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Abstract

Purpose: Multichannel Transcranial Magnetic Stimulation (mTMS) arrays enable multiple sites
to be stimulated simultaneously or sequentially under electronic control without moving the
system’s stimulation coils. Here, we build and characterize the performance of a novel modular 3-
axis TMS coil that can be utilized as a unit element in large-scale multichannel TMS arrays.

Methods: We determined the basic physical characteristics of the 3-axis TMS coil x-, )~ and z
elements using a custom 2-channel programmable stimulator prototype. We mapped the temporal
rate-of-change of the induced magnetic field (dB/d?) on a 2D plane parallel to the coil surface
(including an extended line for full spatial coverage) and compared those values with predictions
from magnetic field simulations. Temperature measurements were carried out to assess the
incorporated air-cooling method. We measured the mutual and self-inductances of the x/y/z
elements to assess coupling between them. Additionally, we measured and calculated the coupling
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between z-elements in the array configuration. Finally, we performed electric field simulations to
evaluate the stimulation intensity and focality of the coil and compared the results to conventional
TMS coils as well as demonstrated suitability of the 3-axis coil for a multichannel array
configuration.

Results: The experimentally obtained dB/dt values validated the computational model of the 3-
axis coil and therefore confirmed that both the coil and stimulator system are operating as
intended. The air-cooling system was effective for brief high-frequency pulse trains and extended
single- and paired-pulse TMS protocols. The electromagnetic simulations suggested that an array
of the 3-axis coils would have comparable stimulation intensity to conventional TMS coils,
therefore enabling clearly suprathreshold stimulation of the human brain. The recorded coil
coupling between the x/)/z-elements was <1% and the maximal coupling between zelements in
the array configuration was 1.8% and 3.4% for the measured and calculated values, respectively.

Conclusion: We presented a 3-axis coil intended for multichannel TMS arrays. The
electromagnetic measurements and simulations verified that the coil fabrication met the desired
specifications and that the inductive coupling between the elements was negligible. The air-cooled
3-axis TMS coil appears suitable to be used as an element in multichannel TMS arrays.

Keywords

Multichannel TMS; 3-axis coil; E-field simulations; TMS array

1. Introduction

Transcranial magnetic stimulation (TMS) enables safe and efficient stimulation of the
human brain noninvasively (Barker et al., 1985). It is currently the only non-invasive tool to
induce clearly suprathreshold stimulation resulting in action potentials in cortical neurons in
a painless way. Therefore, it has become one of the most widely used neuromodulation
technologies for both basic science and the clinic. To date, most applications are based on
single-channel TMS used in conjunction with neuronavigation systems that enable accurate
and reproducible targeting of superficial brain areas (Ruohonen and Karhu, 2010). The
single-channel TMS technique has been extended to enable bi-focal settings by using two
independent coils and stimulators (Ferbert et al., 1992). Furthermore, specific coils have
been designed in order to probe the connectivity between two nearby nodes in cortical
networks yielding new data on their functional relationships (Groppa et al., 2012). Another
study has demonstrated up to four-channel systems to enable more flexible spatiotemporal
control of the stimuli (Roth et al., 2014). However, it is clear that large-scale multichannel
TMS systems are needed to fully generalize this technique to study the causal relationships
and the propagation of activity between different areas participating in distributed cortical
processing.

Multichannel TMS arrays have been proposed to enable focusing of the induced electric
field (E-field) without any physical movement of the coils (Ruohonen and limoniemi, 1998)
where focusing is achieved by combining individual TMS coils of the array with current
amplitudes weighted such that the resultant field will generate a ‘hot spot’ to a desired target
location. The unique feature of such a large-scale TMS array system is that the location of
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the ‘hot spot’ can be moved rapidly under electronic control and therefore different targets
can be activated with millisecond-level temporal accuracy. While robotic TMS coil
positioning (Lancaster et al., 2004) provides arguably the most accurate targeting (Goetz et
al., 2019), moving the coil from one target to another will be inherently sluggish due to the
obvious safety concerns associated with automated rapid physical coil movement. While the
TMS array concept is simple, construction of the first set of large-scale systems has
necessitated tackling several technological challenges.

The first major challenge faced by TMS array systems is the development of stimulator
systems that are capable of accurately controlling the timing of discharging multiple
stimulator units as well as being scalable for a large number of channels with a feasible cost
and physical footprint. Here, we demonstrate the use of a dedicated two-channel prototype
manufactured by MagVenture (Farum, Denmark) that is based on modular design readily
extendable with additional channels. The individual channels in our system adopt the basic
biphasic stimulator circuit, whereas other groups have also successfully demonstrated 2-
channel systems utilizing a H-bridge type design for the stimulator (Koponen et al., 2018).
The second major challenge is ensuring accurate and efficient stimulation of cortical targets
based on the design of the basic coil elements as well as their array configuration. The most
straightforward array configuration that was originally proposed (Ruohonen and IImoniemi,
1998), consisting of circular coil elements placed on rectangular or hexagonal lattice, faces
certain challenges in this domain. The main issue is that a circular coil produces zero E-field
field in its center, leading to that neighboring coils must be used to stimulate this location,
which results in reduced stimulation intensity, especially for arrays with larger diameter coil
elements with increased distance between the coil centers. Adding a second ‘layer’ of coils
with center positions shifted by half of the lattice spacing have been proposed to mitigate
this issue (Han et al., 2004), but in this case the coupling between the coils becomes an
issue. More recently, an approach in which multiple coils are vertically stacked with
orthogonalized winding patterns has been proposed, and this appears to be a technically
viable solution as demonstrated by a recent two-channel application (Koponen et al., 2018).
However, the placement of several extended TMS transducer elements in an array
configuration over the head such that the gaps between the wire windings and scalp is
minimized everywhere may be challenging.

In this article, we design, build and validate a 3-axis coil as the element for general-purpose
multichannel TMS array systems. The 3-axis coil, a compact multichannel TMS assembly,
comprises of a circular zelement oriented parallel to the scalp surface combined with an
x/y-element that is wound on a spherical coil form with interlaced windings. Our design is
motivated by several key factors that contribute to the overall performance and feasibility of
employing these types of TMS units in a multichannel array. First, the x/~element will
mitigate the issue of stimulating the cortical locations at which the zelement produces zero
field as well as add degrees of freedom to the overall field shaping capabilities of the array.
Second, all x/y/z-elements are geometrically inductively decoupled ensuring that the
principle of superposition applies for the computational coil combination for multichannel
targeting. Third, the use of relatively small diameter units enables conformal positioning of
the coil unit with respect to the subjects’ head to maximize stimulation accuracy and
intensity. Fourth, the coil elements can be cooled by air, cost-effectively fabricated, and after
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their lifetime has been exceeded, they can be easily replaced. Fifth, the systems can be
implemented in a fully modular fashion by adding as many 3-axis units as desired and the
elements can be easily re-configured to optimize the performance for a given experiment.
Finally, the overarching goal of our 3-axis coil system development is compatibility with a
3T MRI instrumentation and scanner environment (Navarro de Lara et al., 2020), which has
further motivated us to employ modular TMS coil units with a relatively small outer
diameter (~5 cm).

The article is organized such that first we present the concept of the 3-axis coil and describe
its design and fabrication. Then we present the methods used to map the magnetic fields and
how this information is used to validate the computational electromagnetic model of the coil.
Next, we use computational modeling to quantify the electric field (E-field) profiles of the
x/y/z-elements and their characteristics and to compare the results to commercially available
coils in terms of the stimulation intensity and spatial focality. We then address the topic of
heating of the coil assembly and demonstrate that our relatively simple air-cooling strategy
enables trains of repetitive TMS (rTMS) and other temporally extended stimulation
sequences. We quantify the coupling between the x//z-elements in a unit and the coupling
between zelements in an array configuration and show that the geometric decoupling of the
elements is robust, resulting in the principle of superposition holding for simultaneous
activation of multiple elements. To illustrate the capability to precisely control the timing of
the stimulation pulses we show the capability to ‘rotate’ the induced field with timesteps of
100 ms. We conclude by demonstrating how these coils can be utilized to efficiently
stimulate different cortical targets without any coil movement in a multichannel TMS array
configuration using the computational targeting approach.

2. Material and methods

2.1. 3-axis coil concept, design and fabrication

The basic concept of the 3-axis coil design is shown in Fig. 1A. It consists of three
orthogonal separate solenoid elements, where x-and )~elements are wound on a spherically
symmetric coil form in an interlaced fashion (the coil dimensions are as annotated in the
figure). The outer layer of the x-element has 10 turns and the inner layer 8 turns whereas the
outer layer of the y~element consists of 12 turns and the inner 10 turns. The reason for the
difference in the number of turns is to match the final inductance of both coils, given the
difference in the radii of the spherical surfaces that accommaodate the x/windings. The z
element wire winding pattern is designed to allow positioning of the x/~elements as close to
the bottom of the entire 3-axis assembly as possible. The zelement has six turns at the
bottom layer and five, four, and three turns on the next three layers, respectively. All three
elements were designed to have similar inductance to produce matched stimulation pulse
width when connected to standard bi-phasic TMS stimulators.

Fabrication of the 3-axis coil prototype was performed by Tristan Technologies (San Diego,
CA, USA). Different steps of the design and fabrication process are shown in Fig. 1B-D.
The coils were wound using Litz wire with an outer diameter of 2 mm (New England Wires,
Lisbon, NH, USA). Air-cooling was incorporated to the coil design to increase the number
of pulses that can be delivered without exceeding the safety limits for temperature. The air is
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injected through the center of the coil allowing efficient circulation around the x/j~elements
and guided through the opening in the zelement to reach the bottom of the coil assembly
and finally removed through a side outlet (see Fig. 1B). For continuous monitoring of the
temperature on each individual coil, an integrated circuit temperature transducer (AD592,
Analog Devices, Norwood, MA, USA) is permanently attached to each individual element
(see Fig. 1C). A photograph of the final prototype is shown in Fig. 1D. The housing of the
coil was made of glass filled nylon.

2.2. Two-channel programmable MagVenture TMS stimulator system

The 3-axis coil was tested using a two-channel stimulator (Fig. 1E) that was custom-built by
MagVenture (Farum, Denmark). This system serves as a prototype of a full-scale 16-channel
stimulator system that is currently being assembled and installed at MGH Martinos Center.
The fully programmable prototype is capable of producing bi-phasic pulses including
repetitive stimulation, but the charging voltage is limited to 900 V (half of MagVenture
MagPro X100). The timing and intensity of the pulses is configured using an executable
pulse protocol offering microsecond temporal resolution, which is useful in setting precise
delays between the channels/elements.

2.3. Magnetic field mapping for the 3-axis coil

To test the performance of the 3-axis coil and to validate the computational electromagnetic
modelling results, we performed comprehensive magnetic field (B-field) mapping. The
mapping was carried out by utilizing a commercially available calibrated three-axis probe:
the MagProbe 3D (MagVenture, Farum, Denmark). This tool was used to measure the
temporal rate-of-change (aB/df) of the magnetic field at multiple spatial locations. The
output of the probe is a voltage signal related to the dB/dlt for each of the three Cartesian (x,
yand 2) field components with a conversion factor of 1 V per 1.4 kT/s. The measurement
setup is shown in Fig. 3A. Data were collected on a 4 cm? plane using a 5 x 5 grid at 3.3 cm
under the z-element windings (Fig. 3A). The 3.3 cm distance corresponds to the sum of the
grid disk thickness (2.5 cm), the thickness of the double-sided tape used to attach the disk to
the zelement (0.2 cm), the radius of the MagProbe 3D pickup loops (0.5 cm) and finally 0.1
cm left between the probe and the disk to move the probe freely using a micromanipulator
(see bottom of Fig. 3A). We mounted a 2.5 cm disk under the coil to (i) evaluate the coil
performance at the typical target depth for human TMS which is between 2 and 3 cm and (ii)
to facilitate spatial sampling of the signals for the comparison with the simulated fields.
Additionally, we acquired data along the x-axis in 0.5 cm steps from -8 cm to +8 cm to
obtain spatially more extended one-dimensional line profiles of the fields. The three output
connectors of the MagProbe 3D were directly connected to a data acquisition (DAQ) device
(NI USB-6356, National Instruments, Austin, TX, USA). The DAQ device was connected
via USB to a laptop running an in-house written script to collect the data employing the
MATLAB data-acquisition toolbox (Mathworks, Natick, MA, USA). For each measurement
point for the field mapping, five stimulation pulses at 50% maximal stimulator output
(MSQ) were delivered each second in a 10 s acquisition frame. The sampling frequency of
the DAQ was set to 500 Ksamples/s.
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We utilized MATLAB also for all data post-processing and analysis tasks. We used the
initial (maximal) peak values of each acquired pulse on the probe outputs to define the
intensity and the polarity of the produced dB/dtwaveform. All five peak values were
subsequently identified in the data time series of each spatial component and averaged to
produce the final estimates. Below, we report these estimates in the analyses and figures
pertaining to dB/dtvalues.

The maximal current rate-of-change d//dt delivered by the stimulator is a value measured
internally and reported by commercial MagPro X100 stimulators and is required for the
electromagnetic field modeling of the coil (similarly to aB/dtthe maximum occurs at the
beginning of each pulse). The circuitry to measure and output the realized d//dfwas not
implemented for the 2-channel programmable stimulator prototype. To obtain an estimate of
the delivered maximal current rate d//atby the 2-channel programmable stimulator
prototype each of the x//z-elements was separately connected and subsequently discharged
using the MagPro X100 stimulator (MagVenture, Farum, Denmark). The stimulator output
intensity was increased in 10% steps from 10% to 100% MSO intensity corresponding to
1800 V. The reported d//dtvalues were recorded together with the measured peaks of the
dB/dt components on the origin of the grid shown in Fig. 3A. Finally, each of the x/y/~
elements were discharged with the 2-channel programmable stimulator prototype at 50% to
record the dB/df values and the empirical d//dfwere extrapolated using the calibration
measurement done with the MagPro X100.

2.4. Electromagnetic field modeling of the 3-axis coil and multichannel targeting

To compare the measured values against predictions from electromagnetic modeling, the
aB/dtwas evaluated at 3.3 cm from the coil bottom separately for each element. Modeling
results were computed using custom MATLAB tools based on the Boundary Element
Method accelerated with Fast Multipole Method (BEM-FMM) as detailed in (Makarov et
al., 2018). Even though analytical expression exists, we used the FMM acceleration to
evaluate the magnetic fields from the high-resolution discretized coil models to maintain
numerical consistency across the results. The d//dtvalues used in the simulations were
obtained from the measured data as described in 2.3.

We also utilized the BEM-FMM approach to estimate and visualize the induced electric
fields (E-fields) for various cases (Fig. 4A, Fig. 5A, and Fig. S3). For these simulations we
extrapolated the @//dtvalues for the x-, )~ and zelements from the values listed in Fig. 2C.
Either a spherically symmetric head model or an anatomically realistic head model was
used. The meshes corresponding to different tissue compartments for the anatomically
realistic head model were obtained from Human Connectome Project (HCP) datasets (Van
Essen et al., 2012) using the SImNIBS software (Windhoff et al., 2013) version 2.1 with an
average mesh edge length of 1 mm as described in detail in (Htet et al., 2019a). For a high-
resolution head model with ~1 million facets the algorithm took 200 s (10 s per iteration).
The tissue conductivities for skin, skull, CSF, white and gray matter were 0.3, 0.02, 2.0,
0.106, and 0.065, respectively. With 20 iterations of the Generalized Minimal Residual
Method (GMRS), the solution converged to a residual less than 0.00001. As pre-existing
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freely available MRI data were used for all the simulations, no IRB-approved human subject
study protocol was required.

Finally, to demonstrate the suitability of the 3-axis coil to be used in multichannel TMS
arrays, we implemented computational targeting by placing 16 3-axis coils at approximately
equal distances from the surface of the head (Fig. 9A). The resulting array comprises of
forty-eight (16x3) independent elements that can be activated to achieve stimulation of a
desired target. We applied the minimum norm estimate (MNE) method (Ruohonen and
IImoniemi, 1998) to determine the required current rates (d//d?) for all forty-eight elements
to precisely stimulate a target location with a defined field intensity and orientation. To
demonstrate that the 3-axis multichannel array should be able to readily reach
suprathreshold intensities we explicitly limit the d//dtvalues to 50% MSO in a subsequent
constrained optimization step. All computations were done in MATLAB 2019a on a Xeon
E5-2690 2.60 GHz PC with 128GB of RAM.

2.5. Temperature measurements for characterizing the air-cooling performance

The temperature timecourses of the x-, y~, and zelements were measured using the
incorporated sensors for 6 min after delivering one train of 20 pulses during 1 s at 75% of
MSO of the MagPro X100 (MagVenture, Farum, Denmark) activating one element at a time.
The measurements were done both without any cooling as well as with air that was cooled to
12° — 15 °C by letting the air flow through a metal tube immersed in an ice water bath. We
used a constant flow of 3 standard cubic feet per minute (scfm) to perform the tests under
conservative conditions. To convert the current delivered by the sensors (1 pA/°K) to a
voltage, 1 K Q through hole resistors 5% tolerance (Yageo, New Taipei City, Taiwan) were
used. Neither amplification of the signal nor calibration was implemented. The voltages
across the resistances were measured by the NI DAQ device connected v/ia USB to a laptop
running a custom MATLAB script to acquire the data with a sample rate of 20 kSamples/s.
The set-up is shown in Fig. 6A.

The acquired data were processed with a median filter of order 100, converted to °C and
plotted in MATLAB as difference to baseline temperature (A°C). From the filtered signal,
the maximal temperature change per pulse was calculated using custom MATLAB scripts.
The cooling curves, defined here as the portion of the data after the temperature maximum is
reached, were fitted with exponential functions using the MATLAB “Curve Fitting
Toolbox”. The goodness of the fit (R2) was reported for each curve. The half time for each
curve was calculated from the obtained exponential coefficients.

2.6. Assessing the coupling between the x/y/z-elements in a TMS unit and the coupling
between z-elements of different units in the array configuration

First, we measured the inductances Ly, Ly and L, of all three elements of the 3-axis TMS
prototype and the mutual inductances Myy, My, and My, between them in a single unit. To
estimate the coupling between the zelements in the array configuration, we constructed an
additional coil consisting of a single zelement with the same dimensions as the zelement of
the 3-axis TMS coil prototype. Subsequently, we measured M, between the zelements of
the 3-axis TMS coil prototype and the additional single coil in the array configuration. The
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measurements were done using the Bench LCR/ESR Meter (Model 889, BK Precision,
Yorba Linda, CA, USA) at a frequency of 10 kHz. The resistance for each element of the 3-
axis TMS coil was also measured with this multimeter. For the array configuration, we
measured the mutual inductance between the zelements for the positions in the left
hemisphere (TMS units 1 to 9, see Fig. S1 for the 3-axis TMS array layout). Additionally,
we measured the mutual inductance between the z-elements for the positions 4 and 10. We
assumed that the zelement intercoupling between hemispheres will be less than 0.5%, and
for the right hemisphere the values should be similar due to the symmetry of the layout. For
the mutual inductances, the Linphase and the Lyeyphase Were measured for each combination
and the mutual inductance and coupling factor were calculated as follows:

Linphase = L1+ Ly +2My, Lreuphase =L+ Lr,—2Mj;

1
M, = (Linphase - Lreuphase)/4 @

M,

H12 = ﬁ (2

Finally, we performed computational estimation of the mutual inductance between all x//z-
elements in the array configuration. The mutual and self-inductances were calculated by
discretizing the coil model meshes and calculating the Neumann integrals. The Neumann
integral was evaluated for 256 discretized points on the coil model with a uniform current
distributions across the wire using the FMM method (Makarov et al., 2018) for
computational speed up. The FMM allows rapid evaluation of the Laplace potential-like
terms between the current elements that are used to determine the numerical solution of
Neumann integrals for the mutual and self-inductances of the coils. The method was
validated with standard analytical expressions available for circular current loops.

In order to further characterize the potential coupling between the x-, )~ and zelements, the
two-channel programmable stimulator prototype was used to pulse two elements either
sequentially or simultaneously. The measurement of the induced fields was done as
described in 2.3. The acquired aB/dtvalues for simultaneous discharge were compared to
the computational summation of the field measurements of each individual element to
investigate if linear superposition holds. The percentage average of the normalized
difference between the results was calculated as:

dBldtyg, — (dBldt, + dBJdt))

dBdi,+dBJdr, - 100% ®

Pxy = mean

where dB dtys, are the results obtained when x- and y~elements were fired simultaneously
and aB/ diy+ dB df, is the summation of the x- and )~element single measurement results.
This quantity was also reported for the other two possible combinations, pxzand py.
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3. Results

3.1. Three-axis TMS coil magnetic pulse measurements

First, we compared the magnetic pulses from the 2-channel programmable stimulator
prototype to those of the MagPro X100. Fig. 2A illustrates the measured waveforms for the
intensities ranging from 10% to 50% of the MSO of the MagPro X100 vs. the 2-channel
stimulator for the y~element. The measurements verify that the custom-made 2-channel
system and the MagPro X100 produce highly similar current pulses in the coils. The time
courses of the stimulation pulses measured at the origin of the measurement grid (Fig. 3A)
for each x/j/zelement are depicted in Fig. 2B. The obtained pulse widths for the x, y; and
elements were 318 s, 326 us, and 330 s, respectively.

After confirming the that the pulse waveforms and amplitudes are highly similar in the range
of 0 — 900 V for both stimulators we obtained the experimental maximal @//dtvalues as
described in 2.3. using the data from MagPro X100. The results are summarized in Fig. 2C
(only values from 10% to 50% are shown). Based on these values we extrapolated that the
maximal d//dt for each element of the 3-axis coil at 50% MSO using the 2-channel
programmable stimulator prototype were 64.6 A/us, 64.7 Alus, and 58.4 A/us for the x; y;
and z-elements, respectively.

3.2. Measured vs. simulated field maps

Fig. 3B shows the magnetic field data for each coil component and for each cartesian
component on a 2D plane using different scales to facilitate visualization. As expected, the
z-element produces largest dB/dt values at the measurement plane. The average normalized
percentage differences between experimental and simulated values on the measured plane
were 6.6%, 10.2%, and 5.4% for the x-, )~, and z-elements, respectively. Fig. 3C shows
measurements done along the x-axis for both the recorded values (solid lines) and the
simulated data (dashed lines). For the data acquired along the x-axis (indicated by the red
line in Fig. 3A) the average normalized percentage differences between the experimental
data and the simulated data were 7.3%, 10.9%, and 7.1% for the x-, )~, and zelements,
respectively. The average normalized percentage difference between the measured and
simulated data were very consistent for both measurements (2D grid and 1D line). The
results confirm quantitatively that the 3-axis coil is operating as intended.

3.3. E-field strength and spatial profiles for the three elements

To assess the stimulation intensity and focality of the 3-axis TMS coil, we calculated the
induced E-field on a sphere for the x-, y~, x/)~, and z-elements with 75% MSO intensity at 2
cm depth as shown in Fig. 4B. The corresponding d//dtvalues along with the maximum E-
field intensities in Fig. 4B shows that the strength of the x-element (45 V/m) is about 50% of
the zelement (87 VV/m) as expected by the winding geometry. The y~element elicits a
slightly weaker E-field due to its slightly elevated position relative to the x-element,
however, the vector combination of the x- and y~elements allows for a stronger E-field under
the coil assembly at the 45° orientation. The longitudinal and transverse focality values are
defined as the principal axis dimensions of the ellipse-shaped E-field region with amplitude
higher than 75% of the maximum (Fig. 4C). The x- and y~elements as well as the
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combination (x/)) produce focal stimulation patterns similar to figure-of-eight coils as
discussed next.

The most straightforward and efficient way to produce a focal E-field is using two z
elements with current pulses of opposite polarity, similar to figure-of-eight coils such as
MagVenture Cool-B35 or C-B60 (MagVenture, Farum, Denmark) (see Fig. 5A for the
setup). The computationally estimated E-fields are shown in Fig. 5B. The stimulation
intensity and focality metrics for all three cases are summarized in Fig. 5C. The results
suggest that two z-elements can exceed the stimulation intensity of a larger C-B60 (158 V/m
compared to 138 VV/m) while being as focal as the small-diameter Cool-B35.

3.4. Air cooling performance

The cooling performance results are summarized in Fig. 6. The zelement reached the
highest temperature. Specifically, without cooling, the temperature rise of the z-element was
1.12 times larger than that of the x-element and 1.55 times larger than that of the y~element.
With air cooling, the relative decrease in the maximal temperature reached by all elements
was very similar (~ 2 °C). The y~element reached its maximum temperature first while the z-
element took about 1 min to reach the peak temperature. The rise time is reduced in all three
elements in a similar way when the air-cooling method is applied. From the curves it is clear
that the x/)~elements are thermally more tightly coupled to each other (the temperatures of
the elements converge to an identical value after ~ 2 min) as well as the fact that by
construction the cooling generally works more efficiently for the x/j~unit than for the
element.

Cross-heating data between coils (when a coil is discharged the heat conducts to the other
coils) were not further analyzed but the effect is visible in Fig. 6B. Based on the symmetry
of the design, the z-element is heated maximal about 4 °C when the x/j~element are fired,
following a similar curve. When using the air-cooling method, the cross-heating between the
x/y-assembly and the zelement becomes minimal.

In general, when using air cooling all elements started to decrease their temperatures no later
than 1 min after the stimulation train ended and especially the x/)~elements return to
baseline much faster than if no cooling was used. Moreover, cooling the coil from the
ambient room temperature of 21° C to ~ 12° C allowed more pulses to be delivered. Thus,
air cooling extends the usability of the 3-axis coil for rTMS.

3.5. Estimating the coupling between the 3-axis coil elements and between z-elements of
different units in the array configuration

The inductance of the x-, )+, and z-elements were measured as Ly = 11.4 uH, Ly = 12.22 pH,
and L, = 12.64 pH. The inductance of the zelement built to measure coupling in the array
configuration was L,- = 12.93 uH. The mutual coupling between the x-, )~, and zelements
were calculated as Myy = 0.07 uH, My, = 0.08 pH, and My, = 0.045 pH, which gives
coupling factors of 0.59%, 0.6%, and 0.36%, respectively. The resistance values measured
for the coil elements were Ry = 22 mQ, Ry = 23 mQ and R, = 22 mQ. The coupling factors
between the zelements in the array configuration are shown in Fig. S1. The maximal
coupling of 1.8% was found between the pairs in positions 1/2 and 14/15. For the
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computational estimation of the mutual inductances between all x/)/z-elements in the array
configuration, we note that the highest coupling occurs between the zelements in the array
as expected (not shown). The calculated coupling factors between all zelements in the array
configuration are illustrated in Fig. S2. In this case the maximal coupling obtained was 3.4%
between the pairs 12-13. While the pair 12-13 shows highest coupling, the corresponding
pair on the left hemisphere, 6-7 shows a slightly lower coupling of 2.66%. However, for
other corresponding pairs like 3—7 and 13-16 we obtained very similar values. Given the fact
that the measured and simulated coil positions in the array were similar but not exactly
identical, the spatial distribution of the coupling between the z-element pairs for the
measured and the calculated values show a consistent pattern.

We subsequently quantified the coil coupling using the field data when the coils were pulsed
either pairwise simultaneously or separately. Fig. 7 shows the results obtained when the x-
and y~elements were activated independently vs. combined. The plane plot shows the
magnitude of the dB/dtand the arrows show the direction of the magnetic field change rate
vector. The figure demonstrates that the superposition principle holds as expected: There is a
robust agreement between the data acquired when the coils were activated simultaneously
and when the data were synthesized as the summation of each element’s field obtained
separately. From the acquired data, we also calculated the percentage average of the
difference between both cases and found the quantities pyy, pxz and py,,to be 1.9%, 1.2%,
and 1.1%, respectively. For all three pair-wise combinations, we observed that the linear
superposition principle was valid and therefore the coupling between elements was
negligible.

3.6. Example of spatiotemporal field control: the “stepwise field rotation” protocol

As an example of the robust spatiotemporal field control achieved with the 2-channel
programmable stimulator prototype and the 3-axis coil, a protocol for “stepwise field
rotation” was generated. The protocol consisted of 20 pulses delivered over 2 s to the x- and
y-elements, changing the intensities of each element every 100 ms in order to rotate the
produced magnetic field by 18° for each pulse (total rotation of 360°). The target B-field
directions are shown on the top of Fig. 8A. Even though we only tested this protocol on the
XY plane (due to the 2-channel limitation), the protocol can be generalized for a 3-channel
stimulator to orient the magnetic field vector in three dimensions. The protocol was
validated by acquiring the produced dB/dt pulses on the origin of the grid shown in Fig. 3A
using the MagProbe 3D.

The results from the stepwise field rotation experiment are summarized in Fig. 8. The first
three entries of the protocol are shown in Fig. 8A. Channel 1 and Channel 2 were connected
to the x- and y~elements of the 3-axis coil, respectively. The third column of the protocol
indicates the delay between pulses in microseconds. The acquired dB/dt data are plotted as a
function of time to show the synchronization of the delivered pulses to the x- and y~elements
(Fig. 8B). A zoom-in view of one of these pulses is shown at the bottom of Fig. 8C, where
the changes in the induced voltages at the probe are related to the produced x and y
components of the dB/dt vector (the zcomponent is almost zero for this particular protocol).
The maximal values of dB/dtat the beginning of each pulse during the protocol were
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selected to Fig. 8C to illustrate the measurements as vectors in a polar plot. Each vector
corresponds to a pulse, starting with the vector numbered 1 (only cartesian x component
produced by y-element fired alone at 50% MSO) and then going counterclockwise as the
pulses were given. The results show that the measured dB/df vectors recapitulate the
intended pulse sequence highly accurately.

To illustrate how the rotating field protocol could be used to stimulate the brain with
different E-field orientation for each step, Fig. S3 shows the computational modeling results
using an anatomically realistic head model. A similar rotation pattern is also produced for
the induced E-field. In Fig. S3, the selected directions were shown and numbered according
to the polar representation of Fig. 8C with the angle defined with respect to the x-element.

3.7. Computational multichannel targeting using a 3-axis coil array

A multichannel TMS array was simulated with 16 3-axis coils positioned around the head
surface to cover both cortical hemispheres with the array geometry as shown in Fig. 9A. The
linear combination of the induced E-fields of the forty-eight coil units to synthesize the
desired stimulation target pattern and orientation was found by optimization using a
minimum norm estimate (MNE) based approach (Ruohonen and Iimoniemi, 1998). For
MNE optimization, the d//dtwas constrained to 50 A/ /s that is a rather conservative value <
50% of MSO (see, Fig. 2). The constrained optimization run time varies from 1 s to 250 s
depending on the resolution of the cortical surface mesh used to sample the E-fields for the
target field approach. Due to the overdetermined nature of the problem, the size of the
system matrix can be reduced by more than 10 times without significant changes in the
results. As the computational time is not critical for the present study, we employed the full
high-resolution mesh.

The multichannel 3-axis coil array was able to shift the E-field focal point as the target field
and angle changes across the motor cortex as illustrated in Fig. 9B. For all targets shown in
Fig. 9B, we were able to reach a maximum E-field of 100 V/m at the gray/white matter
boundary at d//dtvalues below 50 A/ 15 (Fig. 9C). For practical applications it would be
possible to further optimize the multichannel TMS array configuration to increase the
stimulation intensity and focality while reducing the required stimulator output intensity.

4. Discussion

Here, we designed, built, and validated a 3-axis coil that is intended to be used as the basic
unit in multichannel TMS arrays. The key motivation behind our 3-axis coil is that it /)
provides simple and effective geometric decoupling between the elements, /) offers a
compact footprint that can be used to increase the degrees of freedom (number of elements)
available for the computational algorithms used for electronic targeting, /77) allows fully
modular system development with any desired number of array units, /) permits conformal
positioning of each individual coil unit tangential to scalp surface for variable head sizes,
and /) enables efficient and safe stimulation even with a simple air cooling mechanism.

The 3-axis multichannel TMS array system is a mixture of ‘traditional’ TMS arrays where
the zelements corresponds to the basic array elements that are augmented with two
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additional channels, the xand y-elements. A somewhat similar construction to the x- and )~
elements has been previously proposed to generate a continuously rotating E-field (Rotem et
al., 2014). However, our design is significantly different in that the x- and y~elements are
wound in an interlaced fashion and integrated with the zelement to maximize efficiency and
in its intended use as the basic unit of a human multichannel TMS array to increase the
targeting efficiency and accuracy near the TMS unit center. As illustrated by our results, the
x-element’s efficiency is only ~50% of the efficiency of the z-element, but when combined
with the y~element as well as neighboring 3-axis units, they act as critical elements to add to
the flexibility and efficiency of targeting. Our goal was to construct a simple 3-axis coil
geometry such that the inductances of all x-, )=, and zelements are matched resulting in
identical pulse widths, enabling the use of the coil with traditional bi-phasic stimulators. In
the future, efficiency of the x- and y~elements may be further increased by relaxing the
constraint of matched inductances and adhering to more advanced TMS coil design methods
(Koponen et al., 2015).

Despite the reduced efficiency in the x- and y~elements, the critical benefit of our design is
that the elements become automatically decoupled. Indeed, the results show that the mutual
inductances between the 3-axis elements are less than ~0.1 pH, which is about 1% of the
typical self-inductance of ~10 uH. The results obtained for the coupling between the
elements of different units in the array configuration show us that the coupling in the worst
case will be between 2 and 3%. Even though we have not measured the coupling between x-
elements or x/y~elements of different units in the array configuration, the computational
results indicate that they do not exceed the values obtained for the zelements of different
units. Furthermore, the coupling between the x- and y~elements of two neighboring 3-axis
coils can be minimized by rotating the 3-axis TMS coils with respect to their own z axis so
that the x- and J~elements are as close to 45° relative to each other as possible, which is
expected to render the mutual inductance between elements of different units (interunit
coupling) to be in the range of 1 to 2% across the entire array. While relatively
straightforward methods to compensate for the coil coupling have been presented (Han et al.,
2004), the geometrically decoupled array offers a highly robust and simple approach to
mitigate this issue.

Since the coils are wound using a relatively small diameter wire to enable efficient
stimulation with a small diameter 3-axis coil, heating was worse than for commercial coils
as confirmed by our experiments with heating per pulse ~0.7 °C/pulse at 75% MSO. To
reduce the coil heating, some type of active cooling is needed. The air-cooling approach was
chosen for the current design to simplify the construction, as a watertight chassis is
somewhat more challenging and costly to fabricate. Assuming 3 scfm air is needed per each
coil unit, a 16-unit 3-axis system would require less than 50 scfm air flow, which is in the
range of a standard off-shelf medium-sized compressor. The use of room temperature air for
the cooling is also possible, however we decided to use cooled air to allow additional pulses
before reaching the safety limit of 41 °C. As our results show, the simple air cooling enables
extended single-pulse and paired-pulse experiments as well as delivering a couple of 1-2
second trains of rTMS with a few minutes of cooling afterwards. However, if more
aggressive protocols are desired, liquid cooling systems can be readily developed. The coil
heating for a commercially available non-cooled small diameter TMS coil, the MagVenture
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MC-B35 was assessed using the same protocol as described in the methods (75% intensity,
20 pulses in 1 second, following 6 min observation). The heating per pulse was ~0.4 °C/
pulse, and the temperature remained 4 °C above the baseline after 6 min. These results are in
the same range as the values for the x/j~elements (see, Fig. 6) but somewhat lower than the
z-element. However, taking into account that the E-field intensity produced by the
MagVenture Cool-B35 coil with 75% MSO is significantly smaller than the field produced
by our two zelements together (see, Fig. 5), we can conclude that the basic non-cooled
performance of our zelements is comparable to commercially available coils of similar
physical dimensions when run in the equivalent ‘figure-of-eight” mode using two
independent stimulators.

The electromagnetic simulation results using a simplified spherical model show that a
juxtaposition of two zelements in a figure-of-eight configuration gives an E-field amplitude
(stimulation intensity) comparable to the ‘industry standard” MagVenture C-B60 and spatial
E-field dispersion (focality) that is comparable to ‘most compact available’ Cool-B35 coil.
The key to achieving this “‘double win’ is naturally that the two z-elements are driven by
independent stimulator units delivering double the energy. The results provided strong
evidence that an array of 3-axis coils will be capable of suprathreshold stimulation. This was
further confirmed in our simulations with an anatomically realistic head model and a sixteen
3-axis TMS coil array covering the whole head. Even with the intensity of each channel
limited to < 50% of MSO, the E-field intensity of ~ 100 VV/m was readily produced at several
targets across the motor cortex. Taken together, the results indicate that the envisioned
modular 3-axis multichannel TMS array system will offer a comfortable headroom for
suprathreshold stimulation experiments across individuals with variable motor thresholds.

A key enabling technology for the multichannel TMS array concept is the high-resolution
modeling of the intracranial E-fields as the stimulation of different targets are achieved by
adjusting the currents in the coil unit’s elements based on the computationally predicted
values. To this end, several approaches such as the finite element method (FEM) (Windhoff
et al., 2013) and BEM-FMM based methods (Htet et al., 2019; Makarov et al., 2020, 2018)
are available. To maximize the potential of the computational targeting approach, the MRI
acquisition and head model segmentation techniques need also to be optimized. The
importance of the patient-specific E-field modeling in this domain is evident and further
systematic computational studies on how the E-field can be steered across different
multichannel array designs and individual patients are necessary to quantify the expected
system performance. Another aspect of our efforts is to generalize the 3-axis TMS caoil
technology to become usable inside the MRI environment (Navarro de Lara et al., 2020).
The MR-compatible 3-axis TMS coils however require certain modifications to improve the
structural stability in order to withstand the external forces and torques due to the 3T MRI
main magnetic field. The combination of stimulation and neuroimaging (Siebner et al.,
2009) is particularly powerful for elucidating the causal relationships between different
nodes of cortical networks. The capability to perform concur-rent fMRI and multifocal TMS
would drastically expand the scope of potential applications in such experiments.
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5. Conclusion

We designed, built, and validated a 3-axis TMS coil by comparing computational modeling
results with empirical field mapping data. We used a custom-made two-channel
programmable TMS stimulator to demonstrate that spatiotemporal control of multiple coils
can be performed accurately. The computational E-field simulations show that an array
consisting of such 3-axis coils can be utilized to electronically shift the position of the E-
field focal spot with stimulation intensity comparable to commercial TMS coils. The
proposed air-cooled 3-axis coil meets the technical requirements for general-purpose
multichannel TMS array systems justifying further development and first-in-human studies.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 3D-CAD model/design of the 3-axis TMS coil prototype and two-channel programmable
stimulator prototype.

A) The 3-axis coil consists of three perpendicular solenoid coils the x-element (green), y-
element (red) and zelement (blue). The x/j~elements are wound in an interlaced fashion into
each other and embedded to the z-element. Dimensions are annotated in the figure. B)
Schematic of the final design of the 3-axis coil, including the air-cooling system. Cool air
(thick blue arrow) is injected through the center of the coil while the warm air (red arrow)
exits through the side outlets. Connectors to each coil are placed directly on top of the coil.
C) Photograph of the of the inner part of the fabricated coil including positions of the
temperature sensors. D) Photograph of the final 3-axis coil prototype including plastic
chassis. E) Photograph of the 2-channel programmable TMS stimulator system custom-built
by MagVenture (Farum, Denmark).
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Fig. 2. Magnetic pulse measurements of the 3-axis coil.
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A) Measured dB/dttime courses of the MagPro X100 (left panel) vs. the 2-channel
programmable stimulator prototype for y~element (right panel). Only the cartesian x
component is shown as the yyand zcomponents are negligible. B) Measured dB/a't data for
all three elements of the 3-axis TMS coil: only the relevant cartesian x/~/z component for
each element is shown. The figure shows the pulse widths obtained for each element. The
pulse obtained with the z-element was scaled by a factor of 1/2 for display purposes. C)
Values obtained from the calibration data (maximal current rates-of-change d//d?) and
corresponding magnetic field rate (aB/d?) values for the stimulator output intensities from

10% to 50% for each element of the 3-axis coil.
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Fig. 3. Magnetic field mapping of the 3-axis coil.
A) Field mapping setup used for the measurements. Using the MagProbe 3D, the magnetic

field rate-of-change 2D spatial maps were acquired 3.3 cm away from the coil on a 4 cm 2
plane covering from =1 cm to 1 ¢cm in both xand y directions in 0.5 cm steps and following
a5 x 5 grid. The 1D measurement line refers to the x-axis (indicated by the red line) and
data was collected with 0.5 cm steps from x = -8 cm to x =+ 8 cm. B) Electromagnetic
simulation vs. measurement results of the magnetic field rate-of-change for each cartesian
component for the x-, )+, and z-elements. The simulation range was extended to increase the
field of view of the topographies. C) Measured magnetic field rate-of-change over the
central line of the 3-axis coil. All three cartesian components are shown in the plot.

Neuroimage. Author manuscript; available in PMC 2021 January 26.

dBidt (kT/s)

dB/dt (kT/s)

dB/dt (KT/s)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Navarro de Lara et al. Page 20
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Fig. 4. Simulation of the induced E-field profiles of the 3-axis coil elements using a sphere model.
A) Simulation setup. The inner and outer sphere radii are 10 and 12 cm, respectively. The

coils are placed such that the z-element is tangential to the sphere, and the activated
elements are shown in red. B) The bottom row shows the corresponding induced E-field
amplitude profile for each element on the surface of the inner sphere, approximately at 2 cm
depth from the coil. C) Summary of the stimulation intensity and focality metrics of the 3-
axis coil elements on the sphere. The d//dtvalues correspond to 75% of the MSO.
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Fig. 5. Comparison of the induced E-field from two combined z-elements of two 3-axis coils with
approximate models of commercial TMS coils.

A) The simulated coil models including two commercial coils (C-B60 and Cool-B35) and a
pair of zelements combined in a figure-of-eight configuration. B) E-field intensities
calculated using a spherical model displayed at 2 cm distance under the coils. C) The
stimulation intensity and focality metrics for the different coil models. The d//dtvalues are
reported at 75% intensity of the stimulator maximum.
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Fig. 6. Coil heating/cooling measurements.

A) Setup used to monitor the temperature of the three elements when the MagPro X100
stimulator was used to discharge one train of 20 pulses per second at 75% MSO. B)
Temperature time courses when each element was separately activated. The first row of
figures shows the results when no air cooling was used, and the second row when cooled air
between 12° ~ 15 °C was injected with a flow rate of 3 scfm. C) Performance values for the

X, -, and z-elements extracted from the temperature time courses.
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-

Fig. 7. Testing the coil coupling through the principle of linear superposition.
Top) Magnetic field rate-of change visualization with both magnitude (color-coded image

data) and orientation (black arrows) for each acquired point on the grid for x-element (left
panel) and y~element (right panel) when activated separately. Bottom) Magnetic field rate-of
change visualization when the results of the individual coils where algebraically summed (x
+ y~elements panel) vs. when the coils were activated simultaneously (x & y-elements
panel).
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Fig. 8. Spatiotemporal field control: the “stepwise field rotation” protocol.
A) Top. The intended magnetic field directions produced by the stepwise field rotation

protocol. Bottom. First three lines of the protocol that was programmed and executed with
the 2-channel system. The third column represents the time between two pulses. Individual
delays can be programmed for each channel/element as well as trigger outputs to
synchronize the data acquisition. B) Top. Acquired signal using the MagProbe 3D during
the protocol. Bottom. Pulses are zoomed in to depict how the intensities for each component
change over time to produce the rotation of the field. C) Top. Polar representation of the
acquired dB/dtvector. The protocol starts in x direction (only y~element was activated, line 1
of the protocol shown in Fig. 8 A) and rotates counterclockwise. Bottom. Zoom-in view of
the acquired pulse number 8. The maximal value acquired at the beginning of the pulse is
the value used in the polar representation of the measured pulses depicted on the top.
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Fig. 9. Simulation of anatomically realistic computational targeting using a multichannel 3-axis

TMS coil array.

A) Layout of the 3-axis coil array over the subject’s head model (different views). B)
Stimulation target region of interest areas (red patches) and E-field orientations (yellow
vectors). The stimulation targets are selected on the precentral gyrus along the motor area.
The multichannel 3-axis coil array can shift the target location and achieve relatively strong
and focused induced E-fields around the desired area without coil movement. The induced
E-field target amplitude was set to 100 VV/m. Black circles show the position on the z
element of the 3-axis TMS units over the subject’s head. C) The coil dI/dt amplitudes
obtained from constrained minimum norm optimization with maximum d//dtset to 50 A/us

for each of the individual x/)/z-elements.
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