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(57) ABSTRACT

Transcranial magnetic stimulation (TMS) is a remarkable
tool for probing the brain. However, it is still unclear why
specific regions in the cortex are excitable by TMS while
others are not. This invention provides methods and tools for
the design of efficient magnetic stimulators. Such stimulators
can excite neuronal networks that were not sensitive to stimu-
lation until now. Stimulation can be carried out both in-vitro
and in-vivo. Novel systems and techniques of this invention
will enable both treatment and diagnostics by stimulating
regions of the brain or neuronal assemblies that were previ-
ously unaffected by TMS.
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MAGNETIC CONFIGURATION AND TIMING
SCHEME FOR TRANSCRANIAL MAGNETIC
STIMULATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a Divisional application from
U.S. application Ser. No. 13/254,361, filed Sep. 1, 2011,
which is a National Phase Application of PCT International
Application No. PCT/IL2010/000171, International Filing
Date Mar. 2, 2010; which claims the benefit of U.S. Provi-
sional Patent Application No. 61/156,835 filed Mar. 2, 2009
which are incorporated in their entirety herein by reference.

FIELD OF THE INVENTION

[0002] This invention is related to transcranial magnetic
stimulation (TMS), devices, apparatus and methods of use
thereof.

BACKGROUND OF THE INVENTION

[0003] Transcranial magnetic Stimulation (TMS) is the
leading noninvasive device for the stimulation of brain and
nerve activity. As such, a significant increase in the variety of
applications for TMS, from therapeutic treatments for depres-
sion or migraine to probing brain activity in a large number of
research topics is seen. TMS is a novel and innovative addi-
tion to the arsenal of noninvasive probing capabilities and
intervention modalities. The development of such probes is
one of the major issues of diagnostic and therapeutic
approaches to neurology and neurosurgery. The major limi-
tation of TMS is the precision and specificity of its activation
region. TMS is currently able to excite only specific areas in
the brain, mostly in the cortex. It is still not obvious what
determines the accessibility of brain areas to magnetic stimu-
lation.

[0004] Transcranial Magnetic Stimulation (TMS) is a non-
invasive technology for stimulating the brain that shows
much promise for both research and clinical use. However,
the basic technology has basically remained unchanged, and
advances in its application have been far and few. Recent
developments have concentrated both on the ability to deliver
pulses at a high frequency repetition rate and on reaching
deeper regions of the brain. This has been motivated in part by
the hope of replacing the effective yet highly intrusive Electro
Convulsive Therapy (ECT) for depression that is not respon-
sive to drugs. However, a main limitation of TMS at this stage
of its development is the highly specific directionality of the
applied field, which demands a precisely targeted application
that is extremely sensitive to motion and disturbances. Both
location and orientation must be determined with high reso-
lution and once an optimal position is determined, the magnet
must be kept there during all the treatment. Stable and repro-
ducible positioning can be achieved using MRI imaging and
stereotactic positioning, but a device that ameliorates the
directional sensitivity and enables a more efficient mode of
applying TMS is a goal for development of future magnets.
[0005] The directional sensitivity arises because neurons
are excited only if their axons are directed precisely along the
induced electric field.

[0006] It was recently demonstrated that neuronal cultures
are a major enabling tool for the development of TMS, with
which new magpnets, drug and TMS combination treatments,
new protocols and other innovations can be screened and
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tested with no need for animal or human subjects. The ability
to create action potential responses in cultures relies on two
properties, namely size and orientation.

[0007] The dependence on orientation arises because the
magnetic stimulation of a neuron occurs at the axon, whose
projection along the induced electric field is the relevant
parameter for achieving excitation. Using quasi-one-dimen-
sional patterned cultures, axons could be directed to grow
along rings concentric with the magnet, thus forcing them to
have an extensive projection along the induced electric field.
It should be noted that if it was possible to excite neurons by
initiating an action potential in the dendrites then the situation
would change, and the directionality would not be as crucial.
Embodiments of such excitation are described herein below.
[0008] Another important feature that has been identified is
that the initial excitation is achieved by stimulating a sub-
population of especially sensitive neurons, which then serve
as a nucleating center for the firing of the whole network. In
a culture that has been completely disconnected by applying
receptor antagonists (CNQX, APV and Bicuculline), only
this small subset (about 1 percent) is active and responds to
magnetic stimulation. When the culture is connected, this
kernel is responsible for eliciting a population response of all
neurons in the network. If the size of the kernel is too small,
the driving input into neurons in the network is not enough for
initiating the population response.

[0009] To achieve apopulationresponse to magnetic stimu-
lation, one must therefore excite action potentials in a large
number of initiating neurons. In a neuronal network whose
axonal orientation is random, this requirement is difficult to
meet using conventional TMS, since the orientation of its
induced field is constant and the probability that a large
enough number of axons will be directed along this field is
low.

SUMMARY OF THE INVENTION

[0010] In one embodiment, this invention provides a
method for improved neuron excitation, the method compris-
ing subjecting one or more neurons to a rotating electric field,
thereby exciting said neuron or said neurons. In one embodi-
ment, the rotating electric field is the resultant sum of at least
two time-dependent electric fields.

[0011] Inoneembodiment, the at least two time-dependent
electric fields are induced by at least two time-dependent
magnetic fields. In one embodiment, the at least two time-
dependent magnetic fields are induced by passing currents
through at least two separate and independent coils.

[0012] In one embodiment, the two separate and indepen-
dent coils are driven with shifted phases in time of said
currents. In one embodiment, the coils create at least two
time-dependent electric fields, whose resultant sum changes
orientation in time.

[0013] Inoneembodiment, the at least two time-dependent
fields are at an angle with respect to each other. In one
embodiment, the angle is a 90 degree angle.

[0014] Inoneembodiment, the two coils are independently
driven. In one embodiment, the two coils are independently
driven by two power supplies.

[0015] In one embodiment, the two coils are at an angle
with respect to each other. In one embodiment, the two coils
are at a right angle with respect to each other and are perpen-
dicular to each other.

[0016] Inoneembodiment, the currents passed through the
at least two coils comprise: a first current passed through a
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first coil and a second current passed through a second coil
such that said first current has a phase with respect to said
second current. In one embodiment, the phase of the first
current with respect to the second current is a 90 degree phase.

[0017] In one embodiment, the first current is pulsed and
the second current is pulsed.

[0018] Inoneembodiment, the number of the pulses of the
first current and of the second current is one or is greater than
one.

[0019] In one embodiment, the pulse of the first current
comprises a first sine wave and the pulse of the second current
comprises a second sine wave such that the second sine wave
lags by one quarter of a cycle behind the first sine wave.

[0020] In one embodiment, the pulse of the first current
comprises one period of the first sine wave and the pulse of the
second current comprises one period of the second sine wave.

[0021] In one embodiment, the rotating electrical field is
generated using an electrode assembly comprising at least
two pairs of electrodes. In one embodiment, at least two
voltages are applied to the at least two pairs of electrodes in
the electrode assembly. In one embodiment, the voltages vary
in time. In one embodiment, the at least two pairs of elec-
trodes are at an angle with respect to each other. In one
embodiment, the two pairs of electrodes are at a right angle
with respect to each other and are perpendicular to each other.

[0022] In one embodiment, the neuron excitation com-
prises axonal excitation. In one embodiment, the method is
applied to a brain of a subject. In one embodiment, the method
is applied for diagnostics. In one embodiment, the method is
applied for treatment.

[0023] In one embodiment, neuron excitation is applied to
aneuron culture. In one embodiment, response of said culture
to said neuron excitation is detected.

[0024] In one embodiment, the rotating field excites the
axons of said neurons, wherein the direction of the long axis
of one axon creates a non-zero angle with respect to the
direction of the long axis of a second axon. In one embodi-
ment, the rotating electric field excites at least the minimal
number of neurons needed to generate a response in a neuron
population, thereby generating a global response in said neu-
ron population.

[0025] Inoneembodiment, the long axes of the axons of at
least two of said neurons are not parallel.

[0026] Inoneembodiment, this invention provides a device
for improved neuron excitation, said device comprising a set
of at least two separate coils. In one embodiment, the at least
two separate coils are driven with shifted phases of current in
time. In one embodiment, the coils create at least two time-
dependent electric fields, whose resultant sum changes ori-
entation in time. In one embodiment, the two coils are inde-
pendently driven. In one embodiment, the two coils are
independently driven by two power supplies.

[0027] In one embodiment, the two coils are at an angle
with respect to each other. In one embodiment, the two coils
are at a right angle with respect to each other and are perpen-
dicular to each other.

[0028] Inoneembodiment, the currents passed through the
at least two coils comprise: a first current passed through a
first coil and a second current passed through a second coil
such that the first current has a phase with respect to the
second current. In one embodiment, the phase of the first
current with respect to the second current is a 90 degree phase.
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[0029] 1In one embodiment, the first current is pulsed and
the second current is pulsed. In one embodiment, the number
of said pulses of the first current and of the second current is
one or is greater than one.

[0030] In one embodiment, the pulse of the first current
comprises a first sine wave and the pulse of the second current
comprises a second sine wave such that the second sine wave
lags by one quarter of a cycle behind the first sine wave.

[0031] Inoneembodiment, this invention provides a device
for improved neuron excitation, the device comprising an
electrode assembly comprising at least two pairs of elec-
trodes. In one embodiment, the electrode assembly is used to
generate a rotating electrical field. In one embodiment, at
least two voltages are applied to the at least two pairs of
electrodes in said electrode assembly. In one embodiment, the
two voltages vary in time. In one embodiment, the at least two
pairs of electrodes are at an angle with respect to each other.
In one embodiment, the two pairs of electrodes are at a right
angle with respect to each other and are perpendicular to each
other.

[0032] In one embodiment, the voltages applied to the at
least two pairs of electrodes, comprise: a first voltage applied
to a first pair of electrodes and a second voltage applied to a
second pair of electrodes such that the first voltage has a phase
with respect to the second voltage. In one embodiment, the
phase of the first voltage with respect to the second voltage is
a 90 degree phase.

[0033] In one embodiment, the first voltage is pulsed and
the second voltage is pulsed.

[0034] In one embodiment, the pulse of the first voltage
comprises a first sine wave and the pulse of the second voltage
comprises a second sine wave such that the second sine wave
lags by one quarter of a cycle behind the first sine wave.

[0035] In one embodiment, the neuron excitation com-
prises axonal excitation. In one embodiment, the method is
applied to a brain of a subject. In one embodiment, the method
is applied for diagnostics. In one embodiment, the method is
applied for treatment.

[0036] Inoneembodiment, the neuron excitation is applied
to a neuron culture. In one embodiment, the response of the
culture to the neuron excitation is detected.

[0037] In one embodiment, the rotating field excites the
axons of the neurons, wherein the direction of the long axis of
one axon creates anon-zero angle with respect to the direction
of the long axis of a second axon.

[0038] In one embodiment, the rotating electric field
excites at least the minimal number of neurons needed to
generate a response in a neuron population, thereby generat-
ing an electrical response in the neuron population.

[0039] Inoneembodiment, the long axes of the axons of at
least two of said neurons are not parallel.

[0040] In one embodiment, this invention provides a
method for neuron excitation, the method comprising sub-
jecting a neuron to a first electric field pulse longer than 200
1S in duration, thereby exciting the neuron.

[0041] In one embodiment, the first electric field pulse is
equal to or longer than 1 ms in duration.

[0042] Inoneembodiment, the first electric field is induced
by a magnetic field. In one embodiment, the magnetic field is
induced by passing current through a coil. In one embodi-
ment, the coil is connected to a capacitor. In one embodiment,
the capacitor is at least a 1.0 mF capacitor.
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[0043] In one embodiment, the pulse duration exceeds the
electric field duration threshold needed to excite a dendrite or
a dendrite population.

[0044] Inoneembodiment, this invention provides a device
for dendrite excitation, the device comprising a capacitor
connected to a coil and to a power supply, wherein the capaci-
tance of said capacitor is at least 1.0 mF.

[0045] Inoneembodiment, the device generates an electric
field pulse longer than 200 uS in duration, thereby exciting
the dendrite. In one embodiment, the electric field pulse is
equal to or longer than 1 ms in duration.

[0046] In one embodiment, the pulse duration exceeds the
electric field duration threshold needed to excite a dendrite or
a dendrite population. In one embodiment, dendrite excita-
tion causes a neuron to fire.

BRIEF DESCRIPTION OF THE DRAWINGS

[0047] The subject matter regarded as the invention is par-
ticularly pointed out and distinctly claimed in the concluding
portion of the specification. The invention, however, both as
to organization and method of operation, together with
objects, features, and advantages thereof, may best be under-
stood by reference to the following detailed description when
read with the accompanying drawings in which:

[0048] FIG. 1 shows embodiments of a cross-coil configu-
ration; a) A picture of the actual coils used in the experiment.
The two coils interlock on perpendicular planes and connect
to two independent stimulators; b) A picture of the glass
sphere that was custom made to fit inside the cross-coil. The
glass coverslip and medium were inserted through a slot
located at the top of the sphere. The coverslip lay on a flat-
tened base at the sphere bottom and was viewed via a viewing
hole, which was sealed with optically transparent glass. c)
Schematic ofthe setup—the coverslip (bottom) was placed in
a glass sphere inside the cross-coil while an inverted micro-
scope monitored neuronal activity. all scale bars are 2 cm; d)
The induced electric field in the cross-coil was measured
using a pick-up coil oriented on the plane of one of the coils
(termed horizontal plane coil, solid line) and on the plane of
the second coil (termed vertical plane coil, dashed line). The
Magstim stimulator was loaded to 100% and the HMS was
loaded with 3.5 kV (see details in the methods section); €) A
reconstruction of the effective electric field created from the
sum of the two perpendicular components measured in a).
The effective field was reconstructed for a specific location
just inside the poles of the cross-coil (FIG. 1¢). The effective
field completes ¥4 of a spiral cycle during the magnetic pulses
cycle, as indicated by the black arrows; ) Cross-coil Setup for
rat experiments. The rat’s head was positioned inside the
Cross-coil. EMG electrodes record muscle potentials from
the Gastrocnemius. The EMG data was digitized and syn-
chromized with the rotating field TMS (rfTMS) pulses to
assess the motor response to rfTMS.

[0049] FIG. 2 demonstrates embodiments of response to
stimulation; a) the response of 2D Neuronal culture to rfTMS.
The culture activity was imaged through the viewing hole
(see FIG. 16). The black box indicates the region of interest on
which the signal was averaged. The dashed white line indi-
cates the borders of the coverslip on which the culture was
grown; b) The calcium dependent fluorescence of the region
of interest in a). Red dashed lines are events of magnetic
stimulation using the cross-coils while black are when using
only one of the coils. The intensity of each stimulation is
noted in Tesla. Note that activity is induced by the cross-coils
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already with 0.8 T, while a single coil will only induce activity
ataround 1.5 T; ¢) The response of rat motor cortex to rf TMS.
Graphs of EMG recording of the Gastrocnemius when using
the cross-coils to stimulate a rat in different locations. Each
locationis illustrated to the right of the response trace with the
black cross representing the cross-coil. The last row was
performed after cervical dislocation of the rat. Scale bar is
200 pv; d) A comparison between the last two rows in ¢). The
solid line is the average response of the rat to rfTMS over its
head before dislocation and the dashed curve is the average
response of the rat after dislocation.

[0050] FIG. 3 illustrates embodiments of simulations of
rotating induced electric fields. Upper row: idealized voltage
traces—dashed line represents the voltage load on the dashed
coils in the middle and bottom rows, solid line represents the
voltage load on the solid coils. Blue vertical bars denote the
time point for which the fields below were calculated. Middle
row, cross-coil: two circular coils are connected to two inde-
pendent current sources each producing a single sinusoidal
pulse (as described in the top row). The resulting electric field
on the surface of a sphere positioned inside the coils is simu-
lated (magnitude according to color code, direction by white
arrows). a) After the horizontal coil completes ¥4 of a cycle,
the vertical coil commences its pulse and dominates the
induction; b) A quarter of a cycle later, both coils induce an
equal field and the effective field is diagonal. ¢) After another
4 of a cycle, the horizontal coil completely takes over and the
resulting field is rotated by 90° with respect to the original
orientation in a). The point of rotating field (“hot spot™) is
located on the sphere surface at the crossing point of the two
coils (red dashed ellipse). For details of the simulation see
herein below. Bottom row, cloverleaf coil: 2 pairs of modified
figure eight coils are connected to two independent current
sources each producing a single sinusoidal pulse (the voltage
load on the coils is described in the top row). The resulting
electric field 3 cm above the coil is simulated (magnitude
according to color code, direction by white arrows). a) After
the solid pair completes Y4 of a cycle, the dashed pair com-
mences its pulse and dominates the induction, resulting in a
vertical field. b)V4 of a cycle later, both coils induce an equal
field and the effective field is diagonal. ¢) After another %4 of
acycle, the solid pair completely takes over and the resulting
field is horizontal. During a full cycle the orientation of the
induced field rotates, sweeping 270°, while the maximal exci-
tation remains in the center of the cloverleaf (“hot spot”). For
details of the simulation see the Supplementary Material.
[0051] FIG. 4 is a Table Summary of results for magnetic
stimulation of 2D cultures. The threshold for activation is
marked for each configuration of magnetic coils. Blank
entries mark lack of an observable response to stimulation.

[0052] FIG. 5 is a schematic simulation of the stimulation
of a culture whose cell’s axons are randomly orientated. Each
cell projects a single axon (solid or dashed lines) a) Applying
a short magnetic pulse with a fixed single orientation (black
arrow indicates direction of the electric field induced from the
magnetic pulse). Only one cell whose axon (dashed line) is
oriented parallel to the direction of the induced electric field
is excited. b) Applying a short rotating magnetic pulse (arc
indicates the span of rotation of the electric field induced from
the magnetic pulse). All cells whose axons’ orientations lie
within the arc of the rotating electric field are excited, leading
to a population response of the network. ¢) Applying a long
magnetic pulse with a fixed orientation. All cells with den-
drites oriented parallel to the direction of the induced electric
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field are excited (excited cells are marked with dashed
circles), leading to a population response of the network.

[0053] FIG. 6—a schematic diagram of one embodiment of
the proposed device. The two ignitrons (I1 and 12) are trig-
gered by a trigger generator. Connecting 12 via connection 1
results in a mono-polar pulse, while connecting it via connec-
tion 2 results in a bipolar pulse. I1 ignitron can be replaced
with a thyristor, while 12 can be replaced by a diode.

[0054] FIG. 7 illustrates an embodiment of a larger stimu-
lator with a capacitor C of 4.8 mF and a maximum voltage
load of 6.5 kV capable of delivering about 10 T with a rise
time of 1 ms. Ignitron I1 was used to initiate discharge
through the coil and Ignitron 12 was used to shortcut the coil
and stop the discharge through the coil.

[0055] FIG. 8 is a summary of magnetic stimulation
response in both neuronal 2D cultures and anesthetized rats.

[0056] FIG. 9 demonstrates an embodiment of orientation
dependence; The cloverleaf coil alleviates the orientation
dependence of magnetic stimulation: The calculated electric
field, induced by the cloverleaf coil (FIG. 3) was used to
simulate action potential generation in an axon with 1 um
diameter and 1 mm length containing voltage sensitive
sodium, potassium and leak conductances (see Material and
Methods). To characterize the threshold at different orienta-
tions of the axon with respect to the coil, the amplitude of the
current pulse was increased until the magnetic stimulus trig-
gered an action potential. The maximal amplitude of the
electric field that was induced at this current amplitude by
each of the coils is plotted here against the angle between the
axon and the x-axis. The simulation predicts that the thresh-
old of action potential generation by magnetic stimulation is
only weakly dependent on coil orientation, if a cloverleaf coil
is used.

[0057] FIG. 10 illustrates an embodiment of electric stimu-
lation of neuronal cultures. a) A typical voltage trace of the
electric pulse used to stimulate cultures. Pulse duration (DT)
could be varied continuously between 10 us and 10 ms. b) A
semilog histogram of the pulse Duration Threshold, the mini-
mum pulse duration required for stimulating a culture. Cul-
tures that were excitable both magnetically and electrically
are displayed in a solid curve. Cultures that could only be
excited using an electric pulse are displayed in a dashed
curve.

[0058] FIG. 11 is a fluorescent image of a GFP expressing
neuron grown in culture. The culture was plated on a 30 mm
coverslip (the white arc in the figure runs on the coverslip
rim). The neuron’s axon can be tracked as it follows the
coverslip circumference tangentically along 3 mm.

[0059] FIG. 12 demonstrates effects of anesthesia on stimu-
lation threshold. The magnetic threshold for spinal stimula-
tion of a rat was measured 15 times along a time course of 10
hours (black crosses). A solution of Xylazine and Ketamine
was administered twice during the experiment (red lines) and
asolution containing only Ketamine was administrated in five
additional times (green lines). A relaxation curve was fitted to
the data, assuming that the anesthetic effect of Xylzine gradu-
ally rises to a peak after the injection and then exponentially
relaxes back to the baseline measurements.

[0060] FIG. 13—Reconstruction of the dense cloverleaf
coil. Left: Zoomed in view of the coil center. Lines represent
the wires of each coil loop. The 10 green lines correspond to
the vertical leaves and the 9 blue lines the horizontal leaves.
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Right: Blue lines represent the overall view of one of the coil
leafs. The coil is not spiraled. Each inner loop is a scaled copy
of the external loop.

[0061] FIG. 14 shows responses of one-dimensional cul-
tures to electric stimulation with varying orientation and
pulse duration. a) The solid culture responded to brief stimu-
lations (~0.1 ms), while the dashed responded only to stimu-
lation longer than 1 ms. The threshold decreases with pulse
duration, then reaches a low saturated steady state (not
shown). b) Response of the cultures to rotation of the field
direction with respect to the culture orientation. The dashed
culture has a constant response at all angles, while the solid
culture (at short pulse durations) is much easier to excite
when the electric field is at 0 degrees, meaning parallel to the
orientation of the culture. ¢) Angular dependence of threshold
shown in (b), as a function of the cosine of the angle. For the
solid culture a linear relation is clear, indicating that it is
indeed the axonal projection on the direction of the field that
determines the threshold for excitation. The dashed culture is
insensitive to the orientation of the electric field.

[0062] It will be appreciated that for simplicity and clarity
of illustration, elements shown in the figures have not neces-
sarily been drawn to scale. For example, the dimensions of
some of the elements may be exaggerated relative to other
elements for clarity. Further, where considered appropriate,
reference numerals may be repeated among the figures to
indicate corresponding or analogous elements.

DETAILED DESCRIPTION OF THE PRESENT
INVENTION

[0063] Inthe following detailed description, numerous spe-
cific details are set forth in order to provide a thorough under-
standing of the invention. However, it will be understood by
those skilled in the art that the present invention may be
practiced without these specific details. In other instances,
well-known methods, procedures, and components have not
been described in detail so as not to obscure the present
invention.

[0064] A main limitation of TMS at this stage of its devel-
opment is the highly specific directionality of the applied
field, which demands a precisely targeted application that is
extremely sensitive to motion and disturbances. Both location
and orientation must be determined with high resolution and
once an optimal position is determined, the magnet must be
kept there during all the treatment.

[0065] The directional sensitivity arises because neurons
are excited only if their axons are directed precisely along the
induced electric field. This invention provides, in one
embodiment, a technology that rotates the applied magnetic
field, enabling the excitation of neurons whose axons are
directed in many different directions.

[0066] The dependence on orientation arises because the
magnetic stimulation of a neuron occurs at the axon, whose
projection along the induced electric field is the relevant
parameter for achieving excitation. Using quasi-one-dimen-
sional patterned cultures, this invention provides a method to
direct the axons to grow along rings concentric with the
magnet, thus forcing them to have an extensive projection
along the induced electric field in one embodiment. It should
be noted that if it were possible to excite neurons by initiating
an action potential in the dendrites then the situation would
change, and the directionality would not be as crucial. Meth-
ods according to this aspect of the to invention are described
herein below.
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[0067] Another important feature that has been identified is
that the initial excitation is achieved by stimulating a sub-
population of especially sensitive neurons, which then serve
as a nucleating center for the firing of the whole network. In
a culture that has been completely disconnected by applying
receptor antagonists (CNQX, APV and Bicuculline), only
this small subset (about 1 percent) is active and responds to
magnetic stimulation. When the culture is connected, this
kernel is responsible for eliciting a population response of all
neurons in the network. If the size of the kernel is too small,
the driving input into neurons in the network is not enough for
initiating the population response.

[0068] To achieve apopulationresponse to magnetic stimu-
lation, one must therefore excite action potentials in a large
number of initiating neurons. In a neuronal network whose
axonal orientation is random, this requirement is difficult to
meet using conventional TMS, since the orientation of its
induced field is constant and the probability that a large
enough number of axons will be directed along this field is
low.

[0069] Therefore, by inducing a rotating electric field
whose orientation scans a wide range of angles during a single
pulse, many axons could be excited all at once and the popu-
lation response ensured. In the description below, methods to
achieve such a rotation are described, and the resulting
response of neuronal preparations is shown.

Magnetic Stimulation In-Vitro

[0070] As part of the investigation into the interaction of
magnetic pulses with neurons, new capabilities and under-
standing of the parameters that determine the effective inter-
action of the magnetic pulse on the brain were developed. A
combination of physical techniques and novel cell culturing
methods is used to determine optimal parameters for the
application of TMS. These parameters are largely spatial and
geometric, pertaining to the shape of the neural substrate and
the directionality of the magnetic field. In particular, it is now
clear that the direction of axons must coincide with the direc-
tion of the electric field that is induced by the magnetic
stimulation in order to maximize the effect of this stimulation.

Directionality, Rise Time and Cooperativity Limit the Effect
of Magnetic Stimulation

[0071] The neuro-physics of external field stimulation can
be simplified using the passive cable equation (see A. L.
Hodgkin, W. A. Rushton, Proc. Royal Soc. B 133, 444 (1946)
and B. J. Roth, P. J. Basser, IEEE Trans Biomed. Eng. 37, 588
(1990)) which calculates the voltage that an external electric
field induces on a cable’s membrane (in this case the cable is
a neurite) whose capacitance and resistance is known. This
equation emphasizes the role of two relevant parameters in
stimulating neurites. First, the neurons that respond strongest
to the induced electric field are those whose neurite—axon or
dendrite—lies parallel to the electric field. This observation is
clear from theoretical considerations and has been the basis
for obtaining the first ever magnetic stimulation of neurons
from the central nervous system (CNS) using one-dimen-
sional cultures. Second, neurites whose membrane rise time
is much longer than the rise time of the external pulses will not
respond to the stimulation. Since the rise time of commercial
magnetic stimulators does not exceed 100 us (one hundred
microseconds) and the membrane rise time of dendrites is of
the order of 1 ms (one millisecond) —excitation of neurons is
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almost exclusively initiated at the axon. A more detailed
derivation can be found in A. Rotem and E. Moses, Biophys.
194, 5065, 2008. Additionally, the collective response of a
network of neurons either in the live brain or in-vitro cannot
initiate from the firing of a single cell. Rather, it usually
requires a critical number of initiating neurons that fire almost
simultaneously in order to trigger a population burst that can
be observed either in-vivo or in large neuronal cultures in-
vitro. Details can be found in I. Breskin, J. Soriano, E. Moses,
T. Tlusty, Phys. Rev. Lett. 97, 188102 (Nov. 3, 2006).
[0072] Thethree factors mentioned above limit a successful
magnetic stimulation of a network of neurons: they require
that several neighboring cells in the network will have axons
oriented parallel to the induced electric field. However, the
direction of the magnetic field of a given coil is fixed, and so
is the induced electric field. This means that in a network
where neurons have randomly oriented axons the amount of
neurons that can be excited is very small, not enough for a
collective response of the network (F1G. 5a). This may be the
main reason why it is so hard to excite two dimensional
cultures in-vitro and cortical regions whose axonal orienta-
tion is not homogenous.

Rotating Electric Fields

[0073] In one embodiment, in order to overcome the prob-
lem caused by the anisotropy of axon orientation, time depen-
dent electric field is employed, scanning through a whole
range of angles. In one embodiment, this is obtained by using
two coils, whose magnetic fields are perpendicular to each
other and whose currents are phase shifted one from the other
by a quarter of a cycle. The resulting electric field rotates in
space during the pulse cycle, leading to the excitation of
additional cells whenever it scans through their orientation.
Since the cycle lasts no more than several hundred pisec (mi-
croseconds), all these cells are stimulated closely enough in
time, ensuring a collective response of the network (FIG. 55).
[0074] Rotating magnetic fields methods of this invention
require the induction of a rotating field. It will be shown
herein below how the induction of a rotating field is achieved,
and that improved stimulating pulses of this invention target
a larger number of neurons for excitation, both in the culture
dish and in the live brain. These conceptually new tools may
enable accessing areas in the brain that currently are not
responsive to TMS, and provide easy excitation of two-di-
mensional cultures, which are more accessible as a model
system than one-dimensional cultures. In one embodiment,
such stimulating techniques will enable diagnostics of the
brain and of components of the nervous system. In one
embodiment, such stimulating methods will enable treatment
of neurological conditions and other clinical conditions. In
one embodiment, such stimulating techniques will be able to
predict the onset of or the relative risk of a subject to develop
a nervous-system related condition.

[0075] Dendritic Excitation.

[0076] In one embodiment, this invention provides a
method to directly excite dendrites in the culture by applying
pulses with durations of the order of 1 ms (1 millisecond). As
opposed to axons, which usually project a long stretch at a
single direction from the soma before branching, dendritic
trees tend to branch extensively from the soma in an
isotropous pattern. The option of directly exciting dendrites is
thus extremely valuable since it overcomes the mentioned
problem of directionality—each cell has numerous dendrites
oriented in almost all possible directions and will respond to
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an induced field in a fixed direction (FIG. 5¢). This solution
may prove superior to the rotating field as it will enable
targeting areas in the brain where all axons are oriented per-
pendicularto the cranial plane since the induced field can only
be made to rotate in a plane parallel to the skull.

[0077] Theoryv—Increasing Rise Time of Magnetic Stimu-
lation without Decreasing the Induced Electric Field.

[0078] Dendritic stimulation require pulse widths of the
order of 1 ms. In order to obtain a given amplitude of induced
electric field for a longer period of time, one needs to scale the
magnetic field linearly with the pulse duration. This is
because the induced electric field depends linearly on the time
slope of the magnetic field, which decreases as the pulses get
wider. For a given coil configuration discharged with a sinu-
soidal pulse with a given frequency w, the induced electric
field E at some point is a function of the peak magnetic field
B:
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[0079] With i the complex unit and the surface parameter
[A]=m? takes into account the geometry of the problem. The
peak amplitude of magnetic field is set by the capacitor
parameters. The relation can be obtained from energy con-
sideration since the energy stored in the capacitor prior to the
discharge is theoretically equal to the energy of the magnetic
field created by the coil:
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[0080] For a maguetic coil with an inductance L, the fre-
quency w of a pulse discharged through the coil from a
capacitor of capacitance C is given by:

w=1INIC
[0081] Combining the three relations above yields:
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[0082] This analysis reveals the two pathways for increas-
ing the pulse duration:

[0083] Increasing the inductance L: in this case one must
also increase V quadratically with L to keep E constant.
Increasing [ means adding more turns to an already crowded
coil system. Increasing the load V on the capacitor derives
new infrastructure and safety measures that are adequate with
higher voltages in the circuit.

[0084] Increasing the capacitance C: E is independent of C,
so that increasing capacitance will increase the cycle time
without side effects to deal with and is a preferred method for
extending magnetic pulses.

[0085] In one embodiment, dendritic excitation methods
require that electric field is applied for longer time periods. It
will be shown herein below how the application of such
electric fields is achieved, and that improved stimulating
pulses of this invention target a larger number of neurons for
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excitation, both in the culture dish and in the live brain. These
conceptually new tools may enable accessing areas in the
brain that currently are not responsive to TMS, and provide
easy excitation of two-dimensional cultures, which are more
accessible as a model system than one-dimensional cultures.
In one embodiment, such stimulating techniques will enable
brain diagnostics. In one embodiment, such stimulating
methods will enable treatment of neurological conditions and
other clinical conditions.

[0086] In one embodiment, this invention provides a
method for neuron excitation, the method comprising sub-
jecting a neuron to a rotating electric field, thereby exciting
the neuron.

[0087] In one embodiment, the rotating electric field is the
sum of at least two time-dependent electric fields. In one
embodiment, the at least two time-dependent electric fields
are induced by at least two time-dependent magnetic fields. In
one embodiment, the at least two time-dependent magnetic
fields are induced by passing currents through at least two
coils.

[0088] Inoneembodiment, the two coils are independently
connected to two power supplies. In one embodiment, the two
coils and the two power supplies are part of an apparatus. In
one embodiment, the apparatus is part of a system.

[0089] Inoneembodiment, the system further comprises an
electrical signal detection unit, an imaging unit or a combi-
nation thereof. In one embodiment, the two coils are perpen-
dicular to each other.

[0090] Inoneembodiment, the currents passed through the
at least two coils comprise: a first current passed through a
first coil and a second current passed through a second coil
such that the first current has a 90 degree phase with respect
to the second current. In one embodiment, the 90 degree
phaserepresents alag of 1 quarter ofacycle of the first current
behind the second current.

[0091] In one embodiment, the first current is pulsed and
the second current is pulsed. In one embodiment, the pulses of
the first current and of the second current are of the same pulse
rate. In one embodiment, the pulses of the first current and of
the second current are of the same wave pattern. In one
embodiment, the pulses of the first current and of the second
current are of the same peak amplitude. In one embodiment,
the number of the pulses of the first current and of the second
current is one. In one embodiment, the number of the pulses
of the first current and of the second current is greater than
one.

[0092] Inoneembodiment, the pulse pattern comprises: the
number of pulses, the time of each pulse, the time between
pulses or a combination thereof.

[0093] In one embodiment, the pulse of the first current
comprises a first sine wave and the pulse of the second current
comprises a second sine wave such that the second sine wave
lags by one quarter of a cycle behind the first sine wave. In one
embodiment, the pulse of the first current comprises one
period of the first sine wave and the pulse of the second
current comprises one period of the second sine wave.

[0094] In one embodiment, this invention provides a
method for neuron excitation, the method comprising sub-
jecting a neuron to a rotating electric field, thereby exciting
the neuron and collecting or detecting an electric signal from
the excited neuron. In one embodiment, collecting or detect-
ing an electric signal from the neuron is done by Electroen-
cephalography (EEG).
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[0095] In one embodiment, the rotating electrical field is
generated using an electrode assembly. In one embodiment,
voltage is applied to the electrode assembly. In one embodi-
ment, the voltage varies in time. In one embodiment, the
electrode assembly is rotating in space.

[0096] In one embodiment, the neuron excitation com-
prises axonal excitation.

[0097] Inoneembodiment, the method is applied to a brain
of a subject. In one embodiment, the method is applied for
diagnostics. In one embodiment, the method is applied for
treatment. In one embodiment, the neuron excitation is
applied to a neuron culture. In one embodiment, the response
of said culture to the neuron excitation is detected. In one
embodiment, the response is detected by imaging spectral
changes in the culture. In one embodiment, the response is
detected by fluorescence.

[0098] In one embodiment, the rotating field excites the
axons of the neurons, wherein the direction of the long axis of
oneaxon creates anon-zero angle with respect to the direction
of the long axis of a second axon. In one embodiment, the
rotating electric field excites at least the minimal number of
neurons needed to generate a response ina neuron population,
thereby generating an electrical response in the neuron popu-
lation. In one embodiment, the long axes of the axons of at
least two of the neurons are not parallel.

[0099] Inoneembodiment, this invention provides a device
for improved neuron excitation, said device comprising a set
of at least two separate coils. In one embodiment, the at least
two separate coils are driven with shifted phases of current in
time. In one embodiment, the coils create at least two time-
dependent electric fields, whose resultant sum changes ori-
entation in time. In one embodiment, the two coils are inde-
pendently driven. In one embodiment, the two coils are
independently driven by two power supplies.

[0100] In one embodiment, the two coils are at an angle
with respect to each other. In one embodiment, the two coils
are at a right angle with respect to each other and are perpen-
dicular to each other.

[0101] Inoneembodiment, the currents passed through the
at least two coils comprise: a first current passed through a
first coil and a second current passed through a second coil
such that the first current has a phase with respect to the
second current. In one embodiment, the phase of the first
current with respect to the second current is a 90 degree phase.
[0102] In one embodiment, the first current is pulsed and
the second current is pulsed. In one embodiment, the number
of said pulses of the first current and of the second current is
one or is greater than one.

[0103] In one embodiment, the pulse of the first current
comptises a first sine wave and the pulse ofthe second current
comprises a second sine wave such that the second sine wave
lags by one quarter of a cycle behind the first sine wave.
[0104] Inoneembodiment, this invention provides a device
for improved neuron excitation, the device comprising an
electrode assembly comprising at least two pairs of elec-
trodes. In one embodiment, the electrode assembly is used to
generate a rotating electrical field. In one embodiment, at
least two voltages are applied to the at least two pairs of
electrodes in said electrode assembly. In one embodiment, the
two voltages vary in time. In one embodiment, the at least two
pairs of electrodes are at an angle with respect to each other.
In one embodiment, the two pairs of electrodes are at a right
angle with respect to each other and are perpendicular to each
other.
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[0105] In one embodiment, the voltages applied to the at
least two pairs of electrodes, comprise: a first voltage applied
to a first pair of electrodes and a second voltage applied to a
second pair of electrodes such that the first voltage has a phase
with respect to the second voltage. In one embodiment, the
phase of the first voltage with respect to the second voltage is
a 90 degree phase.

[0106] In one embodiment, the first voltage is pulsed and
the second voltage is pulsed.

[0107] In one embodiment, the pulse of the first voltage
comprises a first sine wave and the pulse ofthe second voltage
comprises a second sine wave such that the second sine wave
lags by one quarter of a cycle behind the first sine wave.
[0108] In one embodiment, the neuron excitation com-
prises axonal excitation. In one embodiment, the method is
applied to a brain of a subject. In one embodiment, the method
is applied for diagnostics. In one embodiment, the method is
applied for treatment.

[0109] Inoneembodiment, the neuron excitation is applied
to a neuron culture. In one embodiment, the response of the
culture to the neuron excitation is detected.

[0110] In one embodiment, the rotating field excites the
axons of the neurons, wherein the direction of the long axis of
one axon creates anon-zero angle with respect to the direction
of the long axis of a second axon.

[0111] In one embodiment, the rotating electric field
excites at least the minimal number of neurons needed to
generate a response in a neuron population, thereby generat-
ing an electrical response in the neuron population.

[0112] Inoneembodiment, the long axes of the axons of at
least two of said neurons are not parallel.

[0113] In one embodiment, this invention provides a
method for neuron excitation, the method comprising sub-
jecting a neuron to an electric field pulse longer than 200 puS
in duration, thereby exciting the neuron. In one embodiment,
the electric field pulse is equal to or greater than 1 ms in
duration. In one embodiment, the method further comprises
collecting or detecting an electric signal from the neuron. In
one embodiment, collecting or detecting an electric signal
from the neuron is done by Electroencephalography (EEG).
[0114] Inoneembodiment, the electric field is induced by a
magnetic field. In one embodiment, the magnetic field is
induced by passing current through a coil.

[0115] In one embodiment, the coil is connected to a
capacitor. In one embodiment, the capacitance of the capaci-
tor is at least 1.0 mF. In one embodiment, the capacitance is a
result of said capacitor material, capacitor geometry, capaci-
tor’s dimensions or a combination thereof.

[0116] Inone embodiment, the electric field pulse duration
exceeds the electric field duration threshold needed to excite
a dendrite or a dendrite population. In one embodiment, the
neuron excitation comprises dendrite excitation.

[0117] Inoneembodiment, this invention provides a device
for dendrite excitation, the device comprising a capacitor
connected to a coil and to a power supply, wherein the capaci-
tance of said capacitor is at least 1.0 mF.

[0118] Inoneembodiment, the device generates an electric
field pulse longer than 200 uS in duration, thereby exciting
said dendrite. In one embodiment, the electric field pulse is
equal to or longer than 1 ms in duration.

[0119] In one embodiment, the pulse duration exceeds the
electric field duration threshold needed to excite a dendrite or
a dendrite population. In one embodiment, dendrite excita-
tion causes a neuron to fire.
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DEFINITIONS

[0120] In one embodiment, neurons are responsive cells in
the nervous system that process and transmit information by
electrochemical signaling. In one embodiment, neuron exci-
tation can be done by inducing or by changing an electric field
on or on the surroundings of a neuron, or parts of the neuron.
In one embodiment, induced electric field or change in elec-
tric field on a neuron membrane on or a small area or region
of the neuron membrane may cause neuron excitation. In one
embodiment, a rotating electric field is an electric field
wherein the direction of the field changes or varies in time/
space. In one embodiment, a rotating electric field has a
plurality of field components the direction of each is rotating
in space. In one embodiment, a rotating electric field has a
plurality of field components the direction of each is rotating
in space as a function of time.

[0121] In one embodiment, a rotating magnetic field has a
plurality of field components the direction of each fixed and
whose amplitude changes in time. In one embodiment, a
rotating magnetic field has a plurality of field components the
direction of which is fixed and whose amplitude varies as a
function of time.

[0122] Inoneembodiment, a time-dependent electric field
is an electric-field wherein the magnitude and direction of the
field varies with time. In one embodiment, current is an elec-
trical current. In one embodiment, a coil is an electrically
conducting coil. In one embodiment a coil is an electrically
conducting material, wire or plate of a circular, rounded or a
spiral-like structure, through which an electrical current may
be made to pass.

[0123] In one embodiment, two coils in devices of this
invention are independently connected to two power supplies
such that each power supply operates independently, and such
that voltage/current are induced independently in each coil. In
one embodiment, one power supply with a plurality of out-
puts operates the at least two coils.

[0124] In one embodiment, an electrical signal detection
unit, an imaging unit or a combination thereof comprise an
Electroencephalography (EEG) unit, a magnetic resonance
imaging (MRI) unit or a combination thereof.

[0125] Inoneembodiment, the two coils are perpendicular
to each other, In one embodiment, the two coils are ¢lose to
being perpendicular to each other. In one embodiment, the
angle between the planes of the coils ranges between 80
degrees and 100 degrees.

[0126] In one embodiment, a 90 degree phase of one cur-
rent with respect to another current represents a quarter of a
period delay of a periodic current function of one current with
respect to a similar periodic function of another current.
According to this embodiment, a full period of a current
function is represented by 360 degrees. In one embodiment,
the 90 degree phase represents a lag of 1 quarter of a cycle of
said first current behind the second current. In one embodi-
ment, one cycle is one period of a periodic function.

[0127] In one embodiment, the waveform formula for a
rotating electric field induced by two magnetic fields induced
by two coils is described as follows: one coil starts discharg-
ing and ¥4 of a cycle later, the second coil starts discharging.
The resulting electric field of the first coil is: A*cos(2*pi*t/T)
where T is the cycle period, and A the amplitude. The result-
ing field of the second coil is: A*cos(2*pi*t/T-pi/2). If the
two electric fields are perpendicular to one another, equal in
peak amplitude and in cycle time, then the resulting sum of
two fields performs a rotation of 270 deg.
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[0128] 1Inone embodiment, pulsed current is a current that
is introduced to a coil in pulses. In one embodiment, during a
pulse, current passes through a coil and in an interval between
pulses, no current or very minimal current passes through the
coils. In one embodiment, the minimal current that may pass
through the coil in an interval between pulses is below a
threshold needed to produce an effective magnetic field for
methods of this invention. In one embodiment, current fre-
quency is the frequency of the alternating current passed
through coils of this invention. In one embodiment, wave
pattern is the pattern of the current function. In one embodi-
ment, the wave pattern is the current vs. time function. In one
embodiment, current amplitude, peak amplitude represents
the value of the current or the highest value of the current
passed through coils of this invention. In one embodiment,
pulse pattern is defined by the number of current pulses, the
time of each current pulse, the time between current pulses or
a combination thereof.

[0129] Inoneembodiment,the waveform of the currentis a
sine wave. In one embodiment, the phase between the two
currents passed in two different coils can be represented by a
sine wave for the first current and by a cosine wave for the
second current.

[0130] In one embodiment, an electrode assembly com-
prises at least two electrodes. In one embodiment, by apply-
ing voltage to the at least two electrodes, an electric field is
generated in the area between the electrodes. In one embodi-
ment, by changing the position of the electrodes, or by apply-
ing voltage to three or more electrodes, a rotating electric field
may be generated in the area between the electrodes or in
parts of the area between the electrodes.

[0131] Inoneembodiment, voltage is electrical voltage. In
one embodiment, the term capacitance is the term used in
electromagnetism and in electronics. In one embodiment,
capacitance is the ability of a body to hold an electrical
charge.

[0132] Inoneembodiment, high capacitance is any value of
capacitance in the range of 50-400 uF for the axonal excita-
tion field or any value of capacitance larger than 1 mF for the
dendritic excitation.

[0133] Inoneembodiment, dendrites are the branched pro-
jections of a neuron that act to conduct the electrochemical
stimulation received from other neural cells to the cell body,
or soma, of the neuron from which the dendrites project.
Electrical stimulation is transmitted onto dendrites by
upstream neurons via synapses which are located at various
points throughout the dendritic arbor. Dendrites play a critical
role in integrating these synaptic inputs and in determining
the extent to which action potentials are produced by the
neuron. In one embodiment, an axon is a long, slender pro-
jection of a nerve cell, or neuron that conducts electrical
impulses away from the neurons cell body or soma.

[0134] In one embodiment, a neurite refers to any projec-
tion from the cell body of a neuron. This projection can be
either an axon or a dendrite. In one embodiment, action poten-
tial is a self-regenerating wave of electrochemical activity
that allows nerve cells to carry a signal over a distance. In one
embodiment, action potential is the primary electrical signal
generated by nerve cells, and it arises from changes in the
permeability of the nerve cell’s axonal membranes to specific
ions. In one embodiment, action potentials (also known as
nerve impulses or spikes) are pulse-like waves of voltage that
travel along several types of cell membranes. In one embodi-
ment, firing of a neuron, a neuron that fire, or the term “fire”,
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“firing” or to “fire” means the event of an action potential
occurting in the so mentioned neuron.

Dimensions and Values

[0135] Inoneembodiment, the following parameters deter-
mine the magnetic pulse amplitude and cycle time: voltage
load on the capacitor, coil inductance [ and capacitor capaci-
tance C.

[0136] In one embodiment, the voltage load V on the
capacitor ranges between 0V and 5 kV. In one embodiment,
the voltage load V on the capacitor can be made to load up to
20 kV. In one embodiment, the coil inductance L ranges
between 0 pH and 50 puH. In one embodiment, the coil induc-
tance L ranges between 1 uH and 50 uH. In one embodiment,
the capacitor capacitance is 109 pF. In one embodiment, for
dendritic excitation, the capacitor capacitance is 1 mF. In one
embodiment, for dendritic excitation, the capacitor capaci-
tance is 5 mF. In one embodiment, the capacitor capacitance
ranges between 1 mF and 5 mF.

[0137] In one embodiment, the resulting cycle times (or
pulse width) from these parameters ranges between 100 psec
and 5 msec.

[0138] In one embodiment, stimulators used in methods of
this invention comprise voltage sources, capacitors and coils
with the following parameters: V=0-5 kV, L=10-50 pH,
C=109 pF and resulting cycle times are of 200 psec-500 usec.
[0139] In one embodiment, the stimulators comprising the
coils can be used for single TMS or for multiple TMS with
stimulation rates of up to 100 Hz. The orientation of the coils
with respect to the (culture) dish, animal, or human subject
can be changed.

[0140] Inoneembodiment, the strength of the electric field
used to excite a neuron or a neuron assembly ranges between
50-500V/m. In one embodiment, the strength of the electric
field used is at least 100V/m.

[0141] Inoneembodiment, the magnetic field strength used
to generate the first rotating electric field ranges between
0.1-5 T. In one embodiment, the strength of the electric field
used is at least 100V/m.

[0142] In one embodiment, the current passed through the
coils ranges between 1 kA-10 kA. In one embodiment, the
current passed through the coils is at least 1 kKA.

[0143] In one embodiment, the current passed through a
first coil and the current passed through a second coil have a
90 degree phase with respect to each other. In another
embodiment, the current phase ranges between 85 and 95
degrees. In another embodiment, the current phase ranges
between 1 and 90 degrees. In one embodiment, the current
phase ranges between 90 and 180 degrees. In one embodi-
ment, the current phase ranges between 180 and 270 degrees.
In one embodiment, the current phase ranges between 270
and 359 degrees. In one embodiment the current phase is any
number of degrees other than zero degrees. In one embodi-
ment, current phases in degrees refer to currents exhibiting
certain periodical function of the current vs. time. In one
embodiment, the periodic function of the current vs. time is
represented by a sine wave. In one embodiment, any other
phase and waveform function combination may be useful to
create a rotating field that is not circular (e.g. elliptical or any
arbitrary near circular form that may be advantageous for a
specific instance of neurons).

[0144] In one embodiment, the 90 degree phase represents
a lag of 1 quarter of a cycle of said first current behind said
second current. In one embodiment, the cycle lag ranges
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between 0.20 of a cycle and 0.30 of a cycle. In one embodi-
ment, the cycle lag ranges between 0.01 of a cycle and 0.50 of
a cycle. In one embodiment, the cycle lag ranges between
0.50 of acycle and 0.99 of a cycle. In one embodiment, cycle
lag refer to the lag of one current behind another current
wherein both currents exhibit a certain periodical function of
the current vs. time. In one embodiment, the periodic function
of the current vs. time is represented by a sine wave.

[0145] In one embodiment, only one pulse of two currents
in two coils is used. In another embodiment, more than one
pulse is used. In one embodiment, the current pulses in the at
least two coils are of the same pulse frequency. In another
embodiment, current pulses in the at least two coils are of a
different pulse frequency. In one embodiment, pulse fre-
quency is 1 Hz. In one embodiment, pulse frequency is SO Hz.
In one embodiment, pulse frequency ranges between 1 Hz
and 50 Hz. In one embodiment, pulse frequency ranges
between 1 Hz and 100 Hz.

[0146] In one embodiment, the pulses of the first current
and the pulses of the second current are of the same wave
pattern. In one embodiment, the pulses are of a different wave
pattern. In one embodiment, any pulses waveform combina-
tion may be useful to create a rotating field that is not circular
(e.g. elliptical or any arbitrary near circular form that may be
advantageous for a specific instance of neurons).

[0147] In one embodiment, the currents peak amplitude
ranges between 1 kA-10 kA.

[0148] Inoneembodiment, the number of pulses used for a
specific stimulation event is one. In one embodiment, the
number of pulses used for a specific stimulation event ranges
between 1 and 50. In one embodiment, the number of pulses
used for a specific stimulation event ranges between 1 and
100. In one embodiment, the number of pulses used for a
specific stimulation event ranges between 100 and 1000.

[0149] In one embodiment, the time of each pulse ranges
between 1 microsecond and 100 microseconds. In one
embodiment, the time of each pulse ranges between 10 micro-
second and 100 microseconds. In one embodiment, the time
of each pulse ranges between 50 microsecond and 100 micro-
seconds. In one embodiment, the time of each pulse ranges
between 100 microsecond and 200 microseconds. In one
embodiment, the time of each pulse ranges between 100
microsecond and 1000 microseconds. In one embodiment,
the time of each pulse ranges between 100 microsecond and
500 microseconds. In one embodiment, the time of each pulse
ranges between 100 microsecond and 2000 microseconds. In
one embodiment, the time of each pulse ranges between 1
millisecond and 10 milliseconds. In one embodiment, the
time of each pulse ranges between 1 millisecond and 5 mil-
liseconds.

[0150] In one embodiment, the time between pulses is
approximately 20 milliseconds. In one embodiment, the time
between pulses ranges between 10 millisecond and 30 milli-
seconds. In one embodiment, the time between pulses is 1
millisecond. In one embodiment, the time between pulses
ranges between 1 millisecond and 10 milliseconds. In one
embodiment, the time between pulses ranges between 10
millisecond and 100 milliseconds. In one embodiment, the
time between pulses ranges between 100 uS and 30 seconds.
In one embodiment, the time between pulses is of the order of
seconds. In one embodiment, the time between pulses is of the
order of milliseconds. In one embodiment, the time between
pulses is of the order of microseconds.
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[0151] In one embodiment, one current pulse passed
through one coil comprises one period of a sine wave and the
second current pulse passed through a second coil comprises
one period of a cosine wave. In one embodiment, the current
pulses comprises half a period of a sine wave. In one embodi-
ment, the current pulses comprise a quarter of a period of a
sine wave. In one embodiment, the current pulses comprise
three quarters of a period of a sine wave. In one embodiment,
the current pulse comprises two periods of the sine wave. In
one embodiment, the current pulses comprise between 1 and
10 periods of the sine wave. In one embodiment, the current
pulses comprises between 0.01 and 0.99 of a period of a sine
wave.

[0152] In one embodiment, the voltage applied to the elec-
trode assembly ranges between 1 and 36 V peak to peak. In
one embodiment, the pulse is a bi-polar square pulse. In one
embodiment, the pulse width ranges between 0.1 and ten
milliseconds.

[0153] In one embodiment, the voltage applied to certain
electrodes in an electrode assembly varies in time. In one
embodiment, the voltage variation in time is different along
different directions or along different axes, such that region(s)
between the electrodes to which the voltage is applied expe-
rience variations in electric field.

[0154] In one embodiment, the electrode assembly rotates
in space. In one embodiment, the electrode assembly or part
of it rotates by 90 degrees. In one embodiment, the electrode
assembly is capable of rotating by 180 degrees. In one
embodiment, the electrode assembly is capable of rotating by
360 degrees or less.

[0155] In one embodiment, this invention provides a
method for neuron excitation, the method comprising sub-
jecting a neuron to a first electric field pulse greater than 100
uS in duration, thereby exciting the neuron.

[0156] Inone embodiment, the electric field pulse duration
is equal to or greater than 1 ms in duration. In one embodi-
ment, the pulse duration or rise time ranges between 100 uS
and 1000 pS. In one embodiment, the pulse duration or rise
time ranges between 750 uS and 1250 uS. In one embodi-
ment, the pulse duration or rise time ranges between | ms and
10 ms. In one embodiment, the pulse duration or rise time
ranges between 0.5 ms and 2 ms. In one embodiment, the
pulse duration or rise time ranges between 0.9 ms and 100 ms.

[0157] Inoneembodiment, the capacitance of the capacitor
connected to the coil is at least 0.1 mF. In one embodiment,
the capacitance of the capacitor connected to the coil is at
least 1.0 mF. In one embodiment, the capacitance of the
capacitor connected to the coil is at least 4.8 mF. In one
embodiment, the capacitance of the capacitor connected to
the coil is at least 1.0 mF. In one embodiment, the capacitance
ofthe capacitor connected to the coil is at least 0.05 mF. Inone
embodiment, the capacitance of the capacitor connected to
the coil ranges between 0.1 mF and 10 mF. In one embodi-
ment, the capacitance of the capacitor connected to the coil
ranges between 1 mF and 5 mF. In one embodiment, the
capacitance of the capacitor connected to the coil ranges
between 10 mF and 50 mF.

[0158] Inoneembodiment, the coil number of turns ranges
between 20 and 80 turns. In one embodiment, the coil number
of turns ranges between 10 and 50 turns. In one embodiment,
the coil number of turns ranges between 10 and 100 turns. In
one embodiment, the coil number of turns ranges between 40
and 100 turns.
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[0159] In one embodiment, the coil inductance L ranges
between one and 50 pH. In one embodiment, the coil induc-
tance [ ranges between one and 10 pH. In one embodiment,
the coil inductance L ranges between 25 and 50 pH.

[0160] In one embodiment, the coil inner/outer diameter is
100 mm. In one embodiment the coil inner/outer diameter is
10 mm. In one embodiment the coil inner/outer diameter
ranges between 5 mm and 200 mm. In one embodiment the
coil inner/outer diameter ranges between 10 mm and 50 mm.
In one embodiment the coil inner/outer diameter ranges
between 50 mm and 100 mm. In one embodiment the coil
inner/outer diameter ranges between 100 mm and 200 mm.
[0161] Inoneembodiment, the coilis made ofaconducting
material. In one embodiment, the coil is made of metal. In one
embodiment, the coil is made of copper. In one embodiment,
the coil is made of insulated copper wire. In one embodiment,
the copper wire thickness is 0.01" (0.254 mm) and 0.25" (6.35
mm) wide. In one embodiment, the coil wire thickness, width
or diameter ranges between 0.005" (0.127 mm) and 0.50"
(12.7 mm).

[0162] In one embodiment, the stimulator comprises a
capacitor of 4.8 mF and a maximum voltage load of 6.5k V. In
one embodiment, the stimulator comprises a capacitor of 0.1
mF and a maximum voltage load of 22 kV.

[0163] In one embodiment, magnetic fields generated by
methods of this invention ranges between 0 and 1 Tesla. In
one embodiment, magnetic fields generated by methods of
this invention ranges between 1 and 10 Tesla. In one embodi-
ment, magnetic fields generated by methods of this invention
ranges between 0.5 and 1.5 Tesla. In one embodiment, mag-
netic fields generated by methods of this invention ranges
between 0.2 and 3 Tesla.

[0164] Inoneembodiment, the stimulating threshold ofthe
electric field used in methods of this invention, ranges
between 200 V/m and 1000 V/m for cultures excited by a
two-coil induced rotating electric field. In one embodiment,
the electric field generated by a two-coil configuration in
methods of this invention, ranges between 1 V/m and 200
V/m. In one embodiment, the stimulating threshold of poten-
tial ranges between 1 and 20 V/m for cultures excited by an
electrode assembly.

[0165] In one embodiment, the unit ms means millisec-
onds. In one embodiment, ps means microsecond(s). In one
embodiment mF means millifarad. In one embodiment, pH
means microHenry. In one embodiment, all units describing
physical parameters are the conventional units used and rec-
ognized by any person skilled in the art.

Geometries and Orientations

[0166] In one embodiment, the coil is spherical. In one
embodiment, the coil has a FIG. 8 shape. In one embodiment
the coil is of a clover-leaf shape. In one embodiment, the coil
is of a butterfly shape. In one embodiment, two coils are
employed. In one embodiment, three or four coils are
employed. In one embodiment, five or six coils are used. In
one embodiment, the number of coils ranges between two and
ten coils. In one embodiment, the number of coils ranges
between three and five coils. In one embodiment, the number
of coils ranges between six and 20 coils. In one embodiment,
each coil plane is perpendicular to all other coil planes. In one
embodiment, all coil planes lie in the same plane. In one
embodiment, there is an angle other than 90 degrees between
the planes of at least two coils. In one embodiment, a multi-
tude of protocols may be used to extend the rotating fields.
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Any combination of two separate coil systems can be com-
bined to create some variation of a rotating electric field, for
example an elliptical rotation instead of perfect circular one.
The amplitude of both coils need not be the same, and so
doesn’t the cycle time and the relative orientation between the
two coils.

Materials

[0167] Inoneembodiment, the coil is a wire made of metal.
In one embodiment, the metal is copper. In one embodiment,
the inner volume of the coil is filled with a magnetic material.
In one embodiment, the inner volume of the coil is filled with
iron. In one embodiment, the coil conducting wire is insu-
lated. In one embodiment, the coil comprises turns. In one
embodiment, the electrodes are made of metal. In one
embodiment, the metal comprises platinum, gold or palla-
dium. In one embodiment, the electrodes are made of silver.
In one embodiment, the coil is surrounded by a cooling sys-
tem. In one embodiment, the cooling system prevents the coil
from over-heating while in operation.

Methods

[0168] In one embodiment, this invention provides high
efficiency excitation of axons, thereby making a neuron fire.
This is achieved by scanning all or most of the directions of
the desired axon population (axons are directional) with an
electric field. In one embodiment, this is achieved by creating
a rotating electric field that scans all these directions and can
excite the axons regardless of their directionality. This
involves a device having two coils configured at an angle (e.g.
perpendicular) to each other, each connected separately to a
different source of current/power, the two coils driven at a
phase shift in time with respect to each other. The phase shift
causes the electric field to scan over time, different directions
in space.

[0169] In one embodiment, this invention provides a
method for exciting the dendritic tree of neurons, thereby
making the neurons fire. In one embodiment, this method
involves the application of only one electric field, whose
spatial direction is not crucial—neurons have multiple den-
drites, which branch out in all directions. In one embodiment,
as long as the field is directed in a good general direction, it
will excite dendrites and does not need to be rotated. Accord-
ing to this aspect and in one embodiment, the device is based
on the design of a special power supply, with a very large
capacitor, delivering a very long pulse (five times longer than
conventional TMS stimulators in one embodiment).

[0170] In one embodiment, methods of this invention are
used In vitro. In one embodiment, methods of this invention
are used In vivo. In one embodiment, methods of this inven-
tion are used on cell cultures. In one embodiment, methods of
this invention are used on two-dimensional cell cultures. In
one embodiment, methods of this invention are used on three-
dimensional cell cultures. In one embodiment, methods of
this invention are used on very small cell cultures. In one
embodiment, at least one dimension describing the size of the
cell culture used in methods of this invention ranges between
1 and 20 micrometers. In one embodiment, when a rotating
field method or a dendritic excitation method of this invention
are applied to a culture in a dish, the size of the dish the size
of the coverslip on which the culture is grown/deposited and
the culture coverslip patterning methods are adjusted to fit the
stimulators and stimulator parameters in order to achieve
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neuronal excitation of neurons in the culture. In one embodi-
ment, methods of this invention are used on animals. In one
embodiment, methods of this invention are used on human
subjects.

[0171] In one embodiment, this invention provides a TMS
tool which performs TMS according to methods ofthis inven-
tion. In one embodiment, an apparatus is designed such that
the apparatus or elements in the apparatus may perform TMS
according to methods of this invention. In one embodiment,
this invention provides systems for TMS. In one embodiment,
TMS systems of this invention perform TMS according to
methods of this invention. In one embodiment, this invention
provides a kit comprising a TMS tool working according to
methods of this invention.

[0172] Inone embodiment, methods or certain elements in
methods of this invention are performed automatically. In one
embodiment, methods or elements in methods of this inven-
tion are performed by a robot. In one embodiment, systems of
this invention operating by methods of this invention are
designed for home-use by a subject.

[0173] In one embodiment, the devices, tools, apparatuses
or systems of this invention further comprises stands, sup-
ports and/or other accessories for holding the coils or the
electrode assembly in desired positions with respect to the
subject, the animal or the culture being probed. In one
embodiment, the coils, the electrodes, the devices, tools,
apparatuses or systems of this invention further comprises
moving parts for helping in positioning the coils or the elec-
trodes with respect to the area under examination or the area
treated. In one embodiment, the moving parts are controlled
by a computerized system.

[0174] In one embodiment, methods of this invention fur-
ther conmprise collecting or detecting signal from neurons. In
one embodiment, detecting or collecting a signal from the
brain is done by EEG and/or MRI. In one embodiment,
detecting or collecting a signal from the brain is done by
motor feedback i.e. the activation of muscles by recording
with EMG or by watching for movement. In one embodiment,
detecting or collecting a signal from the brain is done by
human feedback, e.g. reporting visual perception (phos-
phenes) or any other sensation,

[0175] In one embodiment, the time scale of the magnetic
pulse used for dendritic excitation performed by methods of
this invention exceed 250 microseconds. In one embodiment,
the time scale of the magnetic pulse used for dendritic exci-
tation performed by methods of this invention exceed 500
microseconds. In one embodiment, the time scale of the mag-
netic pulse used for dendritic excitation performed by meth-
ods of this invention exceed 1000 microseconds.

[0176] In one embodiment, devices and tools provided by
this invention are designed and operate to fulfill the need for
dendritic excitation which in turn needs long pulse times. In
one embodiment, the design of devices for a longer time of
neuron excitation demands a relatively large capacitor, and
such capacitor is provided in devices of this invention as
described herein.

[0177] Inoneembodiment, detecting or collecting a signal
in-vitro is performed by electrophysiology (electrodes) or by
optical imaging of activity—calcium imaging, voltage sensi-
tive dyes imaging, etc.

[0178] Inoneembodiment, an electrode assembly is used to
generate the rotating electric field. In one embodiment, elec-
tric excitation is done using at least two pairs of independent
electrodes. In one embodiment, a first sine wave is applied to



US 2015/0246238 Al

one pair of electrodes and a second sine wave that is 90 deg
apart from the first sine wave is applied to the second pair of
electrodes. In one embodiment, the two pairs of electrodes are
perpendicular to each other.

[0179] Inoneembodiment, methods andtools of this inven-
tion are used for diagnosing and/or for treating neurological-
related diseases and conditions. In another embodiment,
methods and tools of this invention are used for diagnosing
the risk of acquiring a neurological-related condition or dis-
order. In another embodiment, methods and tools of this
invention are used for treating subjects having a risk of
acquiring a neurological-related condition or disorder.
[0180] In one embodiment, the conditions treated and/or
diagnosed by methods of this invention comprise cognitive
diseases or disorders. In some embodiments, the cognitive
disease or disorder comprises impaired memory, learning
disorder, Alzheimer’s disease, multi-infarct dementia,
including the Lewy-body variant of Alzheimer’s disease,
multi-infarct dementia, Parkinson’s disease; Creutzfeld-Ja-
kob disease, Korsakow’s disorder, ischemia, stroke, head
trauma, hypoglycemia, carbon monoxide poisoning, lithium
intoxication, vitamin (B 1, thiamine and B 12) deficiency,
depressive disorder, after electro-convulsive therapy (ECT),
or others as will be appreciated by the skilled artisan.

[0181] In some embodiments, the systems and methods of
this invention may be utilized to diagnose mild cognitive
disorder or more severe neuropsychiatric conditions, cogni-
tive diseases or disorders, to distinguish between them, or in
some embodiments, to indicate a likelihood or timing of
progression of the former to the latter.

[0182] Inone embodiment, the mild cognitive disorder can
comprise, for example, Mild Cognitive Impairment (MCI)
(which herein, includes cognitive impairments ranging from
minimal to mild), mild memory loss, age associated memory
impairment (AAMI), age related cognitive decline (ARCD),
Benign Senescent Forgetfulness (BSF), or Cognitive Impair-
ment No Dementia (CIND). A mild cognitive disorder
includes disorders that require cognitive impairment as a
clinical feature of the syndrome and subjects do not meet
diagnostic criteria for dementia, e.g., DSM-IV TR criteria for
dementia. Among these disorders, mild cognitive impairment
is a condition characterized by cognitive, most commonly
memory, deficits in the absence of clinically significant func-
tional impairment. In one embodiment, the invention pro-
vides methods for predicting whether a subject who has MCI
is likely to develop Alzheimer’s disease.

[0183] Methods and systems of this invention can be used
in conjunction with additional clinical tests and/or with addi-
tional clinical evaluation or treatment methods and tools.
Such combination of methods may be used for assessing,
diagnosing or determining a neurological condition in a sub-
ject. Such combination of methods and tools can be used for
assessing or determining the probability or relative risk that a
subject has for developing a neuropsychiatric condition, cog-
nitive disease or disorder. Such combination of methods or
tools can be used for the treatment of a subject having or
suffering from a disorder such as any of the disorders listed
herein above and below. Such combination of methods or
tools can be used for the treatment of a subject having a
relative risk for developing a neuropsychiatric condition, cog-
nitive disease or disorder such as any of the disorders listed
herein above and below.

[0184] Such additional clinical tests or evaluation methods
are but not limited to neuropsychological tests of memory and
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other cognitive abilities, tests of ability to perform daily func-
tional activities, brain imaging tests (including MRI (mag-
netic resonance imaging), SPECT (single photon emission
computerized tomography), and PET (positron emission
tomography)), and tests of biomarkers in blood, cerebrospi-
nal fluid and other bodily fluids and tissues. EEG, linguistic
tests, sensory system responses tests for vision, hearing,
somatic sensation (touch), taste and olfaction (smell)
responses. Gross and fine motor skills tests etc. In one
embodiment, imaging methods involve the detection of fluo-
rophores. In one embodiment, fluorophores or other biomar-
kers are administered to the subject or to a cell culture before
or in parallel to performing TMS on the subject using meth-
ods of this invention. In one embodiment, administration ofa
fluorophore or other biomarker to a subject is an oral, intra-
venous, intraarterial, intramuscular, intracranial, intranasal,
subcutaneous, parenteral, transmucosal, transdermal, or topi-
cal administration. In one embodiment, a subject’s pulse,
heart rate and temperature are measured in conjunction with
magnetic stimulation methods described by this invention.
[0185] Inoneembodiment, drugs are administered prior to
or in conjunction with performing TMS methods of this
invention on a subject or on a culture. In one embodiment,
administration of drugs to a subject is an oral, intravenous,
intraarterial, intramuscular, intracranial, intranasal, subcuta-
neous, parenteral, transmucosal, transdermal, or topical
administration.

[0186] TMS methods described herein maybe used in con-
junction with traditional TMS methods. TMS methods
described herein maybe used prior to, in parallel or subse-
quent to conventional TMS methods.

[0187] The neuropsychiatric condition, cognitive disease
or disorder which may be ascertained and/or treated by the
systems/methods of this invention include, but are not limited
to, Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, Korsakoffs amnestic syndrome, acquired immuno-
deficiency syndrome (AIDS), amyotrophic lateral sclerosis,
motor neuron disease, depression, schizophrenia, advanced
anorexia, frontotemporal dementia, lewy body dementia,
and/or vascular dementia.

[0188] Inoneembodiment, methods and tools of this inven-
tion provide diagnostic and treatment for neurological con-
ditions or neurological disorders such as Asperget’s syn-
drome, Autism, Back Pain, Brain abscess, Brain damage,
Brain injury, Brain tumor, Spinal tumor, Chronic pain,
Chronic regional pain syndrome, Cumulative trauma disor-
ders, Dementia, Epilepsy, Head injury, Headache, Motor
skills disorder, Muscular dystrophy, Neurological manifesta-
tions of AIDS, Persistent Vegetative State, Restless legs syn-
drome or Spinal cord injury.

[0189] Inoneembodiment, methods and tools of this inven-
tion can be used in the diagnostics, treatment, and as part ofa
therapeutic or clinical approach for any neurological disor-
der, psychiatric disorder or related diseases and conditions.
[0190] In one embodiment, methods of this invention are
used to stimulate cell cultures such as primary hippocampal,
cortical, DRG culture or any other culture of connected neu-
rons.

[0191] In one embodiment, this invention provides Axonal
excitation. In one embodiment, this invention provides den-
dritic excitation. In one embodiment, this invention provides
both axonal and dendritic excitations. In one embodiment,
axonal or dendritic excitation or a combination thereof can be
performed using electric stimulation.
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[0192] Inoneembodiment, this invention provides rotating
field stimulation in 1D culture. In one embodiment, this
invention provides rotating field stimulationin 2D cultures. In
one embodiment, this invention provides rotating field stimu-
lation in humans. In one embodiment, this invention provides
rotating field stimulation in animals. In one embodiment, this
invention provides rotating field stimulation in rats.

[0193] Inoneembodiment, in parallel to pursuing dendritic
excitation, axonal excitation can be considerably improved.
In one embodiment, such excitation allows the targeting of a
larger number of neurons for excitation, both in the culture
dish and in the live brain. In one embodiment, such excitation
has clinical applications.

[0194] In one embodiment, parameters such as fields and
magnetic configuration used e.g. in the clover-leaf design in
methods of this invention are chosen such that methods and
devices of this invention can be clinically used. In one
embodiment, methods and devices of this invention are used
for treatment of human subjects.

[0195] Inoneembodiment, with a pulse that has a rise time
that is about 1 millisecond, the dendritic response is greatly
enhanced, and a change in electric potential can be created on
the dendrites as well as on the axons.

[0196] The ability to stimulate 2D cultures magnetically is
significant, particularly in view of the reported difficulty to
achieve this using the standard single or figure-eight planar
coil (Rotem, A. and Moses E. Magnetic Stimulation of One-
Dimensional Neuronal Cultures, Biophys. J. 2008 June;
94(12):5065-78.). This ability may be a direct result of the
rotation of the field, and it highlights two facts: 1) axons are
the neuronal domain that is excited during TMS and 2) the
axons have no preferred orientation in 2D cultures.

[0197] Surprisingly, 4 out of 15 cultures that could be
excited by the crossed coil in one embodiment, were also
excited by only a single coil of the pair. This is attributed to the
fact that cultures that responded to the single coil had by
chance several axons in the culture directed in the right ori-
entation and could be excited by the induced electric field.
Since the field of one coil is spatially directed, it is not sur-
prising that the excitation of the cultures was directional-
dependent and could be abolished by rotating the culture by
45° with respect to the coil.

[0198] The rotating field does more than just find the right
orientation and excite the axons that lie in that direction. The
probability that such an orientation exists, i.e. that several
axons in the culture are oriented along a single axis, is pre-
sumably low. In all other cases the axon orientation is distrib-
uted randomly, and itis the scanning ability of the crossed coil
that enables the excitation of those cultures.

[0199] Oneissue of obvious great interest is the application
of the crossed coil geometry to human subjects. It is possible
to manufacture large enough coils so that the human head can
be positioned totally inside the crossed coils. The induced
field will then rotate in space around the axis connecting the
two poles of the system and is expected to be strongest just by
the poles. A non rotating field similar in strength will also be
induced along the circumference of each separate coil. As a
consequence, this configuration will suffer the disadvantage
of exciting many regions, both muscular and brain areas that
are not targeted. A simulation demonstrating this is presented
in the herein below.

A different kind of implementation of rfTMS to the human
head is the cloverleaf design (see Methods and Materials),
which achieves a focused scanning field capability while
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using the equivalent of the well-known figure-eight coil. This
configurationis expected to be more agreeable for clinical use
than the crossed coil one. The use of rfTMS on human sub-
jects will eventually enable the excitation of currently inac-
cessible cortical regions, whose random axonal orientation is
not amenable to excitation with a fixed-direction, non rotating
field.

Another obvious advantage of rfTMS lies in eliminating the
need for precise and maintained positioning and orientation
of the coil, which is always time consuming and often neces-
sitates cumbersome or expensive stereotactic equipment.
There are of course advantages to the unique orientation of
the induced electric field that the standard single or figure
eight coils offer, for example the high specificity that can be
achieved when the anatomy of the targeted region is known.
It should be emphasized that rfTMS as a technology is
complementary in nature, and can be used in tandem with
most other advances in the technology, e.g. deep TMS or
novel repetitive frequency protocols. The additional power
supply and the double magnets pose a minimal technical or
financial burden, comparable to that incurred in a paired-
pulse setup, whose advantages easily overcome the cost.
The sensitivity to field orientation has its origin in the direc-
tionality of axons, and in the fact that magnetic stimulation is
achieved via axonal excitation. If the neuron could be excited
at the dendrites then the dependence on field orientation
would disappear (as in rfTMS) since the dendritic tree is
isotropic. Because of their different physical properties, exci-
tation of dendrites necessitates the application of pulses with
longer duration, but these are currently accessible only using
electric excitation as described herein below. Achieving long
pulses in a magnetic stimulation is feasible, and is currently
being pursued in our lab.

EXAMPLES
Example 1

Magnetic Stimulators for Rotating Fields

[0200] A rotating electric field was induced by using two
independent sets of coils whose magnetic fields are perpen-
dicular to each other and whose currents are phase shifted one
from the other by a quarter of a cycle. Introducing a 90° phase
lag between the two magnetic sinusoidal pulses, was achieved
by precise triggering of two independent power supplies,
each controlling a separate figure eight coil.

[0201] Power Supplies.

[0202] Thetwo power supplies used were a Magstim Rapid
TMS (Magstim, UK) and a home made stimulator (HMS).
The HMS is based on a large 0.1 mF capacitor (Maxwell
Laboratories, USA) with maximum voltage load of 22 kV and
is able to obtain magnetic fields that are five times stronger
than the field supplied at the sample by the commercially
available Magstim Rapid. In order to achieve accurate phase
lag between the two magnetic pulses, the two power supplies
were synchronized using a signal generator (Keithley 3390 50
MHz Arbitrary Waveform/Function Generator, Keithley
instruments, USA). The signal generator issued two trigger
signals separated by % ofa cycle. This lag changed according
to the coils used and ranged between 50-150 ps.

[0203] Magnetic Coils.

[0204] The magnetic coils were manufactured in the lab,
using a polyester coated rectangular copper wire 0.01" thick
and 0.25" wide (MWS Wire Industries, USA). Wires were
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turned around custom made frames. Wire turns were insu-
lated with glass fibers and cast in epoxy (1 part Versamid 140
in 2 parts EPDN 814). For the crossed coils configuration (see
below) 10 and 11 turns with inner diameters of 75 and 62 mm
respectively were used. For the cloverleaf configuration (see
below) an inner diameter of 20 mm was used. A pair of 25 turn
coils was connected to the Magstim power supply and a pair
of 30 turn coils was connected to the HMS.

[0205] Cloverleaf Coil.

[0206] One such possible configuration, shown in FIG. 3,
employs two standard figure eight coils. The induced electric
field just above the center of each figure eight coil is directed
perpendicular to the axis connecting the two coil centers so
that the two figure eight coils create fields that are perpen-
dicular to each other. Discharging both figure eight coils
together will cause a resultant vector which is the sum of the
two fields. Discharging the second figure eight coil one quar-
ter ofa cycle after the onset of the first one, results in a rotating
electric field at the center of the system. Introducing a 90°
phase lag between the two magnetic sinusoidal pulses, is
achieved by precise triggering of two independent power
supplies, each controlling a separate figure eight coil.

[0207] Crossed Coils.

[0208] A second configuration is shown in FIG. 3, and
involves two coils whose planes are perpendicular. Close to
the poles, where the two coils intersect, the electric field is
large and directed tangentially in the plane of the coil. As in
the cloverleaf design, each of the coils is connected to a
separate power supply and one of the magnetic sinusoidal
pulses is phase shifted by 90° with respect to the other. For the
crossed coils (see FIG. 1) two circular coils were used with 10
and 11 turns and inner diameters of 75 and 62 mm respec-
tively. The two coils were positioned one inside the other,
while keeping their planes perpendicular. The hotspot of the
crossed coil is located near the poles of the construct, where
the two coils intersect (FIG. 1d-f) and the induced fields of the
coils are perpendicular to each other. This configuration is
simpler than the cloverleaf coil (see below), and does not
suffer from mutual induction losses, since the planes of the
two coils are perpendicular.

[0209] Measurement of Induced Electric Field and Calibra-
tion of the Coils

[0210] To measure the induced electric field of the coils, a
pick up coil 40 mm in diameter was used. The pick-up coil
was positioned inside the measured coil, parallel to its plane.
The measurements were not sensitive to whether or not the
pick-up coil was concentric with the magnetic coil. The pick-
up coil was used to calibrate the cross coil as follows: first, the
relation between the power setting of the stimulator and the
resulting induced field of each the coils was measured and a
linear relation was found for each pair of stimulator and
circular coil. Second, the proportionality constant of the HMS
coil vs. the Magstim coil was compared and it was found that
the induced field at 100% power setting of the Magstim is
equivalent to 3 kV setting of the HMS. This determines the
maximum intensity of a rotating field pulse, which for the
crossed coil was equal to 345+25 V/m at the hotspot of the
coverslip plane. This equivalence was used during our experi-
ment, keeping the ratio of 3 kV/100% for any setting of pulse
intensity. For example, when delivering a pulse that is half the
maximum intensity, 50% Magstim power and 1.5 kV HMS
load were used while for a pulse that is % of the maximum
intensity 75% Magstim power and & 2.25 kV HMS load were
used.
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[0211] Estimation of Induced Electric Field at the Hotspot.
[0212] To estimate the induced electric field at the location
of nerve cells, the dimensions of conducting medium located
inside the coil was considered. Since any induced electric
field outside the conducting media is cancelled at the interface
by surface charges, the relevant length scale for calculating
the electric field resulting from a uniform magnetic field is
that of the cross section of conducting media parallel to the
plane of the coil. In the case of the 2D culture stimulation, this
was taken as the dimension of the sphere ball (5 cm in diam-
eter, due to the flattened base of the sphere, and residue of air
in the upper part of the sphere). Inthe case of TMS onrats, this
was taken as the ear to ear distance of each rat (between 3-4
cm in diameter).

[0213] Simulating the Induced Electric Field for the Clo-
verleaf Coil Configuration

Calculating the Induced Electric Field for Simulations

[0214] The electric field, produced by the cloverleaf coil,
was calculated by numerical calculation. To this end, the
shape of the coil windings was described by third order poly-
nomial splines in x and y and then discretized to straight
segment vectors 1, of 1 millimeter length. To account for the
height of the wire, 6 instances of the coil, each shifted by 1
mm in z were considered, each conducting ¥ of the total
current. Each of the segments contributed to the magnetic
vector potential A according to:

I
AR D) = %1(;) Z

ri=r”
Segmentxl

where r, is the vector pointing to the center of the segment 1.
Once the vector potential is calculated, the induced electric
field is

AA(r, 1)

Er,n=- T

[0215] The precision of the numerical calculation was
tested for idealized circular coils by comparison with the
analytical solution [3]. The discretization in 1 millimeter
segments was sufficient to reproduce the analytical solution
with less than 0.01% error in electric field intensity, assessed
1 cm from the coil surface. Simulations using spiral-like
windings were also compared, as they appear in reality to
simulations in which inner windings were scaled copies ofthe
outmost winding. The only difference appeared at he begin
and end of each winding. As begin and end of the clover-leaf
coil wires are located away from the center of the coil, the
small deviations are not relevant for the simulations and scal-
ing was used to reproduce the shape of the inner loops (see
also FIG. 13).

Threshold for Neuronal Excitation

[0216] To judge the stimulation efficiency of the clover-leaf
coil the expected excitation threshold for various orientations
between coil and neurite were estimated. Using the electric
field E induced by the clover-leaf coil 3 cm above its center,
the effect of the on the membrane potential V of a passive
cable (1 ym diameter, 1 mm length) was calculated as
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described earlier (Rotem and Moses 2008), using the cable
equation with a source term accounting for the field E:

v av AZBE,

2
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[0217] The axial length constant A=384 um and the time
constant t=300 ps were chosen to approximate the conditions
of an unmyelinated axon (Rotem and Moses, 2008), the 1-axis
runs parallel to the cable and E, is the projection of E onto this
direction. The cable ends are assumed to be sealed, implying
the boundary conditions:

V0,0 VL. _,
al ol

[0218] Using the axial resistance r, the source term is
equivalent to a current injection

1 8E,
L= ——
¥ al

with opposite signs at the two ends. To perform the simula-
tion, the IClamp method of the simulation environment NEU-
RON was used. For each angle between x-axis and neurite the
induced field was calculated for a certain maximal coil cur-
rent and hence a certain maximal amplitude of the x- and
y-components of E (E,"** and E,”**"). Next, the projection F,
was used to calculate the resulting time course of the mem-
brane potential. The calculation was repeated varying E,"**
and E”"** in a binary search, to find the value at which the
membrane was depolarized by just 30 mV, our criterium for
successful excitation. The systematic variation of the angle
and coil current as well as the communication of the respec-
tive current injection I, to NEURON were automated using
Python.

[0219] Rotating Magnetic Field Measurements

[0220] The electric field was measured using a circular
positioned in plane of the crossed coils. The measurement
was carried out both for the assembled cross coil, with the
probe rotated by 90 degrees between measurements, and for
each of the coils separately. The resulting fields are shown in
FIG. 1, where the phase shift is obvious, and the resultant sum
of the two vectors is shown as well. The total resulting electric
field performs a rotation, scanning approximately 270° in the
three quarters of a cycle, which is on the order of 300 ps. Its
magnitude, depicted by the radius of the vector rotating in
FIG. 1e, is kept practically constant during the first quarter of
rotation, at a value comparable to the peak strength obtained
with a single coil, on the order of 300V/m.

[0221] Excitation of 2D Neuronal Cultures

[0222] Themainresult of using the crossed coils can imme-
diately be seen by looking at two dimensional (2D) cultures.
While previously the excitation of 2D cultures with magnetic
pulses was unsuccessful, in the crossed coils this was easily
achieved. As shown in FIG. 8, half of the 2D cultures tested
(15 out of N=30) were excited by the magnetic stimulation.
Surprisingly, with this geometry approximately 25% (N=4)
of the 2D cultures that responded to the crossed coils also
responded to excitation when using only a single coil of the
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cross coil system, with a threshold field that was either similar
or 15% stronger than that of the cross coil. The estimated
electric field threshold for excitation was distributed around a
mean of 36040 (SD) V/m and agreed with that reported
previously for 1D cultures (300+130 (SD) V/m).

[0223] A test for the directionality is found in two cultures
that were excited both by a single coil and the cross coil. By
physically rotating the culture 45° with respect to the coil it
could be tested whether the initial random orientation was
dominant in enabling the excitation. The single coil stimula-
tion was indeed sensitive to this rotation, with the threshold
climbing beyond the maximum field strength of our system.
Strikingly, stimulation with the cross coil showed no sensi-
tivity to the rotation, and the culture responded at all angles.
[0224] Preparation of Primary Culture.

[0225] To test the effect of the new stimulators, the stimu-
lators were first applied on two-dimensional cultures. All
procedures were approved by the Weizmann Ethics Commit-
tee (IACUC). The cultures were prepared from dissociated
hippocampus of prenatal rats following a previous protocol
(M. Papa, M. C. Bundman, V. Greenberger, M. Segal, ] Neu-
rosci 15, 1 (January, 1995)). Cells were plated on 30 mm #0
glass coverslips (Menzel-Glaser, Germany), at a density of 3
million cells per coverslip.

[0226] Trans-Vessel Magnetic Stimulation (TvMS) of Pri-
mary Culture.
[0227] To measure the response of cultures to magnetic

stimulation, the cultures were stained in calcium sensitive
fluorescent dye and calcium transients were imaged (A.
Rotem, E. Moses, Biophys J. 94, 5065 (June, 2008) fully
incorporated herein by reference) while magnetic pulses were
applied on the cultures. The positioning of the coils with
respect to the culture differed between the two sets of coils.
[0228] Inthe case of the crossed coils (FIG. 1¢), the culture
was placed in a near-spherical glass ball, approximately 60
mm in diameter, whose bottom was flattened to create a
circular base approximately 30 mm in diameter on which the
coverslip lay. At the top of the sphere a slot was opened
through which the coverslip could be inserted and at the base
of the sphere a viewing hole 13 mm in diameter was made
near the circumference of the base, covered with an optically
transparent glass coverslip. The glass sphere was placed
inside the crossed coils, with the flattened base positioned
over one of the poles (see FIG. 1¢) and an inverted microscope
positioned under the viewing hole.

[0229] In the case of the cloverleaf coil, the culture was
positioned 5 mm below the center of the to coil and parallel to
its plane. An inverted microscope was positioned below the
culture.

[0230] Transcranial Magnetic stimulation of anesthetized
rats.
[0231] To further assess the excitation power of the new

magnetic stimulators their effect on adult rats anesthetized
with ketamine and xylazine was tested. Ketamine in combi-
nation with xylazine has been shown in rats to result in suf-
ficient anesthesia and analgesia without depressing vital
functions (for reference see S. Zandieh, R. Hopf, H. Redl, M.
G. Schlag, Spinal Cord 41, 16 (January, 2003). All procedures
were approved by the Weizmann FEthics Committee
(TACUC). Prior to the experiments rats were anesthetized
using 75 mg/kg Ketamine (Kepro, Holland) and 7.5 mg/kg
Xylazine (Kepro, Holland) injected IP. Rats were anaesthe-
tized approximately 1 hr prior to the beginning of the experi-
ment and hence after, Ketamine was injected IP throughout
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the experiment at an average rate of 75 mg/kg/hr according to
the animal’s level of anesthesia. At the end of the experiment,
the rats were euthanized using 150 mg/kg of Pentobarbitone
Sodium (CTS, Israel).

[0232] During the TMS protocols, rats were positioned so
their motor cortex is at the focus of stimulation: In the case of
the crossed coils, the rats head was placed inside the two coils,
with the motor cortex located just below one of the poles. In
the case ofthe cloverleaf coil, the center of the coil was placed
just above the motor cortex.

[0233] To monitor the effect of TMS on the rat, evoked
muscle potentials were recorded from its hind legs using an
EMG system. The stimulation threshold, i.e. the minimal
magnetic field required to create a response as recorded in the
EMG was measured.

Excitation of Rat Motor Cortex

[0234] The cross coil configuration is particularly well
suited for application on rats, since the head of the animal fits
well inside the cross coil, with the cortex placed on the joint
axis of the two coils (their shared diameter, see FIG. 1f),
where the field is maximal. 9 animals were tested for the
response of the Gastrocnemius muscle to magnetic stimula-
tion, as measured by an Electromyogram (EMG) electrode on
the leg of the animal. The major difficulty in this test is to
differentiate between the excitation of the motor cortex and
that of the spinal cord. This was done using the different
latencies of the response in the two excitation modes.

[0235] As shown in FIG. 24, the response of the Gastroc-
nemius to stimulation was complex yet reproducible. Two
typical latency times were observed, which were associated
with the spinal response (3.2+0.2 ms (SE)) and with the
cortical response (7.4+0.4 ms (SE)). In most cases, the spinal
and cortical responses could be differentiated reliably by the
latency time. Cervical dislocation or sectioning of the spine
abolished the longer latency response, while leaving the
shorter one active for several minutes. The spinal response
was typically excited at a lower magnetic stimulation thresh-
old than the cortical one.

[0236] In eight of the nine animals tested, a clear response
of the motor cortex to cross coil stimulation was observed.
Four of these animals also responded to stimulation using
only a single coil of the cross coil system. As in the neuronal
culture stimulations, when using only a single coil the electric
field threshold was always equal to or higher than that of the
double coil system (between 0% and 33% higher, 10% on
average). The estimated electric field threshold for excitation
was distributed around a mean of 250+10 (SD) Vim.

[0237] Thedependence of cortical responses on orientation
was assessed using the cross coil. With the rotating field, no
dependence was observed and the same response was mea-
sured at all relative orientations between the coil and the
animal, so that positioning of the rat was not a critical param-
eter of the experiment. In contrast, using a single coil neces-
sitated a precise position of the rat head inside the coil to
assure the effective stimulation of the cortical response. On
the other hand, there was no discernible difference in the
threshold needed for cortical excitation with a single coil or
with the cross coil, once the optimal orientation for single coil
excitation was determined. Several attempts were made to
stimulate the cortex with a simple circular coil as described
herein below but no clear excitation was achieved.

[0238] A 50% increase in excitation thresholds was
observed immediately after Xylazine anesthesia injections,
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which decreased back to baseline values after 1 hr. Ketamine
anesthesia injections did not affect the measured thresholds
(more details can be found herein below).

[0239] Electric Stimulation of One-Dimensional Primary
Culture.
[0240] To compare the response of cultures to different

durations of stimulation, one-dimensional cultures were
stimulated electrically. These cultures were patterned into
straight lines 200 pum thick and 8 mm long on 13 mm glass
coverslips using a protocol developed in the lab. Details can
be foundin 0. Feinerman, E. Moses, J Neurosci Methods 127,
75 (Jul. 15, 2003) fully incorporated herein by reference.
Stimulation was achieved using bath electrodes made of 2
parallel platinum wires (0.005" thick, A-M Systems USA) 2
cm long and 3 cm apart that were immersed in the recording
dish. For stimulation, a bi-polar square pulse was used, last-
ing between 0.1-10 ms with amplitudes of 1-36V peak to
peak.

Results

[0241] Measurements of Rotating Field Stimulations
[0242] FIG. 1e shows the resulting electric field of a proto-
type crossed coil, which scans almost all directions.

[0243] Electric Stimulation of One-Dimensional Culture.
[0244] The principles behind the idea of axonal versus den-
dritic excitation can be tested using direct bath electrode
stimulation, since the length of the electric pulse can be easily
controlled (in contrast to the magnetic pulse). The duration of
current injection by the electrodes can easily be varied from
100 psec to 10 ms. FIG. 16 shows two examples of cultures.
As shown in FIG. 16¢ the first is excited already with the 100
usec pulse, indicating that there are enough axons in the
culture that are parallel to the electric field between the elec-
trodes, and they excite the rest of the network. The second
example is a culture that does not respond at 100 psec, but
needs a pulse of a few ms to respond. Here only dendritic
excitation is expected to be in effect. Indeed, as predicted,
FIG. 14b shows that the first culture is highly dependent on
orientation, and the amplitude needed for excitation when the
field is parallel to the culture (and to the axons) is much lower
than that needed for excitation when the field is at an angle to
the axons. On the other hand, the culture that responds by
dendritic excitation has no observable dependence on the
orientation of the culture with respect to the electric field. This
result considerably strengthens the understanding that the
two modes of excitation—dendritic versus axonal—can play
a very different and crucial role in initiation of activity in the
culture.

[0245] Magnetic Stimulation of Primary Culture.

[0246] 27 cultures of two-dimensional hippocampal neu-
rons plated on 30 mm diameter glass coverslips were tested.
Out of these, 13 were stimulated using a circular coil posi-
tioned horizontally above the culture, 10 were stimulated
using the crossed coil configuration (see methods), and 4
were stimulated using both methods. Of the 14 cultures that
were stimulated using the crossed coils, 5 responded to the
rotating field and just one responded also to a single vertical
coil of the crossed system (FI1G. 4). Of the 17 cultures that
were stimulated using a horizontal coil just 3 responded. All
4 cultures that were stimulated with both methods responded
to the rotating field while only one of these cultures responded
to the horizontal coil. The stimulating threshold in both meth-
ods was similar, with an average of 460+40 V/m. This thresh-
old is ~50% higher than the threshold measured for one-
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dimensional cultures while the success rate of the crossed coil
(36%) is ~50% lower than that of one dimensional cultures
[Rotem & Moses Biophys I. 2008]. The results are summa-
rized in FIG. 8.

Example 2

Electric Vs. Magnetic Excitation of Neuronal
Cultures

[0247] According to this aspect and in one embodiment,
electric stimulation is tested for insight into magnetic stimu-
lation. Because long pulses (~1 ms) are easy to excite elec-
trically but not magnetically, and since the fundamental
mechanisms behind the two modes of simulation are similar,
the response of cultures to varying duration of electric pulses
was investigated. Based on this, reasonable conclusions and
conjectures were made on the mechanism underlying mag-
netic stimulation.

[0248] To demonstrate the time dependence, cultures that
can be stimulated both electrically and magnetically were
tested, and compared to those that can be excited only elec-
trically. It naturally turns out that cultures that respond to the
magnet respond to short electric pulses. What is not obvious
is that cultures that do not respond to magnetic stimulation
also do not respond to short pulses, and can be excited only
with long electric pulses.

Methods:

Electric Stimulator

[0249] The neuronal culture, which is grown on a circular
coverslip, was placed at the center of a recording dish as
described herein above. A custom made annular Teflon frame
fit into the sample dish and could rotate freely above the
culture. Two parallel platinum wires (0.005" (0.127 mm)
thick, A-M Systems USA) 20 mm long and 12.5 mm apart
were mounted along the bottom of the frame about 1 mm
above the culture and immersed in the recording medium.
[0250] The wires were connected to a custom made battery
powered stimulator triggered via a photo-coupler to isolate
the sample from any electrical noise originating in the power
grid. For stimulation, a bi-polar square pulse was used, with a
variable duration lasting between 0.01-10 ms and with ampli-
tudes of 1-36V peak to peak. The trigger and pulse duration
was precisely controlled by a signal generator (DS345 Syn-
thesized Function Generator Stanford Research Systems
Sunnyvale, Calif., USA).

Neuronal Cultures

[0251] A variety of experimental protocols were used to
obtain cultures for different aspects of the experiment. Both
two dimensional (N=15) and patterned one-dimensional
(N=98) geometries of cultures were used. Neurons from rat
hippocampus and cortex and from mouse dorsal root gan-
glion were taken. All these types were used to compare the
electric vs. magnetic excitability of cultures. Rat hippocam-
pal cultures patterned into straight lines that were 200 pm
thick and 8 mm long on 13 mm glass coverslips, grown
according to the protocol developed in our lab. (Feinerman 0,
Segal M, Moses E. Signal Propagation along Uni-dimen-
sional Neuronal Networks. J. Neurophysiol. 94: 3406-3416,
2005).
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Measurements

[0252] To compare between the two types of stimulations,
the minimal electric pulse duration required for stimulating
the culture was measured and termed the pulse duration
threshold (DT). The DT was determined by setting the stimu-
lator current at its maximal amplitude and tuning only the
duration of the bipolar pulse using a binary search algorithm
until a threshold is determined.

[0253] Results: N=112 cultures were tested for both mag-
netic and electric excitability. All cultures responded to elec-
trical stimulation, while only 16% (N=19) responded to mag-
netic stimulation. The distribution of all DTs is described in
FIG. 10. The DT of the magnetically excitable cultures had a
mean of 11040 ys (SE) while the average DT of all cultures
that did not respond to magnetic stimulation was 510£50 ps
(SE).

The Equivalence of Induced and Conductive Electric Fields

[0254] The passive cable equation that describes the
response of neurites to external electric field does not depend
on the source of the field. The electric field induced by the
TMS pulses is similar in strength to that produced by the bath
electrodes. In principle, the overall geometry of the fields and
the motion of counter ions can be different depending on the
precise coil configuration, and the boundary conditions may
differ. However, at the scale of an axon that is oriented in the
direction of the field, the fields can be assumed to be practi-
cally identical.

[0255] Comparing the effective pulse width of an electric
and magnetic pulse warrants some care. As shown in FIG. 1d
of the manuscript, the typical magnetic sinusoidal pulse of
240 ps induces a cosine for the electric field, and has three
stages, positive for about 60 s, negative for 120 us and ends
with another positive stage of 60 ps. The corresponding
changes in membrane potential are also bi-polar, and bring a
shift in the potential that is maximally positive at a phase of
7/2 and maximally negative at 3/2. In comparison, FIG. 10a
shows the basic bi-polar square electric pulse which has two
stages, first the positive stage and then the negative. The
corresponding membrane potential of a typical axonal or
dendritic ending or curve is uni-polar. The potential rises to a
value similar to that in the corresponding magnetic pulse, but
does not shift to the opposite sign after relaxing to zero.
[0256] In principle, whether the neuron undergoes a nega-
tive or positive potential change should make a difference in
the response of the neuron, with a higher probability for the
positive potential shift to create an action potential. However,
no obvious dependence on the order of the polarity was found,
indicating that, for a given direction, axons and dendrites
were as likely to point in both opposite orientations.

[0257] Theuse of an electric pulse shaped like the magneti-
cally induced one was tested as well, with a quarter cycle in
the plus direction, then two quarters in the opposite, negative
direction and ending with the final quarter positive again. The
results were similar to ones with the original pulse used. Ithas
been seen that all cultures that respond to pulse durations
shorter than 60 us were also excited by TMS, and perhaps
more significant, only those. This is in good agreement with
the pulse duration of TMS, which is 60 ps.

Longer Pulses Excite More Cultures

[0258] From the distribution of DTs (FIG. 105) it can be
concluded that longer pulses are more efficient in exciting
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cultures. This, together with the equivalence between mag-
netic and electric stimulation implies that longer TMS pulses
will be more efficient in exciting neurons, with a critical
timescale of 200 ps. For example, a TMS pulse that will last
500 ps is expected to excite 80% of all cultures.

Using the Conventional Circular Coil

Results in Culture Experiments

[0259] In a previous study, randomly connected two-di-
mensional (2D) cultures could not be magnetically stimulated
using standard circular coils, even at high (~5 T) magnetic
fields produced by the homemade power supply ([Rotem &
Moses BioPhys J 2008]). This study was based upon exami-
nation of 11 cultures. In the current study, two out of 12
cultures that responded to the crossed coils were also respon-
sive to the standard coil (another 3 cultures were responsive to
the standard coil and were not tested using the double coil due
to deterioration of the sample over time).

[0260] A possible explanation for this phenomenon is that
in these cultures a subset of the axons is oriented in a direction
parallel to the induced electric field. Since the electric field
lies on rings concentric with the cover glass boundaries,
axons that might lie in this direction were searched. An
example of one such GFP stained neuron is presented in FIG.
17. The axon of this neuron extends to 3 mm and grows
parallel to the cover slip boundaries. The orienting effect of
boundaries on axons has been previously demonstrated
(Fienerman et al. J. Neurophys 2005). If indeed the boundary
forces a large number of neurons to have axons oriented along
the rim surrounding the culture then these would be excited
by the induced electric field and could initiate activity in the
whole culture.

Results in Rat Experiments

[0261] In addition to the successful crossed coil excitation
of cortical activity in rats, as reported herein above, rats were
magnetically stimulated using the standard single circular
coil. While cervical excitation was evident, a cortical compo-
nent in the signal could not be differentiated. Therefore the
circular was mostly used for the task of characterizing the
effect of the anesthetic agents Ketamine and Xylazine on the
threshold for excitation of the cervical activity. One experi-
ment using the crossed coils was conducted to verify these
results.

Effect of Anesthesia on Stimulation Threshold

[0262] Intheexperiment described in FIG. 17 aseries of 15
threshold measurements were performed while the animal
was anesthetized and given several doses of anesthetics, using
either a combination of Ketamine and Xylazine or Ketamine
alone. As seen in the Figure, the threshold measured after
doses of Ketamine alone differed by no more than 10% from
each other, while Xylazine increased the threshold by about
50%. Since the accuracy in determining the threshold is on
the order of 10%, it can be concluded that electric field thresh-
olds should not be measured in proximity to Xylazine appli-
cation (relaxation times were derived from the fit of the data
to be approximately 1 hour), but that Ketamine application
does not affect the threshold by more than the typical statis-
tical deviation of the measurements.
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The Cloverleaf Design

[0263] The crossed coil configuration is radically different
from standard coils that are currently in clinical use. This
configuration was found to be highly efficient on cultures and
rats, but some complications may arise when applying it on
humans. In particular, the large structure and positioning of
the head inside the cage-looking setup could discourage sub-
jects and interfere with the patient peace of mind during the
experiment. In addition, the fields induced by the crossed
coils reach much deeper areas in the brain than standard coils
and may activate untargeted regions or muscles during the
experiment.

[0264] As an alternative, an embodiment a cloverleaf con-
figuration is described herein. The cloverleaf configuration is
similar to currently available conventional products. The clo-
verleaf consists of two pairs of “figure of eight” coils (FIG.
13). Each pair is connected to an independent power source.
The two pairs are positioned on the same plane and perpen-
dicular to each other so that at the hotspot, their resulting
electric fields are perpendicular. Similarly to the crossed coil
setup, the pulses of the pairs are separated by a phase of 90
degrees. The resulting electric field at the hotspot completes
% of a circle during one combined pulse. The rest of the
characteristics of the electric field, in terms of strength, focus
and decay on the Z-axis are similar to that of the conventional
figure of eight coils.

[0265] An advanced version of the cloverleaf coil is the
dense cloverleaf (FIG. 13). In this coil, each circular compo-
nent was distorted near the hotspot to minimize the empty gap
above the hotspot, thus increasing the field strength at the
hotspot itself while decreasing the volume of the hotspot.

Example 3

Magnetic Stimulator for Dendritic Excitation

[0266] In one embodiment, dendritic excitation requires
magnetic pulses with a rise time of 1 ms, made possible by
increasing the capacitance of the stimulator. For this a larger
stimulator was constructed with a capacitor C of 4.8 mF and
amaximum voltage load of 6.5 kV (3650CMF3480, General
Atomics Electronic Systems, USA) capable of delivering
about 10 T with a rise time of 1 ms. Two ignitrons, I1 and 12
(NL7703, National Electronics, USA) were used: 11 was used
to initiate discharge through the coil and [2 was used to
shortcut the coil and stop the discharge through the coil (FIG.
7). In this way, the initiation of a pulse can be controlled with
11 and the termination of a pulse can be controlled by 12.
[0267] In one embodiment, capacitors that are used in
stimulators of the invention can be commercially available
capacitors such as the General Atomics capacitors described
in  http://www.ga-esi.com/EP/capacitors/series-cmf-self-
healing-capacitors.php.

[0268] In the claims articles such as “a,”, “an” and “the”
mean one or more than one unless indicated to the contrary or
otherwise evident from the context. Claims or descriptions
that include “or” or “and/or” between members of a group are
considered satisfied if one, more than one, or all of the group
members are present in, employed in, or otherwise relevant to
a given product or process unless indicated to the contrary or
otherwise evident from the context. The invention includes
embodiments in which exactly one member of the group is
present in, employed in, or otherwise relevant to a given
product or process. The invention also includes embodiments
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in which more than one, or all of the group members are
present in, employed in, or otherwise relevant to a given
product or process. Furthermore, it is to be understood that the
invention provides, in various embodiments, all variations,
combinations, and permutations in which one or more limi-
tations, elements, clauses, descriptive terms, etc., from one or
more of the listed claims is introduced into another claim
dependent on the same base claim unless otherwise indicated
or unless it would be evident to one of ordinary skill in the art
that a contradiction or inconsistency would arise. Where ele-
ments are presented as lists, e.g. in Markush group format or
the like, it is to be understood that each subgroup of the
elements is also disclosed, and any element(s) can be
removed from the group. It should it be understood that, in
general, where the invention, or aspects of the invention,
is/are referred to as comprising particular elements, features,
etc., certain embodiments of the invention or aspects of the
invention consist, or consist essentially of; such elements,
features, etc. For purposes of simplicity those embodiments
have not in every case been specifically set forth in haec verba
herein. Certain claims are presented in dependent form for the
sake of convenience, but Applicant reserves the right to
rewrite any dependent claim in independent format to include
the elements or limitations of the independent claim and any
other claim(s) on which such claim depends, and such rewrit-
ten claim is to be considered equivalent in all respects to the
dependent claim in whatever form it is in (either amended or
unamended) prior to being rewritten in independent format.
[0269] While certain features of the invention have been
illustrated and described herein, many modifications, substi-
tutions, changes, and equivalents will now occur to those of
ordinary skill in the art. It is, therefore, to be understood that
the appended claims are intended to cover all such modifica-
tions and changes as fall within the true spirit of the invention.

1. A method for neuron excitation, said method comprising
subjecting a neuron to a first electric field pulse longer than
200 ps in duration, thereby exciting said neuron.

2. The method of claim 1, wherein, said first electric field
pulse is equal to or longer than 1 ps in duration.
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3. The method of claim 1, further comprising collecting or
detecting an electric signal from said neuron.

4. The method of claim 3, wherein said collecting or detect-
ing an electric signal from said neuron is done by Electroen-
cephalography (EEG).

5. The method of claim 1, wherein said first electric field is
induced by a magnetic field, wherein said magnetic field is
induced by passing current through a coil, wherein said coil is
connected to a capacitor.

6. The method of claim 1, wherein said pulse duration
exceeds the electric field duration threshold needed to excite
a dendrite or a dendrite population.

7. The method of claim 1, wherein said neuron excitation
comprise dendrite excitation.

8. A device for dendrite excitation, said device comprising
acapacitor connected to a coil and to a power supply, wherein
the capacitance of said capacitor is at least 1.0 mF.

9. The device of claim 8, wherein said device generates an
electric field pulse longer than 200 ps in duration, thereby
exciting said dendrite.

10. The device of claim 9, wherein said electric field pulse
is equal to or longer than 1 ms in duration.

11. The device of claim 8, further comprising an electric
signal detector or collector for collecting or detecting an
electric signal from an excited neuron, wherein said detector
or collector is an Electroencephalography (EEG) detector.

12. The device of claim 8, wherein said electric field is
induced by a magnetic field, wherein said magnetic field is
induced by passing current through a coil.

13. The device of claim 8, wherein said capacitance of said
capacitor is at least 1.0 mF.

14. The device of claim 8, wherein said pulse duration
exceeds the electric field duration threshold needed to excite
a dendrite or a dendrite population.

15. The method of claim 8, wherein said dendrite excitation
causes a neuron to fire.
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