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Background: Currently available TMS stimulators have a single channel operating a single coil.
Objective: To outline and present physical and physiological benefits of a novel convenient multi-channel
stimulator, comprising five channels, where the stimulation parameters of each channel are indepen-
dently controllable.
Methods: Simultaneous and sequential operation of various channels was tested in healthy volunteers.
Paired pulses schemes with various inter-stimulus intervals (ISIs) were studied for the hand APB and the
leg AH muscles. Energy consumption and coil heating rates with simultaneous operation of 4 channels
was compared to a single figure-8 coil.
Results: Repetitive operation of separate channels with different stimulation parameters is demonstrated.
The operations of various channels can be combined simultaneously or sequentially to induce multiple
pulses with ISIs of us resolution. A universal pattern of inhibition and facilitation as a function of ISI was
found, with some dependence on coils configurations and on pulse widths. A strong dependence of the
induced inhibition on the relative orientation of the conditioning and test pulses was discovered. The
ability of this method to induce inhibition in shallow brain region but not in deeper region, thus focusing
the effect in the deep brain region, is demonstrated. A significant saving in energy consumption and a
reduction in coil heating were demonstrated for several channels operated simultaneously compared to a
standard single channel figure-8 coil.
Conclusions: The multi-channel stimulator enables the synchronized induction of different excitability
modulations to different brain regions using different stimulation patterns in various channels. Multiple
pulses operation with coils with various depth profiles can increase the focality of TMS effect in deep
brain regions.

© 2014 Elsevier Inc. All rights reserved.

Introduction

have remained largely unchanged since Barker and Jalinous’ orig-
inal device described in the early 1980s [1,2]. A high voltage is

Over the past 20 years, TMS has proved highly successful in
furthering our understanding of the neurophysiology of the brain
and in clinical treatment of neuropsychiatric and neurological dis-
eases. The available stimulating devices are relatively simple and
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rapidly switched and discharged through a capacitor—inductor
circuit giving rise to damped sinusoidal current pulses [3]. These
systems are relatively inefficient [4—6] since only a small percent-
age of the pulse energy is transferred to the target brain tissue. In
repetitive TMS the high currents lead to considerable coil heating
effects that are far from optimal in terms of both hardware and
patient safety. Furthermore, the implementation of TMS is com-
monly limited to the discharge of pulses through a single coil
connected to a single stimulator channel placed on the area of in-
terest. The use of different capacitance values [4,7] or of two
stimulators connected to a single coil [8] to produce various pulse
durations and waveforms was presented in a study and some
commercial devices. A recent analytical study [9] suggested that
some novel near-triangular current pulse shapes may increase
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substantially the efficacy of neural activation. Novel TMS stimulator
topologies were suggested and presented recently [10—12]
enabling to produce near-triangular current pulses with control-
lable pulse durations and amplitudes of the two phases. These
devices were shown to lead to significant reduction in energy
consumption and coil heating. Yet, the ability to “parallelize” TMS
with multiple coil elements should greatly expand the scope and
improve the efficiency of TMS. The idea of TMS coils designed with
multiple stimulation channels was initially described by Ruohonen
[13,14]. In that work, a design of an array of relatively small (<5 cm
diameter) coils was shown by simulation to enable more focal
stimulation. However, this has remained a theoretical concept.
Other coil designs with more than a single coil element have been
proposed [15—22] with advantages of performance, but none have
entered common use. A recent study outlined a method for inde-
pendent control of the relative polarity of various windings of TMS
coils, thus enabling to switch between active and sham modes [23].
In this study, we outline a unique stimulator design with multiple
coils each controlled by a dedicated channel. This system allows
completely independent control of each coil with flexibility to
manipulate any of the host of pulse characteristics, including timing
in resolution of us, amplitude, polarity, frequency and train format.
Based on the additive contribution of multiple energy storage
sources to the total energy and the reduced required current in each
channel, our hypothesis was that connecting several coils (instead
of one) to such a design will lead to substantial improvements in
hardware, coil heating rate and energy efficiency. Another feature
of this novel system is the ability to stimulate simultaneously
various brain regions using different stimulation parameters, such
as frequency, intensity and pulse width, thus inducing differential
physiologic effect in various brain structures. In addition, it is hy-
pothesized that “multi-channel” TMS will foster the development
of new strategies to improve a fundamental limitation of conven-
tional clinical TMS, i.e., focality and depth penetration of the
stimulating field. For example, by exploiting the timing sensitivity
of successive action potentials of a nerve, multiple coils with
different field profiles, such as deep TMS H-coils [24—26], can be
spatially and temporally coordinated to stimulate preferably at
depth. In the present study, a “multi-channel” TMS was constructed
and used in order to examine and present such potential benefits.

Methods
Subjects

A total of 34 healthy volunteers (28 men, 6 women) participated
in the study (mean age 27). Exclusion criteria were: 1) history of
head injury, systemic uncontrolled disease or seizure disorder; 2)
pacemaker, metallic implants, or any other contraindication to TMS
as specified in the safety guidelines for that procedure [27]; 3)
neurophysiological evidence of impairment of central and periph-
eral nerve conduction. The study protocol was approved by the local
Ethical Committee. All subjects gave written informed consent.

Multi-channel stimulator topology

The version of the multi-channel “Multiway” stimulator
(Brainsway, Jerusalem, Israel) designed for these initial studies,
included five independent channels. Each channel can operate a
separate TMS coil. The stimulator circuit topology is shown in Fig. 1.

The control circuit can trigger the gate terminal of each SCR, thus
controlling the timing of operation of each channel, in resolution
of 1 ps.

Different capacitors are included in the various channels: Ca-
pacitors of 180 pF (Channels # 1 and 5), 50 pF (Channels # 3 and 4)

and 25 pF (Channel # 2). This feature allows induction of different
pulse widths in the various channels. The maximal capacitor
voltage at 100% power output in each channel is 2 kV.

The Multiway stimulator has two principal operation modes:

a. Standard pulses

This mode enables simultaneous operation of two to five
channels, where for each channel the stimulation parameters such
as stimulator power output, frequency, train duration, inter-train
interval and number of trains are controlled independently. As a
simple example, a certain coil can be placed over a first brain region
and be operated at high frequency (i.e., 10 Hz) by a first channel,
while simultaneously a second coil may be placed over a second
brain region and operated at low frequency (i.e., 1 Hz) by a second
channel.

b. Pulse group

In this mode, pulses from several channels can be combined. The
parameters for each channel are controlled independently,
including the power output, current polarity and start time in 1 ps
accuracy. Pulses from various channels can be initiated either
simultaneously or sequentially, with delay times ranging from
0—10 ms in increments of 1 ps. Single and repetitive operation of
such pulse groups is available. This mode was used for the paired-
pulse experiments described in this study.

TMS coil arrays

The TMS coils and coil arrays used in this study as well as their
geometrical and physical features are listed in Table 1.

Inductance and resistance of each coil were measured with LCR
meter (Agilent, USA).

Coil arrays are comprised of several independent coils, each
connected to a separate Multiway channel.

The 4-Ch Hand Array (4-HA) was designed to be placed with its
central segment over the hand motor cortex. The central segment
includes windings of all four coils with common direction and
current polarity, in order induce optimal combined effect in the
hand motor cortex. The coils had to be large enough to induce
sufficient field intensity, but not too large in order to allow feasible
placement over the head. Hence the 4-HA coil elements have an
elliptic shape.

The Double Circular Array (DCA) was also designed to be located
over the hand motor cortex. Hence the DCA coils also have an
elliptic shape.

The 4-Ch Modulation Array (4-Mod) and the 4 Ch Modulation
90° Array (4-Mod 90°) were designed to be placed both over the
hand motor cortex (usually at 45° to the central sulcus) and over the
leg motor cortex (usually along the lateral-medial axis). Hence the
larger coils of these arrays (C and D in Table 1) have triangular
shapes to accommodate comfortable placement over both
locations.

All coil arrays were designed with a degree of flexibility to
enable good attachment to different head shapes and sizes.

Comparison between stimulators using a standard figure-8 coil

A standard figure-8 coil (Magstim, UK) with internal loop di-
ameters of 7 cm was used to compare between the outputs of a
single channel of the Multiway stimulator, channel #1 with a 180 puF
capacitor, and a Magstim Rapid? stimulator.

The threshold required to reach a motor activation of the left
hand abductor policis brevis (APB) with the figure-8-coil was
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Figure 1. A schematic drawing of the Multiway stimulator comprised of five channels. In each channel a charger circuit charges a capacitor to the desired voltage. The maximal
capacitor voltage in each channel is 2 kV. The capacitor is discharged into the TMS coil via a bidirectional switch realized by a silicon controlled rectifier (SCR) and a diode in parallel.

Hence a biphasic pulse is induced.

measured when connected to each of the stimulators, for 17 sub-
jects. The motor threshold (MT) was measured using EMG mea-
surements of motor evoked potentials (MEPs) (VikingQuest,
Carefusion, USA). Threshold was defined as the stimulator intensity
required to elicit MEPs of at least 50 puV in 5 out of 10 trials.

The coil positioning method used in all the experiments is
described in the Supplementary material.

Energy comparisons: single channel vs multiple channels

The performance of a standard, single element figure-8 coil
(Magstim) was compared to that of a multi-channel coil with 4
circular elements. The threshold stimulator outputs required to
reach a motor activation of the left hand APB were measured for the
figure-8 coil connected to channel #1 (180 pF capacitor) of the
Multiway, representing standard TMS stimulation, and for the 4-Ch
Hand Array (4-HA), representing potential benefit of the novel
Multiway system. Note that the spatial characteristics of the
induced electric field are different in the two cases. The goal here
was to compare the performance of a single standard coil with that
of multiple coils having similar physical properties (i.e. inductance)
connected to several channels. The connection scheme of the 4-HA
array was the following: elements C and D were connected to
channels # 1 and 5 (180 pF), respectively, and elements A and B
were connected to channels # 3 and 4 (50 pF), respectively. The
pulses of channels # 3 and 4 lagged behind the pulses of channels 1
and 5 by 100 ps. Due to the capacitance difference, this interval
meant that the second phase turning points of the induced trans-

membrane potential (Vi) swing of all the channels were super-
imposed [28]. This is demonstrated in Fig. 2, where the typical pulse
shapes of the coil current, induced electric field and V}, swing are
depicted for the two types of channels.

The power outputs required to reach the MT were measured
separately for each pair of channels, and the amplitudes ratios were
kept constant when searching for the threshold values with the
four channels operated together.

The total energy consumption, coil heat dissipation and induced
Vm swing were calculated in each case for 21 subjects (see
Supplementary material for details and derivations).

Paired pulses modulation with variable intervals and capacitors
combinations

The effect of paired pulses at various inter-stimulus intervals
(ISIs) on hand motor cortex excitability was measured in 24 sub-
jects. The ISI determination followed the standard definition as the
time from the end of one pulse to the onset of the second pulse. The
Double Circular Array (DCA) coil was used for these experiments.
The DCA was located such that one side of the circular-like coils is
over the right hemisphere hand motor cortex, and the other side is
over the contralateral hemisphere. In all cases the first (condition-
ing) pulse was set to 80% of the hand APB MT whilst the stimulation
strength of the second (test) pulse was fixed at a supra-threshold
level (120%) relative to the threshold of hand APB. This corre-
sponds to common parameters to achieve short interval cortical
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TMS coil arrays geometrical and physical features.

TMS coil arrays geometrical features.

Height [cm] Width [cm] Coil element Schematic drawing Name of coil array
7 %2 7 %2 figure-8 coil : 70 mm Double Coil (figure-8)
Inner — 15.5 Inner — 17 A Double Circular Array (DCA)
Outer — 17.5 Outer — 19
Inner — 13 Inner — 13.5 B
Outer — 15 Outer — 15.5
Inner — 20 Inner — 7 A A 4-Ch Hand Array (4-HA)
Outer — 23 Outer — 9
Inner — 17.5 Inner — 4.5 B C
Outer — 20 Outer — 7 \ \
Inner — 19 Inner — 14 C
Outer — 21 Outer — 16
Inner — 16 Inner — 12 D
Outer — 18 Outer — 14
~ D

B
Inner — 5 Inner — 5 A 4-Ch Modulation Array (4-Mod)
Outer — 7 Outer — 7
Inner — 5 Inner — 5 B
Outer — 7 Outer — 7
Inner — 12 Inner — 12/7 C
Outer — 17 Outer — 17/12 °e
Inner — 12 Inner — 12/7 D
Outer — 17 Outer — 17/12

(continued on next page)
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Table 1 (continued )

TMS coil arrays geometrical features.

Height [cm] Width [cm)] Coil element Schematic drawing Name of coil array

Inner — 5 Inner — 5 A 4-Ch Modulation 90° Array (4-Mod 90°)
Outer — 7 Outer — 7

Inner — 5 Inner — 5 B

Outer — 7 Outer — 7

Inner — 12 Inner — 12/7 C

Outer — 17 Outer — 17/12 <

Inner — 12 Inner — 12/7 D

Outer — 17 Outer — 17/12

TMS coil arrays physical features

Inductance [puH] Resistance [mQ] # of windings Coil element Name of coil array

16.9 £ 0.3 60 + 1.0 N/A figure-8 coil 70 mm Double Coil (figure-8)
154 +£03 33+1.0 7 A Double Circular Array (DCA)
159 + 03 328 £ 1.0 8 B

213 +03 44 +1.0 10 A 4-Ch Hand Array (4-HA)

218 +03 46 +£ 1.0 10 B

18.0 £ 0.3 41+ 1.0 10 C

193 £ 03 42 +1.0 10 D

14.6 £ 0.3 34.6 + 1.0 14 A 4-Ch Modulation Array (4-Mod)
147 £ 03 357+ 1.0 14 B

152+ 03 40.6 + 1.0 9 C

15.9 £ 0.3 394 +1.0 9 D

153 +03 353+1.0 14 A 4-Ch Modulation 90° Array (4-Mod 90°)
14.6 + 0.3 362+ 1.0 14 B

14.7 £ 03 403 + 1.0 9 C

15.5+ 0.3 398 +£1.0 9 D

inhibition and facilitation [29,30]. The current polarities of the two
pulses were the same, and the pulses were biphasic.

Four channel combinations were tested: 180/50, 50/180,180/180
and 50/50, where the first and second numbers indicate the
capacitor type (either 50 or 180 pF) in the channel inducing the
conditioning and the test pulse, respectively.

For each capacitors combination, the ISI was varied between
0 and 4500 ps. The following ISIs were used: 0, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1000, 1250, 1500, 1750, 2000, 2250, 2500,
2750, 3000, 3500, 4000 and 4500 ps. The inter-trial interval was at
least 5 s. Each ISI was acquired as a block of five conditioned trials,
followed by five unconditioned trials, and then five more condi-
tioned trials. The order of ISIs was randomized between blocks.
MEP areas from conditioned trials at each ISI and from the uncon-
ditioned trials were separately averaged and the ratio between the
two calculated. Artefactual EMG readings were rejected from the
averaging and the threshold was re-measured when unconditioned
trials indicated a change in corticospinal excitability. Results are
shown in Table S1 in the Supplementary material. The MEP signal
area was measured in each case and the ratio between the condi-
tioned and the unconditioned results was calculated.

Selective inhibition using paired pulses

In order to demonstrate the ability of the Multiway to induce
differential excitability modulation in shallow and deeper brain
regions, the 4-Ch Modulation Array (4-Mod) was used containing
pairs of large and small circular-like coils (see Table 1). The smaller
coil pair (A and BinTable 1) possesses a shallower depth profile than
the larger pair (C and D in Table 1). In 27 subjects, the smaller coils
were connected to channels with 180 pF capacitors and their

stimulation strength was set to 80% of the hand MT whilst the larger
coils were connected to channels with 50 pF capacitors and their
stimulation strength was fixed at 120% relative to the threshold of
chosen target area, either the hand (APB) or the leg (AH, abductor
hallucis) muscles. The MEP signal area was measured in each case. In
all the experiments described in sections 2.6—2.7 ISIs of 200, 400
and 600 ps were used. In a follow up series of trials, the hand was
activated with the conditioning pulse set at 80% of the hand MT
while the test pulse was fixed at 120% of the leg. This mimicked the
effect induced in superficial structures while activating deep brain
structures. The coil orientation for each subject was determined
based on the location of the minimal MT. As expected, the optimal
orientation over the hand motor cortex was found to be at about 45°
to the postero—anterior axis, while over the leg motor cortex it was
found to be along the lateral—medial axis.

Effects of coil orientation and cortical target on
paired-pulse inhibition

In order to obtain additional insight regarding the inhibition
mechanisms, we studied the effect of orientation of the smaller pair
of coils inducing the conditioning pulse. The 4 Ch Modulation 90°
Array (4-Mod 90°) is identical to the 4-Mod Array, except that the
smaller coils A and B are rotated in 90° relative to the larger coils C
and D (see Table 1). Hence with the 4-Mod 90° the neural pop-
ulations affected by the conditioning and the test pulses are likely
to be different, since in general neural response depends on the
neural structure orientation relative to the electric field orientation.

The 4-Mod 90° and 4-Mod Arrays were compared by paired
pulse experiments over hand APB and the leg AH motor cortex
locations. In each case, the stimulation strength of the smaller coils
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Figure 2. A. Coil currents (I1 and 12) and induced electric fields (E1 and E2) for Mul-
tiway channels with capacitors of 180 uF and 50 pF. The pulse of the 50 uF channels
starts 100 ps after the pulse of the 180 pF channel. B. Swings in the neural trans-
membrane potential Vi, induced by the two TMS pulses. Vi, T indicates the total change
in Vi, induced by the combination of the two pulses. Note that the minima of the 2nd
phase of the two V;,, swings coincide.

was set to 80% of the relevant MT whilst the stimulation strength of
the larger coils was fixed at 120% of the relevant MT. The coil ori-
entations for each subject were the same as in the experiments
described in Section 2.6.

Simultaneous multi-channel operation of repetitive pulses

The ability of the Multiway to produce realistic repetitive op-
erations of several channels with different stimulation parameters
was tested. The 4-HA various coils were connected to various
stimulator channels, and several protocols of repetitive operation
were programmed and operated. The 4-HA coils were attached to a
head model, and the electric field of each pulse was measured and
recorded.

Measurement of electric field

For all the experiments and protocols, the induced electric field
pulse characteristics, including amplitude, pulse width and inter-
pulse intervals were measured as described previously [13] (see
Supplementary material for details).

The depths of stimulation site for the hand APB and leg AH were
determined by intersection points of Vy, profiles of the small coil
pair (A and B in Table 1) and the large coil pair (Cand D in Table 1) of
the 4-Mod Array in a method presented previously [31,32] (see
Supplementary material for details).

Statistical methods

Paired t-tests were used to compare threshold measurements
and energy calculations. Measurements that were further than 1.5
times the inter-quartile range (IQR) from the lower and upper
quartile points were considered as outliers.

For the paired pulse experiments with the DCA coil, a mixed
models approach was conducted to explore the impact of the ISI and
the capacitor combination on the MEP area in the paired pulse ex-
periments carried out with the DCA array. This model was used since
not all of the subjects received all of the 4 capacitor combinations and
the model is much more tolerant to missing values than the GLM
approach. Both ISI and capacitor combination were treated as
repeated measures with a covariance type defined by compound
symmetry (constant variance and constant correlation). In addition,
the capacitor combination was treated as a fixed effect (with a fixed
mean over the subjects), while the ISI was defined as a random effect
(with inter-individual variation about the mean defined by a variance)
for individual slope and intercept values with correlation between
them defined by the scaled identity (constant variance, no covari-
ance). A P-value of <0.05 was considered as statistically significant.
Mean values are quoted together with standard errors (+SE).

A mixed models approach was also conducted to explore the
influence of ISI and coil orientation on the MEP area in different
cortical areas in the 4 channel array coils. ISI, orientation and
cortical target were treated as repeated measures with a covariance
type defined by compound symmetry (constant variance and con-
stant correlation). In addition, the ISI, orientation and cortical target
were treated as a fixed effect (with a fixed mean over the subjects).

Results

Most of the subjects tolerated well the stimulation sessions. One
non-TMS related adverse event was reddening of the nose of one
subject. The treating physician confirmed this was due to allergic
response from an insect bite. No other adverse events were reported.

Comparison between stimulators using a figure-8 coil
The MTs of the left hand APB were measured in 17 subjects using
a figure-8 coil connected to either the Magstim Rapid? or channel

#1 of the Multiway (Fig. 3). The corresponding stimulator voltages
for threshold were very similar (2-sided paired t-test, no significant

1200

1150

1100 I I

1050

1000

V (threshold)

950 Rapid2 Multiway
900

850

800

Figure 3. Comparison of motor thresholds using Magstim Rapid®> and Multiway
stimulators with a figure-8 coil. Shown are means =+ SE of stimulator voltage corre-
sponding to motor threshold in the right hand APB muscle of 17 subjects.
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Table 2
Summary of results of all the experiments at motor threshold.
Coil array Coils/capacitors combination Pulse width [us] MT [%] Enr [V/m]? Vi [mv]° Wi []] Qr[J]
1 70 mm Double Coil (figure-8) figure-8 coil — >180 345 55+ 1 74 19.21 111 +5 79 + 4
2 4-Ch Hand Array (4-HA) CD - 180 360 CD:20+1 73 18.60 51+2 24 +1
AB —50 AB:31+1
3 C—180 360 C:37+1 83 20.80 91+7 42 +3
A—50 A:61 +2
4 C—180 360 53+1 58 17.54 111+ 4 52+2
5 Double Circular Array (DCA) A—180 331 48 +1 62 18.08 83+3 42 + 2
6 B — 180 336 39+1 51 14.96 55+3 27 £1
7 A—50 175 80+ 1 89 15.43 64 +2 20+ 1
8 B - 50 178 67 +1 85 15.17 45 +1 13.7 £ 04
9 4-Ch Modulation Array (4-Mod) A,B — 180 Hand 355 51+1 64 17.79 187 +7 101 + 4
10 C,D — 50 Hand 180 39+1 106 18.20 30+ 2 11.0 £ 0.6
11 C — 50 Hand 180 78 +£1 117 19.66 61+1 225+ 0.6
12 AB — 180 Leg 355 90 + 2 67 18.52 583 + 26 315+ 14
13 CD — 50 Leg 180 57 £1 112 19.07 65+ 2 24 + 1

2 Measured E at threshold at depth of 2 cm (hand) or 3 cm (leg).
b Calculated Vy, at threshold at depth of 2 cm (hand) or 3 cm (leg).

difference, P = 0.72). This confirms that the Multiway can be used to
drive standard single-channel coils with identical performance to a
conventional stimulator.

Single channel vs multiple channels: Energy consumption and
heat dissipation

Table 2 summarizes the results of all experiments and coils/
capacitors combinations at the average threshold for motor acti-
vation, including pulse width, stimulator power output in each
channel, energy consumption, heat dissipation, the electric field
measured in a head model at appropriate depths of hand and leg
areas (2 cm hand APB) or 3 cm (leg AH), and the corresponding
calculated Vj, at these locations.

The depths were determined based on the interception points of
the Vi, plots for the small and large coil pairs of the 4-Mod Array
(Fig. S1 in the Supplementary material). The calculated values were
1.68 + 0.33 cm and 2.67 + 0.63 cm for the hand and leg, respec-
tively. The obtained threshold V values were very similar
(19.5 £+ 4.0 mV for the hand; 20.8 & 6.4 mV for the leg).

As can be seen from Table 2, the threshold V,, seems to be
uniform across experiments within 10% variability (17.9 + 1.8 mV,
mean =+ SD).

Maps of distribution of electric field and Vy, for all coils/capac-
itors combinations at threshold are shown in Fig. S2 in the Sup-
plementary material. It can be seen that while the electric field
values vary significantly between the experiments, the threshold
Vm value at the relevant motor cortex site is quiet constant.

The performance of a standard figure-8 coil was compared to
that of a multi-channel coil with 4 circular elements (the 4-HA
Array, see Table 1) in 21 subjects. Fig. 4A indicates that a substan-
tial reduction in energy consumption of 54% was enabled with use
of the 4-channel coil array (51 =+ 2 ] for the 4-HA Array compared to
111 4+ 5] for the figure-8 coil). The difference between groups was
significant (P < 0.0001, 2-sided paired t-test).

The results shown in Fig. 4B indicate a reduction of 70% in the
energy dissipated as heat with use of the 4-channel coil array
(24 £ 1 ] for the 4-HA Array compared to 79 + 4 | for the figure-8
coil). The difference between groups was significant (P < 0.0001,
2-sided paired t-test).

From rows 10—11 in Table 2 comparing single or a pair of similar
coils connected to channels with the same capacitance, it can be
seen that the energy consumption and heat dissipation reduce
twofold when using two channels. Comparing lines 2—3 in Table 2

we see 44% reduction in energy and 43% reduction in heat dissi-
pation when using 4 channels compared to 2 channels.

Paired pulses modulation with variable intervals and capacitors
combinations

For all capacitor combinations a similar modulation pattern
induced by paired pulses was obtained. In Fig. 5 are plotted the
averaged ratios of paired pulse/single pulse MEP area obtained from
hand APB as a function of ISI for the various capacitor combinations.

A 140 -

120 +

100 -
80 -

605 . Fig.8

40 -

Capacitor energy (j)

20 | 4 channel

0

100 +

80 - I

60 -

40 | Fig. 8

20 A

Energy dissipated in resistance 03
©)

4 channel

0

Figure 4. Comparison of energy stored in the stimulator capacitor (A) and of energy
dissipated as heat in the coil (B) at threshold for standard single channel and novel
4-channel coil array designs on the Multiway system. Averages over 21 subjects are
shown from measurements of motor threshold in the right hand APB muscle.
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Figure 5. Excitability modulation induced by paired pulses for the hand APB as a function of inter-stimulus interval (ISI), using the DCA Array, for 4 capacitor combinations. The
y axis represents the ratio in MEP area between paired pulses and a single test pulse operation. In all cases the conditioning pulse amplitude was at 80% of MT, and the test pulse was

at 120% of MT. Shown are means + SE for 24 subjects.

Each point in the graph represents the mean and SE over 24 sub-
jects for a certain ISI and capacitor combination.

As can be seen in Fig. 5, a cyclical pattern of relative inhibition
and facilitation was observed. There is a clear facilitation at ISI = 0
(i.e., when the test pulse starts immediately at the end of the con-
ditioning pulse). This is followed by a relative inhibition at an ISI of
400—600 ps, and a period of relative facilitation at 1—1.75 ms. At ISIs
of 2.0—3.5 ms, some inhibition can be observed for certain capacitor
combinations. There was a considerable degree of inter-subject
variability in the locations of the ISI periods of inhibition and
facilitation. Therefore, the observed minima and maxima in the
averaged signal curve demonstrate the strength of this pattern.

Mixed model testing showed a significant effect for capacitor
combination (F = 8.494, P = 0.00014) and ISI (F = 11.468,
P < 0.0001) and also for the interaction term, (Capacitance x ISI)
(F= 1497, P = 0.008).
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Note that with the experimental setup of this stage, using the
DCA, after averaging overall subjects the strongest “inhibition” was
actually a ratio of about 0.7—0.8. The 50/50 combination yielded on
average the weakest inhibition.

The test pulse MEP areas obtained during the paired-pulses
experiments are summarized in Table S1 in the Supplementary
material. It can be seen that within-subject variability is much
smaller than between-subject variability.

Selective inhibition using paired pulses

A significant inhibition was found for the paired pulses experi-
ments with the conditioning pulse amplitude at 80% and test pulse
amplitude at 120% of the hand APB MT, using the 4-Mod Array. The
results for ISIs of 200, 400 and 600 ps are shown in Fig. 6A for 27
subjects.

B 1.20

1904

200 400

IS1 [usec]

600

Figure 6. Excitability modulation induced by paired pulses at ISIs of 200, 400 and 600 ps, using the 4-Mod Array. The y axis represents the ratio in MEP area between paired pulses and a
single test pulse operation. A. For the hand APB muscle, with the conditioning pulse amplitude at 80% and the test pulse at 120% of the hand APB MT. Shown are means =+ SE for 27
subjects. B. For the leg AH muscle, with the conditioning pulse amplitude at 80% of the hand APB MTand the test pulse at 120% of leg AH MT. Shown are means = SE for 27 subjects. C. For
the hand APB muscle, with the conditioning pulse amplitude at 80% of the hand APB MT and the test pulse at 120% of leg AH MT. Shown are means =+ SE for 15 subjects.
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Figure 7. Excitability modulation induced by paired pulses at ISIs of 200, 400 and 600 ps, for the hand APB muscle using the 4-Mod Array (A, n = 27), the leg AH muscle using the
4-Mod Array (B, n = 27), the hand APB muscle using the 4-Mod 90° Array (C, n = 21) and the leg AH muscle using the 4-Mod 90° Array (D, n = 19). The y axis represents the ratio in
MEP area between paired pulses and a single test pulse operation. In all cases the conditioning pulse amplitude was at 80% and the test pulse was at 120% of the relevant muscle MT.

The results for paired pulses applied over the leg motor cortex
and measured at the leg AH muscle, with the conditioning pulse
amplitude at 80% of the hand APB MT and the test pulse amplitude
at 120% of the leg AH MT, are shown in Fig. 6B.

At any IS], the difference in the paired pulses inhibition between
the hand and the leg is significant (P < 0.0001, paired t-test). While
for the leg there was almost no inhibition, for the hand there is a
strong inhibition which peaks at ISIs of 400—600 ps.

The results for paired pulses applied over the hand motor cortex
and measured at the hand APB muscle, with the conditioning pulse
amplitude at 80% of the hand APB MT and the test pulse amplitude
at 120% of the leg AH MT, are shown in Fig. 6C.

Effects of conditioning pulse orientation and motor cortex site on
paired-pulse inhibition

The results of the paired pulses experiments measured at the
hand APB and the leg AH muscles, with the 4-Mod and the 4-Mod
90° Arrays, are presented in Fig. 7. The number of subjects in each
experiment is denoted at the figure legend.

The experiments results are summarized in Table 3.

Repeated measures 3-way mixed model revealed significant
dependence on ISI (P < 0.001) and on orientation (P < 0.001), and
significant limb x orientation interaction (P = 0.016). The limb x ISI
interaction revealed a trend toward significance (P = 0.083).

In all cases average ratios of much less than 1 were found
indicating strong inhibition. The maximal inhibition when using
the 4-Mod 90° Array occurred at ISI of 400 ps, while for the 4-Mod
Array over both the hand and the leg the results for ISIs of 400 and
600 us were very similar.

Table 3
Excitability modulation results with paired pulses over hand APB and leg AH
motor cortex.

Coil array Muscle ISI = 200 pus ISI = 400 pus ISI = 600 pus
4-Mod Array Hand APB  0.61 + 0.03 0.32 £ 0.02 0.28 + 0.02
Leg AH 0.61 + 0.04 0.44 + 0.03 0.46 + 0.03
4-Mod 90° Array ~ Hand APB  0.53 + 0.03 0.16 + 0.01 0.23 +0.02
Leg AH 0.38 +0.03 0.14 £ 0.01 0.22 +0.02

Interestingly the use of the 4-Mod 90° Array where the orien-
tation of the small coils pair inducing the conditioning pulse was at
90° to the larger coils pair inducing the test pulse resulted in
significantly stronger inhibition.

The limb x orientation interaction term originated from the
orientation dependence which was found to be stronger for the leg.

Simultaneous multi-channel operation of repetitive pulses

The operation parameters are described in Table 4.

The stimulator power output values used were at levels of about
120% of the average hand APB MT of each coil, as found in Section
3.2. All the trains were successfully produced as programmed. All
output characteristics were produced in accord with the pro-
grammed parameters, with variability of 2.1%, 1.6% and 0.7% for the
electric field amplitude, pulse width and inter-pulse interval.

Discussion

The novel Multiway multi-channel stimulator demonstrated
simultaneous, sequential and repetitive operation of 2—5 channels,
each operating a different coil, with variable stimulation parame-
ters such as frequency and intensity.

This novel stimulator design opens the way for a broad range of
clinical applications as well as neuroscience investigations. As a
representative example, several imaging [33,34] and TMS [35]
studies indicate that the role of the prefrontal cortex (PFC) in ma-
jor depression disorder (MDD) is asymmetric, with relative hypo-
activity in the left PFC, along with relative hyperactivity in the right
PFC. This claim is supported by clinical data of several rTMS studies
which found that MDD patient can benefit from antidepressant
effect following excitatory high-frequency rTMS over the left PFC as
well as following inhibitory low-frequency rTMS over the right PFC
[36—38]. The multi-channel stimulator can be used to apply both
I'TMS treatment paradigms simultaneously and thus may enhance
the clinical benefit. Similarly, other psychiatric and neurological
diseases share multi-factorial nature, such that modulation of
various components of the disease network will aid treatment
efficiency.
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Table 4
Operation parameters for multi-channel repetitive pulses experiments.

Coil array: 4 Ch Hand Array (4-HA)

Channel Capacitance [pF] Coil Power [%] Frequency [Hz] Train duration [s] Inter-train interval [s] No. of trains Session length [min]
Protocol #1

1 180 C 55 20 20 55 20.2
3 50 A 90 1 1200 - 1 20
4 50 B 90 5 16 70 233
5 180 D 55 10 20 55 22
Protocol #2

1 180 C 55 20 20 80 293
3 50 A 90 1 2400 - 1 40
4 50 B - - - - - -

5 180 D - - - - - -

In addition, temporal combinations of differently shaped pulses
can be combined to create complex pulse trains that can manipu-
late neuronal characteristics to enhance specific network effects.
Even though the initial implementation of the stimulator used
biphasic pulses, relatively simple modifications will allow the
generation of monophasic pulses which can be combined in these
pulse groups.

The integration of the rMT results and the phantom electric field
measurements of two pairs of coils with very different dimensions
and field decay profiles, yielded results of depths of stimulation
sites which are in good agreement with previous studies reports
regarding the hand [31,32,39] and leg [39] motor cortex. Previous
studies [31,32,39] used identical capacitances and coils with similar
inductances and obtained crossing points derived from plots of the
electric field. In the case of this study the capacitances and in-
ductances (hence the pulse widths) were very different for the two
coil pairs. Therefore, the induced electric field intensities at the
threshold of motor response were different. Yet the crossing points
of the plots of the calculated change in trans-membrane potential
yielded similar results for the hand and for the leg (Fig. S1 in the
Supplementary material). The results of all the experiments (as
summarized in Table 2) indicate that the critical change in the
trans-membrane potential (Vi) required to induce motor response
is fairly uniform over different cortical targets and coil character-
istics. This finding is equivalent to the neural characteristics as re-
flected in the strength—duration curve [40].

The obtained values for V,, should not be taken as accurate es-
timations, but rather as comparative assessments of the variability
in V, in various experimental conditions.

The overall results indicate the well-known feature [4] that
briefer TMS pulses produced by smaller capacitance circuits require
less energy and have reduced heating rate even though they require
higher capacitor voltages and currents to reach threshold. Simul-
taneous activation of four channels demonstrated reduction of 54%
and 70% in energy consumption and heat dissipation, respectively,
compared to a single channel operating a standard figure-8 coil.
Comparison of channels with identical capacitors and similar coils
found that doubling the number of channels operating simulta-
neously reduced the required energy consumption and heat dissi-
pation by about 50%. This benefit results from the fact that when
several coils are operated simultaneously via separate channels, the
required capacitor voltage and coil current in each channel are
substantially reduced. Note that the spatial and temporal charac-
teristics of the induced electric field were different, and in general
the field intensity induced by several coils using the same total
energy consumption is higher compared to a single coil, and this
contributed to the advantage of the multi-channel scheme. Com-
parison of single and multi-channel setups with identical field
characteristics can be done by comparing several coils connected to
separate channels, with the same coils connected in series to a

single channel. In the latter case the total inductance, resistance and
pulse width are higher, the electric field intensity required to reach
threshold of neural stimulation is smaller, and calculations using
Egs. 14, 1 and 9 in the Supplementary material indicate that the
multi-channel scheme is advantageous in energy consumption and
heat dissipation.

These improved performance characteristics significantly extend
the ranges of attainable stimulation intensity and/or frequency
relative to currently available single-channel TMS stimulators and
therefore expand the use of brain stimulation both in neuroscience
and for clinical applications.

This study focused on the characteristics of the multi-channel
stimulator compared to a single channel operation using the
commonly-used biphasic pulses. It is reasonable to assume that
combining the multi-channel device with other pulse shapes which
were shown to improve efficacy [9—12] can lead to further reduc-
tion in energy requirements and coils heating rate. These promising
possibilities should be addressed in future studies.

In the Pulse Group mode of the stimulator, the multi-channel
stimulator demonstrated production of paired-pulses (or multiple
pulses) with inter-pulse timings controlled at a resolution of 1 ps. The
device enables for the first time to study paired-pulses effects with
ISIs in the sub-millisecond regime. Using biphasic pulses with
different capacitors combinations, a universal pattern was found
independent of pulse width, with strong facilitation at ISI of O ps,
followed by some inhibition which peaks at ISI of 400—600 ps. A
strong facilitation was detected at ISIs of 1-1.5 ms, and another
relative inhibition peak at ISIs of 2—2.25 ms. A dependence of the
signal waveform on capacitor combination was found, and visually it
was observed that the 180/50 and 180/180 combinations yielded
stronger inhibition, while the 50/50 combination gave practically no
inhibition. It therefore seems that the pulse width, especially of the
conditioning pulse, has some effect on the neural response. The
excitability modulation is probably dependent on the coils configu-
rations and the exact neural populations affected by the conditioning
and the test pulses. With the DCA, where the conditioning and the
test pulses are produced by adjacent circular coils with very similar
topology, position and orientation, the maximal relative inhibition
gave a ratio of around 0.8, while for most other ISIs, various degrees
of facilitation were observed. This can be contrasted to the 4-Mod and
4-Mod 90° Arrays, for which the conditioning and test pulses are
produced by small and large figure-8 like configurations, respec-
tively, a strong absolute inhibition was found for both the hand APB
and the leg AH muscles for the ISIs that were employed
(200—600 ps). This inhibition was orientation-dependent for both
muscles, with a significantly stronger inhibition found for the 4 Mod
90 design (with conditioning coil pairs oriented at 90° to the test
pulse coil pair). Moreover, this effect was stronger for the leg AH.

Interestingly, Ziemann and colleagues [30] found using mono-
phasic pulses that the short interval intracortical inhibition (SICI)
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induced with ISIs of 1-5 m at the hand abductor digiti minimi
(ADM) was independent of the relative orientation of the condi-
tioning and test coils. In contrast, for intracortical facilitation (ICF)
at ISIs of 7—15 ms, the author found that the effect was dependent
on the relative orientation of the coils. This result is partially in
accord with our findings for inhibition at the hand APB where the
orientation dependence was significant for ISI of 400 ps but not for
ISIs of 200 and 600 ps. The cohort of the results seems to indicate
that several mechanisms are involved in the excitability modulation
processes. At ISI of O us there is a residual effect of the first pulse on
the transmembrane potential Vi, as can be seen in Fig. 2. In our
scheme of a conditioning biphasic pulse of 80% of MT followed by a
test biphasic pulse of 120% of MT, this residual effect leads to an
increase of around 15% in the absolute value of the maximal V,
change in the first phase of the test pulse, which becomes similar to
the maximal value in the second phase. Generally, when biphasic
TMS pulses are used, at any specific neuronal site, depolarization
occurs in one phase and hyperpolarization in the other [41], but the
increased change in Vy, in the first phase may lead to recruitment of
additional neuronal sites which experience depolarization during
the first phase. This mechanism may explain the significant facili-
tation shown at ISI of 0 us. Obviously the use of different intensities
of the conditioning pulse, or of different pulse shapes (such as
monophasic) may lead to different results, and this must be in-
vestigated in future studies.

The apparent dependence on coils configurations suggests
involvement of several mechanisms in the excitability modulations.
For instance, there may be a universal inhibitory mechanism
resulting from axonal refractoriness at ISIs <1 ms, in addition to
facilitation induced by the residual effect of the first pulse. This
facilitation may be stronger for configurations like the DCA where
the conditioning and the test pulses are produced by coils with very
similar topology and most probably affect similar neural pop-
ulations. A similar mechanism may be responsible for the stronger
inhibition found with the conditioning pulse orientation at 90° to
the test pulse. The inhibition dependence on the conditioning pulse
orientation was significantly stronger for the leg AH compared to
the hand APB. This may result from differences in morphology and
directional variability of the neural structures in the hand and leg
motor cortex, or may suggest that different cortical inhibitory and
facilitatory mechanisms are involved at the different motor sites.
Indeed, several studies [42—46] point to the conclusion that the two
peaks of inhibition observed with classical SICI experiments using
monophasic pulses with figure-8 coils, at ISIs of 1 and 2.5 ms, result
from different physiological mechanisms. The “early” inhibition at
1 ms is believed to be either a result of axonal refractoriness [43] or
a synaptic process that differs to the one that causes the later in-
hibition [44,45]. Future studies with the Multiway using different
pulse shapes including monophasic pulses with a control over the
relative polarities of the conditioning and the test pulses may help
to separate the various morphological, physiological and functional
factors involved and unravel the underlying mechanisms.

When operating simultaneously several channels, one must take
into account the magnetic coupling between coils which lead to
mutual inductance and can affect the pulse shape and induced field
intensity [15]. As was done in this study, overlapping coils should be
connected to channels with identical capacitance to reduce inter-
action between channels.

The independent operation and temporal resolution of the
various channels of the Multiway enables differential excitability
modulation of different neuronal sites. This feature was demon-
strated using conditioning and test pulses with ISIs of 400—600 ps
produced by coils with different field decay profiles, and inducing
strong inhibition at shallow cortical layer (hand motor cortex) and
almost no inhibition at deeper region (leg motor cortex).

The ability to stimulate deeper neuronal structures using TMS
was demonstrated in recent years using the deep TMS H-coils
family [24—26], and has been found to provide promising potential
benefit for the treatment of various brain disorders [47—51].
Operating the multi-channel stimulator with various TMS coils
including H-coils in a spatially and temporally coordinated fashion
may enable to increase the focality of deep TMS effect. Trains of
such groups of paired pulses or multiple pulses can be applied in a
repetitive TMS protocol, thus potentially enhancing the safety, ef-
ficacy and flexibility of the modality for a broad range of neuro-
logical and psychiatric disorders.
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