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Abstract

Background: Transcranial magnetic stimulation (TN rapidly expanding technology

utilized in research and neuropsychiatric treatmeYiet, conventional TMS configurations

affect primarily neurons that are aligned pardtbethe induced electric field by a fixed caoil,
making the activation orientation-specific. A nowatthod termed rotational field TMS

(rfTMS), where two orthogonal coils are operatethvei 90° phase shift, produces rotation of the
electric field vector over almost a complete cyelegd may stimulate larger portion of the
neuronal population within a given brain area.

Objective: To compare the physiological effectsfdoMS and conventional unidirectional TMS
(udTMS) in the motor cortex.

Methods: Hand and leg resting motor thresholds (;Mfid motor evoked potential (MEP)
amplitudes and latencies (at 120% of rMT), weresuead using a dual-coil array based on the
H7-coll, in 8 healthy volunteers following stimuta at different orientations of either udTMS
or rfTMS.

Results: For both target areas rfTMS produced Bagmtly lower rMTs and much higher MEPs
than those induced by udTMS, for comparable ind@tectric field amplitude. Both hand and
leg rMTs were orientation-dependent.

Conclusions: rfTMS induces stronger physiologi@ef$ in targeted brain regions at
significantly lower intensities. Importantly, givéime activation of a much larger population of
neurons within a certain brain area, repeated egiin of rfTMS may induce different
neuroplastic effects in neural networks, openingshoesearch and clinical opportunities.
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Introduction

Transcranial magnetic stimulation (TMS) is a nowasive technique where a transient current
pulse is passed in a coil placed on the scalpcindielectric field that can activate neurons in
the underlying brain tissue (1). The ability to Aiamasively and safely modulate neural activity
with a high degree of temporal resolution has tedrtique and important developments in
various fields of diagnostics (2) and neuroscigi®3eMoreover, the ability of repetitive TMS
(rTMS) to induce long-term neuroplastic changethaexcitability and connectivity of relevant
brain circuits bears great promise as a therapeugcovention for various neuropsychiatric
indications (3, 4). rTMS is now extensively useggychiatric treatments following large
double-blind placebo-controlled (DBPC) multicentls (5-8) that led to US Food and Drug
Administration (FDA) clearance for the treatmentradjor depressive disorder (MDD) with
figure-8 or H1 TMS coils and for the treatment bkessive-compulsive disorder (OCD) with the
H7 TMS coil. The figure-of-8 and the H-coils differ with regaadthe generated electric field,
such that the figure-of-8 induces a focal and dupat electric field underneath the coil, while
the H-coils allow deeper and broader penetratioglexftromagnetic stimulation into the brain

(9).

For any TMS coil, the neural response is influendesanatically by the coil current polarity
and orientation relative to the brain tissue molpgp (10-12). In the cortex, neural stimulation
occurs in general at points where the axon is lghtal the TMS electric field and bends away
from it (13-17). Hence, the most likely sites afrgilation are points of bend, branching, axon
initial segments or axon terminals in axons parédiehe induced electric field (18).
Furthermore, the current polarity along the nerxis & crucial, as for a certain polarity a
membrane depolarization will occur, which aboveitical value may lead to neural stimulation.
On the other hand, the opposite polarity will lt@aenembrane hyperpolarization which reduces
the chance for stimulation (18). Hence, in conwerdl unidirectional TMS (udTMS) the effect
is limited to mainly structures aligned parallekhe induced electric field, and only a small
portion of the neural population in each brain oags activated. Moreover, inter-individual
variability in specific brain morphology may sigiceintly affect the induced electric field
distribution (19), and this may at least partiakplain the great observed variability in
excitability modulation magnitude and even directad effect (20) and the variability in clinical
outcomes.

A recent study (21) presented a novel method, @moiational field TMS (rfTMS), where
two orthogonal coils are operated with a 90° pl=si between them. Hence, the generated
electric field vector of rfTMS is circularly polaied and rotates over an almost complete cycle
and thus affects neural structures in various tatens. In the current study we utilized a coll
array based on the H7 coil, and tested rfTMS effeathuman hand and leg resting motor
threshold (rMT), as well as supra-threshold motaked potential (MEP), in comparison to
udTMS in various orientations.



Materials and methods
Participants

Eight healthy volunteers (1 female; mean age 323l#years) were enrolled in the study.
Participants were screened for safety contraindieatfor TMS (22). The experimental
procedures were approved by and in accordancetingtlocal Helsinki ethics committee of
Soroka-Ben-Gurion Medical center. All participagts/e informed consent prior to the study.

TMS

A novel dual-channel deep TMS system was built,(2&h capacitance of 180 uF on both
channels, producing biphasic pulses. They wereeaxied to a specially designed coil array that
comprises the H7 coil (5) as the lower colil, within induced field along postero-anterior (P-A)
axis, and an upper coil in an orthogonal orientatiad a matched inductance of 14 pH
(Brainsway, Jerusalem, Israel). A sketch of thé @way over a human head is shown on Fig. 1a,
and an image of the array is shown in Fig. 1b.

INSERT FIG. 1
The exact timing and current polarity of the twasavere controlled, as detailed below.
The experiments were done in three settings:

a.Unidirectional operation: udTMS was produced by either operating each epésately, or
simultaneously with no phase shift, in all polagtymbinations. This led to udTMS in eight
orientations 45° apart, with angle 0° defined a&sitiduced current in the brain during the first
stroke of the biphasic pulse directed along therastposterior (A-P) axis. Hence, the induced
current during the second, larger biphasic pulsief was P-A. Angle 90° was defined as the
induced current in the brain during the seconckstiaf the biphasic pulse is left-right (lateral-
medial (L-M) on the left hemisphere).

b. Rotational field operation: Operation of the rfTMS coil array where the uppeit is

operated with a lag of a quarter of a cycle afterlower coil (Fig. 2a), thus inducing a rotational
field. fTMS was implemented with four polarity t#a of the two coils in the array, where in
each state a different 270° portion of the phaseesmwas spanned by the field vector (Fig. 2b).
The polarities were induced such that during tloeise stroke of the biphasic pulse by the lower
and upper coils the induced current in the brais RaA and L-M (left-right on the left
hemisphere))—), A-P and M-L (<), P-A and M-L {<), or A-P and L-M (—), respectively
(Fig. S1).

INSERT FIG. 2



The order of the udTMS and rfTMS conditions (12estaoverall) was randomized so that half of
the subjects started with a udTMS measure whilether half started with a rfTMS measure,

the first angel was selected so as to be diffdrenm the one selected in the previous subject, and
subsequent angels were clockwise in half of subjaetl anti-clockwise in the other half.

c. Two cailsin parallel operation: Operation of the coil array with the two coils maythe

same orientation, with induced field in the braimidg the second stroke of the biphasic pulse in
the P-A orientation, where the upper coil is opegtavith a lag of a quarter of a cycle after the
lower coil (Fig. 3). The pulses of the two coilg diphasic, hence, a conventional unidirectional
electric field is induced, but with pulse duratioinl.25*(the cycle time of a single coil). This
setting was tested in order to see if there isedfect of merely lengthening the pulse duration.

INSERT FIG. 3
EMG measurements

The right hand abductor policis brevis (APB) arghtileg tibialis anterior (TA) rMT were
measured with electromyography (EMG) (VikingQué&srefusion, USA; band-pass filtered 2-
10kHz, digitized at 10kHz; surface EMG electrodewi@ien KittyCat, Dublin, Ireland; arranged
in belly-tendon arrangement over each muscle)doditions a and b above. Pulses were
administered with intervals of at least 4 secoitiseshold was defined as the stimulator
intensity required to elicit MEP of at least 50 V5 out of 10 trials. The subjects were asked to
maintain their muscles at rest throughout the ptoc= For both the APB and the TA muscles,
the coil array was positioned with the lower H7l edng A-P axis and the upper coil along
lateral-medial (L-M) axis, and the optimal spottbe scalp for motor stimulation with the H7
coil was localized. Positioning was carried ouhgsa cap to which was attached a 5-mm
resolution grid. A transparent navigation striptbe coils array was used to maneuver to the
correct location on the grid. This enabled locatbthe optimal spot for motor stimulation, and
maintenance of stable position and orientationughout the procedure. After hot spot
localization, the coil array was attached to thadheith a series of straps, and rMT was
determined for all orientations by changing curgoiarities in the two coils, without moving
the array. In all the rfTMS and udTMS conditiorts tatio between the intensities of the two
coils was kept constant so that they induced ideahélectric field at the relevant motor cortex.
Simultaneous operation of the two coils with certaolarities resulted in udTMS along an
oblique axis (at angles 45°, 135°, 225° or 3157 }hkese conditions, an electric field is induced
along the oblique axis with an amplitudex@*the amplitude of one of the coils. Operation with
a lag of ¥ cycle of the upper coil after the lowetl led to rfTMS. Since the ratio between the
intensities of the two coils was kept constanted they induced identical electric field at the
relevant motor cortex, the electric field amplitudas constant during the rotation, and identical
electric field amplitude was induced at each dioectDuring the process of rMT determination
in all the different udTMS and rfTMS combinatiotise ratios of intensities of the upper and
lower coils were kept constant so that the twoscimitluced the same electric field at a depth of
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1.5 cm for the hand rMT measurements, and a dd@tbam for the leg rMT measurements
(23, 25), as measured in a phantom head modelKBbudTMS at angles of 45°, 135°, 225°
and 315° the intensities of the two coils were pedlwhile maintaining the same ratio, until the
motor threshold was reached. Thus, it was guardritest the two coils induced the same
electric field at the relevant motor cortex. Foglas of 0°, 90°, 180° and 270° the intensity of
one coil was gradually reduced until rMT was defaed. In each condition, the rMT was
calculated relative to the condition of the loweil at angle 0°, based on the ratio of the total
electric field induced (at rMT) at the relevant motortex. In addition to rMT determination, we
measured for each condition the amplitude and ¢gtehMEP evoked at a stimulator output of
120% of the rMT with the single H7 coil orientedPA¢angle 0°). For each rfTMS and udTMS
condition, the intensities were matched to indutelactric field of 120% of the field induced
by the lower H7 coil oriented A-P, at threshold. RBreas were averaged over 5 trials for each
case, with inter-trial intervals of 4 seconds. Twas done for both the hand and the leg. All
results of rMT and MEP are given as % of the vahfate lower H7 coil oriented A-P.

Measurement of electric field

The induced electric field amplitudes of the lovaad upper coil, and of operation in setting ¢
above, where the coils are parallel — rather thrfiogonal - and the upper coil is operated with a
lag of a ¥4 of a cycle after the lower coil, wereasgred as described previously (26), and the
induced changes in neural trans-membrane potéhtiaind energy consumptionf\Were
calculated (see Supplementary material for defails) compared to those of fTMS$). The
results at the depths of the hand (1.5 cm) an@2&gcm) motor cortex were combined with
measurements of hand APB and leg TA rMTs in the $bates.

Statistical analysis

Comparisons were done with repeated measures AN®@¥Acondition (rfTMS vs udTMS) as

a factor. Post-hoc tests were carried out usingyskest. Since in each rfTMS polarity state a
different 270° portion of the phase space is spatyethe field vector, while for a “perfect”
rfTMS the whole 360° of the phase space would la@ised, in cases where repeated measures
ANOVA found significant effect, paired comparisomnere made between the condition of
rfTMS and the unidirectional condition that ledtb@ lowert rMTs or highest MEPs. Paired
comparisons were done with paired t-test where abiyrtest was passed, and with Wilcoxon
test in cases where the normality test failed. Nityntests were done with Kolmogorov—
Smirnov (K-S) testMean values are quoted together with standarde(tSE).

Results

rfTMS applied in the present study was safe anchdidnduce seizures. Four of the subjects
reported differing degrees of local but toleraldénpivhen applied at 120% of the leg motor
threshold. The pain has quickly relieved followtegmination of stimulation.



Hand and leg rMTs were determined in eight subjétasd rMT with fTMS was
significantly lower than any udTMS orientation (F&). A repeated measures ANOVA showed
a significant condition effect (F(1,12)=14.96, p3@01), and a comparison between the best
rfTMS (1—) and udTMS (45°) conditions showed significantaatage to rfTMS (p=0.0014,
paired t-test). There was a significant differemceMT among unidirectional orientations
(F(1,8)=5.349, p<0.0001), with an angle of 45° 8 Bxis yielding the lowest rMT.

INSERT FIG. 4

Leg rMT with rfTMS was significantly lower than wudTMS orientation (Fig. 5). A
repeated measures ANOVA showed a significant camdéffect (F(1,12)=44.92, p<0.0001),
and a comparison between the best rfTMIS-J and udTMS (315°) conditions showed
significant advantage to rfTMS (p<0.0001, paireddt). There was a significant difference in
rMT among unidirectional orientations (F(1,8)=2.6880.0214), yet Tukey post-test revealed
no significant differences between angles.

INSERT FIG. 5

Hand APB and leg TA rMTs using the lower coil, uppeil, the two coils in parallel (rather
than orthogonal) and where the upper coil is opératith a lag of a ¥ of a cycle after the lower
coil, and fTMS ¢—) were determined in two subjects. The results wersbined with results

of electric field measurements in a phantom headainior these three states. The stimulator
power output, electric field, calculated chang&ams-membrane potential\and energy
consumption W values are shown in Table S1. As can be seetheatkesults are compatible and
indicate that for both the hand and leg rMT, thodgtior each coil alone or for both coils in
parallel occurs with comparable,Walues, but for rfTMS the threshold occurs at miaster
values.

Comparison of the results of the four rfTMS poblastates found significant differences for
hand rMT (F(1,4)=15.95, p<0.0001), with the lowedT obtained for stat¢—, where the field
vector covers also the angle of 45° to the P-A éxig. S1a). In contrast, a marginally
significant difference was found for leg rMT (F()58.12, p=0.0478), and Tukey post-test
revealed no significant differences between groups.

Comparisons of MEPs

Measured hand supra-threshold MEPs were significaigher with rfTMS (Fig.6). A repeated
measures ANOVA showed a significant condition dff€€1,12)=16.14, p<0.0001), and a
comparison between the best rfTMSH) and udTMS (45°) conditions showed significant
advantage to rfTMS (p=0.037). There was a signiticifference in MEP among unidirectional
orientations (F(1,8)=5.902, p<0.0001), with an angjl45° to A-P axis yielding the highest



MEP, and a Tukey post-test revealed significarfetBhces between angle 45° and five other
angles (0°, 135°, 180°, 270°, 315°).

INSERT FIG. 6

Measured leg supra-threshold MEPs were signifigdmgher with rfTMS (Fig.7). A
repeated measures ANOVA showed a significant cmmdéffect (F(1,12)=4.422, p<0.0001),
and a comparison between the best rfTNMIS ) and udTMS (90°) conditions showed a
significant advantage to rfTMS (p=0.0156, Wilcoxest). There was no significant difference
in MEP among unidirectional orientations (F(1,8892, p=0.52).

INSERT FIG. 7

Comparison of the results of the four rfTMS polastates found no significant differences
for hand MEP (F(1,4)=0.1871, p=0.91), nor for tbg@ MEP (F(1,4)=0.4392, p=0.73).

Comparisons of MEP onset latencies

Mean APB and TA MEP onset latencies are summaiizddble S2. Hand MEP latencies were
not significantly different between rfTMS and udTNI§1,12)=1.342, p=0.22), while for the
leg, repeated measures ANOVA showed a significandition effect (F(1,12)=4.536,
p<0.0001). Comparison between the rfTMS conditipa) that induced the shortest average
latency and all udTMS states showed a significiete(F(1,9)=3.911, p=0.0013), and a Tukey
post-test revealed a significant difference betweerrfTMS state and five of the eight udTMS
angles (0°, 45°, 180°, 215° and 270°). Yet, a pho@mparison between this rfTMS condition
(1<) and the best udTMS condition (90°) showed noigamnt difference (p=0.25, paired t-
test). There was a significant difference in legiMBtencies among unidirectional orientations
(F(1,8)=2.286, p=0.0456), and a Tukey post-testatad significant difference between angles
90° (shortest latencies) and 180°. There were grafgiant differences between the four rfTMS
polarity states (F(1,4)=1.188, p=0.34).

Discussion

Neural activation with TMS is achieved by inducmgmbrane depolarization in neural
structures aligned parallel to the induced eledigic (13-17). The hand motor cortex is known
to have high sensitivity to orientation, with low#ésreshold for motor activation and highest
MEPs evoked when the TMS induced field is at 45h®P-A axis perpendicular to the central
sulcus (27, 28). In contrast, the neuronal orgdimzan the leg motor cortex is much more
isotropic and has much lower sensitivity to coikatation (29, 30).

In this study we measured the hand APB and th&fegMT as well as the supra-threshold
MEPs, for various field orientations, spanning éiméire phase space in increments of 45°. The



same measurements were carried with the novel rfilddBnique, where the field rotates and
spans most of the phase space.

Striking differences were found between rfTMS addMS among the measures of
corticospinal excitability. rfTMS robustly led togsificantly lower rMT and higher supra-
threshold MEP values in both the orientation-seresitand motor cortex and the much more
isotropic leg motor cortex, compared to conventiael MS for any tested orientation.

For udTMS, in accordance with previous studies £28j, we found a significant dependence
of the hand APB motor threshold on orientationhwite lowest threshold for rMT and the
highest MEP obtained for an angle of 45° to the 8. In contrast, only a weak directional
dependence of rMT and no dependence for MEP weirgdfon the leg TA. These results are in
line with a study of corticospinal volleys indudeyg monophasic pulses stimulation of the
tibialis motor cortex, which found no dependenc®dfon orientation (29), although studies of
single motor units (30, 31) did find such a depewee with induced current in the range of
latero-posteriorly to anteriorly seemed to indumedr MTs (30). Richter and colleagues (32)
found in the abductor hallucis that optimal ori¢iata for lowest MT was 30° posterior to M-L
(analogous to 240° in our definitions). In thisdstwe used biphasic pulses with surface EMG,
hence the sensitivity to delicate orientationaledefence is limited. Still, our results indicated
lower average thresholds for the range of 180°1&f §posterior, medial-lateral to antero-lateral)
compared to lateral-medial directions (see Figirbaccord with Terao et al. (30).

Four rfTMS states, each spanning a different 2fign of the phase space, yielded
significantly different results of APB rMT. The stathat did not cover the first quadrant, which
includes the preferable 45° angle (stpte, see Fig. S1b), had the highest rMT (Fig. 4). et
that partial fTMS can span specific portions @& ffhase space represents an example of
utilizing a novel method in brain research. Forregke, two half-sine pulses with a lag of ¥4 of a
cycle will cover only one quarter of the 360° phapace, while similar pulses truncated even
earlier in their cycle, before the current reache&®, may lead to rfTMS covering even smaller
orientational portions. Such pulses can be produwgdgdapproaches such as controllable TMS
(33). As another option, operation of two half-spdses by the two coils, which have
orthogonal orientations or any other relative angtmsecutively with no temporal overlap, will
induce field only in these two orientations. Thoise can map in high resolution the correlativity
between neural structures with various orientatigitlsin a certain brain region. This functional
information may be combined with anatomical DTlmhation, and increase our understanding
of brain circuits, function and architecture. Olusty, for many applications, such as
investigations on precisely defined neurophysialabmechanisms, a focal and unidirectional
activation is more suited, and the multidirectioaetivation of fTMS may not be the optimal
strategy when only specific fiber orientations ianeestigated. Future studies should also
investigate rfTMS with common-size figure-8 coil®g@ucing focal stimulation. In such cases
rfTMS will reduce the need for accurate orientagilgplacement and fixation of the coil, and ease
neuronavigation procedures.



Operation of two parallel coils with identical Pefientation, but with a lag of ¥ a cycle
between them, leads to similar energy consumptihdissipation as with a rotational field
setup where the coils are orthogonal (Table Sk)wtiout the rotation of the field vector. The
combined operation of the two coils therefore melkehds to combination of their induced field
along a single orientation, and to a combined pwisie %2 a cycle longer duration (Fig. 3). The
results showed similar trans-membrane potentiahghs at threshold for this parallel orientation
as for operation with each coil separately. YeMM8led to much lower trans-membrane
potential changes at threshold (Table S1). Thipstp the dominant role of the electric field as
the main factor that leads to neural stimulatiorg #hat lengthening the pulse duration (or
increasing energy) does not yield benefit in neacsivation threshold, while rotating the field
and recruiting more neural structures with variotisntations does.

Interestingly, APB MEP latencies were not signifitte different between rfTMS and
udTMS, nor were any significant differences foumtieen unidirectional orientations.
Monophasic or half-sine pulses with different otaions of the induced electric field in the M1
have been shown to induce different MEP onset tasnespecially during a weak voluntary
contraction of the muscle (10, 34-37). Yet, we sgapbiphasic pulses, which most probably
activate different neuronal sites during both peateus probably masking orientational
dependence of the latencies (38). Moreover, thgestgwere instructed to maintain the muscles
relaxed, whereas multiple corticospinal excitafpogtsynaptic potentials (EPSPs) are required
to raise the resting membrane potential of spinatbbmeurons above firing threshold, hence
onset latencies are longer and more variable (39).

rfTMS yielded significantly shorter latencies ftietleg TA compared to most of the udTMS
conditions, but was not significantly shorter comgakto all orientations. Some studies found
shorter latencies for M-L compared to P-A inducedents (40, 41), while in other studies no
significant differences were found (29, 31). Thessults should be seen in the light of the
considerable controversy regarding characterizatfarorticospinal discharges in the leg
following electrical and magnetic stimulation (3®, 40). Most of these measurements have
been based on peristimulus time histograms (PS&&t)ings in single motor units. For example,
Terao et al. (30) reported that, in single motatsuof the TA, some TMS directions tended to
evoke more D-waves than others. Our results seendicate that the broad recruitment of the
rotational field increases the efficiency of D-wawducidation in the TA.

rfTMS can induce significantly stronger effectdangeted brain regions, enabling
achievement of desired physiologic effect at sigaiitly lower intensities, thereby potentially
reducing undesired side effects. Given the actwadf a much larger population of neurons
within a certain brain area, repeated applicatioriTdS may induce different and potentially
stronger and more robust neuroplastic effects inalenetworks, opening novel opportunities for
neuroscience and clinical applications. On therdtla@d, the broader activation of fTMS may
lead to more side effects. Future studies will htavaddress these questions and investigate the
new technique’s potential in various brain disosder
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The concept of fTMS may be extended to use threeave coils and to induce field rotation
in 3-dimensions. Indeed, electric field perpendicib the brain surface is inefficient in inducing
action potentials (26, 42, 43). However, as an @ena third coil may be positioned over the
temporal lobe, inducing electric field along a sugeinferior axis. Its operation can be
synchronized with an array of two orthogonal cpisced over the frontal or parietal lobe. One
of these coils may induce field along an anteriastprior axis, and the second coil along a
lateral-medial axis. In such a setting, each eallices main field along an axis parallel to the
brain surface beneath it, and not perpendiculénésurface. Synchronizing operation of the
three coils with intervals of ¥ of a cycle may indwspherically-rotating field in 3-dimensions,
in brain regions exposed to the field of the thoeits, recruiting variably-oriented neural
structures. Yet, this hypothetical suggestion sthésél examined in future investigations.

Additional hypothetical advantage that may be gailoy selective placement of coils in a
multi-coil array (23) is that the efficiency of stulation via the rotational field may be increased
at depth where the fields from each coil overlapilevsuperficial levels of the cortex will
mainly experience the field of only one of the sofFor example, a coil with slow rate of field
attenuation with depth, such as the H7 coil, mapdmtioned over the medial motor cortex in P-
A orientation. A second similar coil may be posigd over the orbitofrontal cortex in superior-
inferior orientation. Operation of the two coilstiva lag of ¥ a cycle will induce rfTMS in
deeper medial PFC region, where the fields ofweedoils overlap with similar intensity, while
superficial regions underneath each coil experienamly the field of one coil (Fig. S2). The
actual effects are expected to depend on manyri&aceteluding the specific neural structure
morphology, function and connectivity. Future maigland neurostimulation studies will
investigate both the absolute and relative effectarious brain regions including deep brain
targets that can be achieved with such an approach.

In a previous multi-channel TMS study (23), we destoated that multiple pulses operation
with sub-threshold conditioning pulse precedingpra-threshold pulse by a few hundreds of
microseconds leads to significant inhibition. A doned operation of coils with various depth
profiles can increase the focality of TMS effectep brain regions, and this was demonstrated
in the leg compared to the hand motor cortex (@8).suggest that the method outlined in this
previous study may be combined with the currentM®Tconcept to increase the selective effect
in desired brain regions, including deep regiorsaA example, a coil array based on the H7-
coil similar to the one used in this study, mayubed to apply rfTMS. Additional coils with fast
attenuating depth profiles (such as small figusis) may be placed above that coils array, in
which sub-threshold conditioning pulses are indugbtth precede the supra-threshold pulses of
the H7-coil array by a few hundreds of microsecohlfgler such conditions, superficial neural
structures beneath the coils may experience inbibdue to the conditioning pulses, while
deeper structures may be less affected by thettstuating conditioning pulses; hence the
rfTMS effect on these structures will be accentdaBich an approach suggests a potential
means to increase depth selectivity of stimulatiat represents one of the main limitations of
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current TMS methodology, and may open the way toynmovel applications in brain research
and therapeutics that should be investigated urdublinded randomized studies.
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FigureLegends

Fig. 1. a. A sketch of the coil array over a human heath thie lower H7 coil (purple) and the
upper coil (red). b. An image of the coil array.

Fig. 2. a. The electric field induced by two orthogonal cdiksving equal inductance, with a lag
of a ¥4 of a cycle between their operations. Twdagic pulses are produced, and the resultant
total field vector rotates and covers various dageans. b. A reconstruction of the effective
electric field created from the sum of the two @eghicular coils, with the field of coil #1
directed along the y-axis and the field of coilagt@ng the x-axis. The effective field completes
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¥, of a full cycle during the magnetic pulses, aidated by the gray arrows. The Latin numbers
in squares indicate the order of evolvement offifld vector during the pulses in this case. The
gray shade represents the generated field fronedligio 315° as defined in this study.

Fig. 3. Operation of a coil array with the two coils havihg same orientation, where the upper
coil is operated with a lag of a ¥ of a cycle attex lower coil. This way a conventional
unidirectional electric field is induced, but wphilse duration of 1.25*(the cycle time of a single
coil). The total field induced in the brain tissaeepresented by the solid curve.

Fig. 4. Hand APB rMT for various udTMS orientations, and flour rfTMS states, relative to a
single H7 coil oriented A-P (N=8). The black anditetarrows represent the polarity induced
during the second stroke of the biphasic pulsenbyiawer and upper coils, respectively. Shown
are mean + SE.

Fig. 5. Leg TA rMT for various udTMS orientations, and four rfTMS states, relative to a
single H7 coil oriented A-P (N=8). The black anditetarrows represent the polarity induced
during the second stroke of the biphasic pulsenbyiawer and upper coils, respectively. Shown
are mean + SE.

Fig. 6. Hand MEP at 120% of the rMT with the single H7 amiented A-P, for various udTMS
orientations, and for four rfTMS states, relatigaatsingle H7 coil oriented A-P (N=8). The
black and white arrows represent the polarity irduduring the second stroke of the biphasic
pulse by the lower and upper coils, respectivehpov are mean + SE.

Fig. 7. Leg MEP at 120% of the rMT with the single H7 amilented A-P, for various udTMS
orientations, and for four rfTMS states, relativeatsingle H7 coil oriented A-P (N=7; One of

the subjects had a very high leg motor threshaldhe upper coil and therefore 120% of that
intensity was not feasible). The black and whitewas represent the polarity induced during the
second stroke of the biphasic pulse by the lowdrugper coils, respectively. Shown are mean *
SE.
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HIGHLIGHTS

The study characterizes a novel method of rotational field TMS (rfTMS). Unique effectsin
both the hand and leg motor cortices are demonstrated. RMTs and M EPs were compared to
conventional TMS applied at different orientations. rfTM S produced significantly lower
RMTs and higher MEPsin both motor cortices. Potential benefits and applications of fTMS
are discussed.
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