MA, USA), placed over a 1-layer spherical model and
the E-fields were calculated on the inner sphere at approximately 2 cm distance
from the center of the coils. Figure 2 shows the model configuration as well as
several calculated E-field patterns based on the activated elements and current

dt
of Maximum Stimulator Output (MSO). However, for actual stimulation experiments,
the current intensity delivered to each element can be optimized using Minimum
Norm Estimate (MNE) method [27] in order to generate a desired E-field pattern.
Figure 2 also shows the E-field pattern of a commercially available figure-of-
eight coil (C-B60, MagVenture, Farum, Denmark) as a reference. A similar but
somewhat more focal pattern can be generated by combining two of the z-elements
(Fig. 2, b8). However, the C-B60 generates a fixed E-field pattern with maximum
intensity at the intersection of the two wings and to stimulate a different region the
coil must be physically moved. Generally, even a simple multichannel array
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Fig. 2 (a) Two 3-axis coils positioned on a spherical head model. (b1-9) Corresponding E-field
distributions of the two 3-axis coils with the activated elements shown in green. (¢) A commer-
cially available standard figure-of-eight TMS coil model (MagVenture C-B60) and the correspond-
ing E-field pattern (d)
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comprising of two 3-axis coils provides high flexibility in E-field shaping while still
offering stimulation intensities comparable to commercially available figure-of-
eight coils.

3 TMS Navigation Systems

The rationale of using an image-guided TMS navigation system is to reduce the
variability of TMS coil placement with respect to the subject’s head and hence to
improve the repeatability and accuracy of TMS targeting and dosing [28, 29]. TMS
navigator systems typically use optical tracking devices to localize the coil with
respect to the subject’s head. Anatomical landmarks on the subject’s head are identi-
fied with corresponding points in the Magnetic Resonance Imaging (MRI) data of
the subject, allowing co-registration of the TMS coil position/orientation with the
individual anatomy.

Here, we used a commercial TMS neuronavigation system (LOCALITE GmbH,
Germany) that employs an optical tracking camera (Polaris Spectra, Northern
Digital, Inc. Waterloo, Ontario) to capture the position of the reference and coil
trackers and displays the information graphically within the neuronavigation soft-
ware. Additionally, a specific stimulation target can be defined using the software.
The interactive navigation tool allows for accurate positioning of the coil at the
target during the stimulation experiment. The positioning of the coil with the neuro-
navigation system is naturally prone to some errors such as the method used for
optical tracking of the coils and the head as well as the registration accuracy of the
subject’s head to the MR data [30]. Moreover, quantitative high-resolution target-
ing/dosing of TMS requires knowing the E-field intensity at the desired cortical
location and surrounding regions [31] which is necessary especially for multichan-
nel applications but not available on commercial navigation systems. Here, we lev-
eraged our recently developed MSP approach [19] for near real-time TMS E-field
calculation combined with a commercial navigation system to track the coil move-
ments and render the induced E-field with a frame rate of 6 Hz.

4 Fast E-Field Calculation with Dipole Based Magnetic
Stimulation Profile Approach

A detailed description of the MSP approach can be found in [19]. The computa-
tional pipeline of the MSP approach consists of a pre-calculation and a real-time
step. In the pre-calculation step, hundreds of magnetic dipoles are distributed uni-
formly on the scalp model as shown in Fig. 3a, and the incident (field from the
dipoles only) and total E-fields (fields from dipoles coil and charge accumulation at
tissue conductivity boundaries) are computed using the BEM-FMM method [20].
This fundamental basis solution only needs to be calculated once per subject and
can be subsequently used to quickly estimate the E-field created by any TMS coil.
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Fig. 3 (a) Spatial configuration of an example basis set with 3 orthogonal magnetic dipoles posi-
tioned at several hundreds of locations around the subject’s scalp surface for pre-calculation of the
incident and total E-fields. (b) A model of a commercially available TMS coil (C-B60, MagVenture,
Farum, Denmark) is placed at an arbitrary location and the dipole amplitudes (c) are optimized to
match the incident E-field of the coil. (d, e) the incident and total E-field of the C-B60 coil calcu-
lated by the BEM-FMM as the ground truth. (f) The incident E-field obtained from the dipoles
basis set. (g) The matching coefficients obtained in (c), are applied to the dipole basis set total
E-fields to approximate the total E-field of the coil

The real-time step is based on fundamental physical principles of TMS-induced
E-fields:

e The total E-field of a TMS coil only depends on the incident field and the tissue
conductivity boundary surfaces and the associated conductivities [1].

e The incident E-field created by the coil in free space can be re-computed very
quickly by applying translations/rotations to the set of points where the Incident
E-field was initially calculated on.

e By projecting the incident field of the TMS coil onto the set of dipoles and
obtaining a set of weights that provide the optimal ‘match’, the same weights can
be used to approximate the total E-field based on the principle of superposition
[32, 33].

Based on these principles, the pre-calculated E-fields of the dipole basis set can be
utilized for a very fast estimation of the total E-field of an arbitrary TMS coil as
shown in Fig. 3. This method allows for real-time (100 ms) computational perfor-
mance and display of the TMS-induced E-field for interactive visualization of the
stimulated cortical regions.

Figure 4 shows an example of the real-time setup consisting of a MSP-based
computational E-field engine integrated with a commercial navigator system
(LOCALITE, Bonn, Germany), using a head phantom. The reference head tracker
placed on the phantom allows for co-registration of the head shape with a ‘synthe-
sized MRI dataset’. The position of the coil with respect to phantom is recorded and
displayed by the navigator software using the tracker attached to the coil and an
optical position measurement camera. The position of the coil(s) (either the two
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Fig.4 The real-time E-field computational modeling setup consisting of a commercial neuronavi-
gation system (LOCALITE, Bonn, Germany) interfaced with an external PC for MSP-based cal-
culation and display of (a) a commercial figure-of-eight coil (C-B60) and (b) two custom-made
3-axis coils (Tristan Technologies, San Diego, California)

z-elements of the two 3-axis coils or the C-B60 coil) are then streamed into a second
PC using the TCP/IP and JSON protocols implemented in the LOCALITE naviga-
tor. Finally, with the coil position/orientation streamed continuously to MATLAB,
we can calculate the total E-field and display the results on a cortical surface as
shown in Fig. 4. In the current setup, we were able to freely move the coil around
the phantom and calculate/visualize the total E-field within a frame rate of 3 Hz and
6 Hz for the two z-elements of the two 3-axis coils and the C-B60 coil, respectively,
using MATLAB 2021a on an Intel Xeon(R) Gold 6226R PC with 192 GB of memory.

5 Motor Cortex Stimulation Experiment with Z-Elements
of Two 3-Axis Coils

We recruited one healthy male volunteer to evaluate the performance of the simul-
taneous activation of currents of opposite polarity in the Z-elements of two 3-axis
coils in a motor cortex stimulation experiment. Informed consent was obtained from
the participant in accordance with the study protocol that was approved by the local
IRB at Massachusetts General Hospital. Initially, we acquired the subject’s
T1-weighted MRI data (1 mm isotropic) on a Siemens Trio 3 T scanner and
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reconstructed the tissue compartment boundary surface meshes using the SImNIBS,
and Freesurfer tools [34, 35]. The subject’s anatomical landmarks were registered to
the MRI data using the Localite neuronavigation system and two separate trackers
were mounted on the 3-axis coils to track their position with respect to subject’s
head. We set up a TCP/IP protocol to communicate the coordinates of these coils
into MATLAB and calculated the combinatory total E-field of the two 3-axis coils.
A similar setup was used for the commercial C-B60 TMS coil that was used as a
reference.

The EMG data was continuously recorded from the First Dorsolateral interosse-
ous (FDI) muscle of the right hand using the BrainAmp ExG amplifier (Brain
Products, Gilching, Germany) and the Motor Evoked Potentials (MEPs) corre-
sponding to each TMS pulse were saved for post-hoc analysis. Either one or two
commercially available TMS stimulators were used (MagPro X100, MagVenture)
to deliver the current pulses. To identify the FDI MEP hotspot, we started with the
stimulation intensity set to 50% MSO and moved the C-B60 TMS coil over the M1
cortex guided with the neuronavigation system with the concurrent display of the
E-field similar to the setup described in Fig. 4. Single pulses were delivered, and the
intensity was increased until an MEP amplitude of ~50-100 xV was observed. The
smallest stimulator output intensity by which the EMG response of at least 50 uV
with 50% probability is observed, was then defined as the FDI resting motor thresh-
old (MT) [36]. For quantitative reference, we placed the C-B60 coil at the previ-
ously defined FDI ‘hot spot’ and recorded the MT as well as several clearly
suprathreshold MEPs (at 107% resting MT). Next, the 2x3-axis coil array was posi-
tioned over the FDI hot spot and the z-elements of the two 3-axis coils were syn-
chronously activated to mimic a figure-of-eight coil configuration. The stimulation
intensity was increased until clearly suprathreshold MEPs were observed. The post-
hoc analysis of the MEP responses in Fig. 5 shows that both dual z-elements and the

Al B) EMG D) g EMG
2 Z-coils o Lol C-B60 4
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Fig. 5 (a) The z-elements of two 3-axis coils stimulating the left M1 hand area. (b) The recorded
MEPs from FDI muscle. (¢) The E-field distribution on the white matter surface. (d, e)
Corresponding results for the C-B60 coil
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C-B60 coil elicited suprathreshold responses with similar EMG morphologies
recorded at the FDI muscle. Furthermore, the computationally estimated cortical
E-fields show robust agreement for both the amplitudes and the spatial patterns.

6 Summary and Discussion

A key requirement of multi-channel TMS technology is fast and accurate computa-
tion of the E-fields from all coil elements to determine the optimal linear combina-
tion of the input current values in order to stimulate a desired cortical target region.
In this study, we demonstrated that precise and fast computation of the E-field can
be achieved by (1) reconstructing high resolution surfaces meshes based on the
individual MRI data, (2) reducing the computational burden of high resolution
E-field modeling by leveraging the MSP-based approach utilizing a spatially fixed
dipole basis set, and (3) retrieving the pre-calculated solutions for the near-real time
step to obtain the total E-field by means of simple matrix multiplications based on
matching the incident field of the TMS coil with the dipole basis set [19]. The posi-
tion of the TMS coils with respect to subject’s head can be acquired with an optical
tracking camera and displayed in a neuronavigation software with frame rates of
10-15 Hz. This gives us a time frame of 60—100 ms for E-field calculations to be
performed for an interactive navigation pipeline. Our results suggest that we are
able to calculate the E-field of a C-B60 coil within this timeframe on a high-
resolution WM surface with about 100 K triangular mesh elements. For the multi-
channel TMS arrays the E-field computation time will increase based on the number
of coils and coil elements used. However, we plan to improve the computational
efficiency further by utilizing a parallel computation approach to obtain the E-field
of each coil in the array.

Additionally, we showed that the z-elements of the two 3-axis coils are capable
of clearly suprathreshold stimulation when used in a ‘dual-channel array’ driven by
synchronized triggering of two independent TMS stimulators. For more flexible
stimulation, the orthogonal placement of the elements in the 3-axis coil provides
efficient decoupling between the elements while granting three degrees of freedom
in shaping the induced E-field pattern. Moreover, arranging several 3-axis coils in
an array will further increase the degrees of freedom for efficient stimulation of a
target area with a desired field orientation without the need for physical movement
of the coils. We have recently developed a novel 9-channel stimulator system in
partnership by MagVenture, by which each element of the 3-axis coils can be driven
by independent stimulator units, allowing delivery of pulses with high com-
bined power.

The experimental results show that the juxtaposition of two Z-elements provides
an E-field intensity and spatial distribution similar to the commercially available
C-B60 coil, producing clear suprathreshold stimulation as measured with MEPs.
Furthermore, the MSP-approach used in multi-channel TMS array can be used as a
pre-planning step to rapidly calculate the E-field at several locations based on
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specific criteria of the experiment [37] or to optimize the positions/orientations of
the individual 3-axis coil elements. The biophysical signals recorded during the
experiment can also be paired with the previously calculated E-field patterns for
post-hoc analysis [38, 39], or be utilized as feedbacks to adjust the stimulation
parameters (e.g., input current to each coil) in a closed-loop stimulation paradigm
[40-42].
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