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(57) ABSTRACT 

Method and devices are provided for treating subjects with 
Transcranial Magnetic Stimulation (TMS). According to 
Some approaches, the methods and devices are configured for 
the treatment of ongoing seizures. Other approaches relate to 
the use of TMS as an antiepileptogenic or for use in deter 
mining preferential placement of intracranial probes. 
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TRANSCRANIAL MAGNETC STIMULATION 
(TMS) METHODS AND APPARATUS 

0001. This application claims the benefit of U.S. Provi 
sional Application Ser. No. 60/872.207, filed Dec. 1, 2006, 
which is hereby incorporated by reference in its entirety. 

FIELD 

0002 The present invention relates to transcranial mag 
netic stimulation (TMS). 

DISCUSSION OF RELATED ART 

0003 Transcranial magnetic stimulation (TMS) provides 
a non-invasive procedure for generating fluctuating magnetic 
fields to induce stimulating intracranial electric current to 
desired areas of the human body, typically targeted areas of 
the brain. In general, TMS procedures involve identifying a 
discrete region of the brain and focusing fluctuating magnetic 
fields generated by one or more coils positioned proximate 
the head at a location that induces electric current in the 
identified region of the brain. The type and character of the 
fluctuating magnetic field deposition, and the location of the 
targeted region of the brain typically depends on the type of 
therapeutic and/or diagnostic application that is to be 
achieved. 
0004. A growing understanding of TMS techniques has 
led to the development of numerous diagnostic and therapeu 
tic applications in neurology, cognitive neuroscience, clinical 
neurophysiology, psychiatry, neurorehabilitation, etc. 
Repetitive Transcranial Magnetic Stimulation (rTMS) has 
been used as noninvasive treatment for a variety of medical 
conditions. Applications for rTMS include, but are not lim 
ited to, psychiatric disorders, such as depression, hallucina 
tions, obsessions, and drug craving; neurologic diseases Such 
as Parkinson's disease, or dystonia; rehabilitation of aphasia 
or of hand function after stroke; and pain syndromes, such as 
caused by migraine, neuropathies, low back pain, or internal 
visceral diseases such as chronic pancreatitis or cancer. As 
used herein, the term TMS refers generically to both TMS and 
rTMS. 
0005 For many conventional applications, effective 
rTMS has included routine stimulation according to a pre 
scribed schedule. For example, a particular therapeutic appli 
cation may have the best results when repeated for several 
days (e.g., ten to twenty days) on a daily or even bi daily 
regimen. Other applications may require more or less fre 
quent stimulation and/or require different lengths of time over 
which the stimulation is repeated. For example, the pre 
scribed length of time may vary from a couple of days, to 
several weeks, months or years. In some circumstances, the 
most effective treatment may involve an indefinite stimula 
tion regimen. In particular, after the initial treatment (referred 
to as the induction phase), a Subject may require (or respond 
more positively) by continuing with maintenance therapy for 
many months, and possibly indefinitely. 

SUMMARY 

0006. According to one aspect of the invention, a system 
for applying transcranial magnetic stimulation to a subject is 
disclosed. The system comprises an electromagnetic coil con 
figured to deliver a fluctuating magnetic field to a subject's 
brain to induce an electric current therein. An interface is 
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configured to position the electromagnetic coil in proximity 
to the brain of the subject. A controller controls operation of 
the electromagnetic coil according to an operating protocol. 
The operating protocol comprises delivering an initial fluc 
tuating magnetic field having an intensity and a duration and 
delivering a Subsequent fluctuating magnetic field after deliv 
ering the initial fluctuating magnetic field. At least one of 
intensity and duration of the Subsequent fluctuating magnetic 
field is greater than the intensity and duration of the initial 
fluctuating magnetic field, respectively. 
0007 Another aspect of the invention relates to a portable 
device for applying transcranial magnetic stimulation to a 
Subject. The device comprises a portable power source, an 
electromagnetic coil that receives power from the power 
Source to produce a fluctuating magnetic field that may 
induce an electric current in a Subject's brain. A controller 
controls operation of the electromagnetic coil according to an 
operating protocol. A housing houses the electromagnetic 
coil and positions the electromagnetic coil to deliver the fluc 
tuating magnetic field to a subject's brain. 
0008 Another aspect of the invention relates to a device 
for treating an ongoing seizure. The device comprises an 
electromagnetic coil that receives power from a power Source 
to produce a fluctuating magnetic field. A controller controls 
operation of the electromagnetic coil according to an operat 
ing protocol. A plurality of electrodes receive a signal indica 
tive of brain activity in the subject and provide the electrical 
signal to the controller. The device also comprises an inter 
face that includes the plurality of electrodes and the electro 
magnetic coil. The interface is configured to position the 
plurality of electrodes to receive the signal and to position the 
electromagnetic coil to deliver the fluctuating magnetic field 
to a subject's brain. 
0009. Another aspect of the invention relates to a method 
of non-invasively assessing intracranial electrode positioning 
or similarly, guiding placement of intracranial electrodes. 
The method comprises positioning an electromagnetic coil at 
an initial external position about a subject's brain. A fluctu 
ating magnetic field is applied from the electromagnetic coil 
positioned at the initial external position about the subject's 
brain. Any effects exhibited by the subject subsequent to 
applying the first fluctuating magnetic field from the electro 
magnetic coil at the initial external position are identified. 
The electromagnetic coil is repositioned at a Subsequent 
external position, different than the initial external position, 
about the Subject's brain. A Subsequent fluctuating magnetic 
field is applied from the electromagnetic coil positioned at the 
Subsequent external position about the Subject's brain. Any 
effects exhibited by the subject subsequent to applying the 
Subsequent fluctuating magnetic field from the electromag 
netic coil at the Subsequent external position are identified. 
Any effects associated with applying the fluctuating magnetic 
field from the first external position of the electromagnetic 
coil and any effects associated with applying the fluctuating 
magnetic field from the Subsequent external position and then 
compared to identify a preferential position among the initial 
and Subsequent external positions. The effects that are 
assessed may be intended, desirable therapeutic effects or 
may be unintended and undesirable side effects. This proce 
dure may be repeated multiple times, effectively probing for 
desirable and undesirable effects associated with multiple 
Scalp (and thus brain) regions. A detailed map may be gener 
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ated of the likelihood of brain stimulation to induce desirable 
and undesirable effects in the subject when targeting different 
regions of the brain. 
0010. Another aspect of the invention relates to a method 
of terminating an ongoing seizure. The method comprises 
identifying a Subject for treatment and positioning an electro 
magnetic coil about the seizing Subject's brain. The electro 
magnetic coil is energized to direct a fluctuating magnetic 
field from the electromagnetic coil to the seizing Subject's 
brain. 
0011. Another aspect of the invention relates to a method 
of preventing epilepsy. The method comprises identifying an 
epilepsy precipitating occurrence or predisposition (genetic 
or acquired) and exposing a brain of the subject to rTMS. 
0012. Further features and advantages of the present 
invention, as well as the structure of various embodiments of 
the present invention are described in detail below with ref 
erence to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0013 The accompanying drawings are not intended to be 
drawn to Scale. In the drawings, each identical or nearly 
identical component that is illustrated in various figures is 
represented by a like numeral. For purposes of clarity, not 
every component may be labeled in every drawing. Various 
embodiments of the invention will now be described, by way 
of example, with reference to the accompanying drawings, in 
which: 
0014 FIG. 1 illustrates, schematically, components that 
are common to several embodiments of the present invention; 
0015 FIG. 2A-2C illustrate various embodiments of por 
table devices configured to administer TMS; 
0016 FIGS. 3A-3E illustrate various components of a por 
table TMS device, in accordance with some embodiments of 
the present invention; 
0017 FIG. 4 illustrates a portable TMS device, in accor 
dance with Some embodiments of the present invention; 
0018 FIG. 5 illustrates a portion of a TMS device, in 
accordance with some embodiments of the present invention; 
0019 FIG. 6 illustrates a portable TMS device adapted to 
communicate over a network, in accordance with some 
embodiments of the present invention: 
0020 FIGS. 7A-7B illustrates a side-view and a bottom 
view of a portable TMS device having a communications 
port, in accordance with some embodiments of the present 
invention; 
0021 FIG. 8 illustrates a flow chart of a method for posi 
tioning a TMS coil, in accordance with some embodiments of 
the present invention; 
0022 FIG. 9 illustrates a flow chart of another method for 
positioning a TMS coil, in accordance with some embodi 
ments of the present invention; 
0023 FIG. 10 illustrates a portable TMS device having 
EEG feedback, in accordance with some embodiments of the 
present invention; 
0024 FIGS. 11-17 represent graphs and figures associated 
with examples of the embodiments of the invention, as dis 
cussed herein. 

DETAILED DESCRIPTION 

0025. As discussed herein, the applicants have appreciated 
that TMS may provide benefits in Some emergent settings, 
Such as in the treatment of an ongoing seizure. 
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0026. Aspects of the invention relate to novel uses for 
TMS, and devices that facilitate the use of TMS in particular 
settings. Embodiments of the TMS device may comprise 
electromagnetic coil(s) that, when energized, emit a magnetic 
field either as a single pulse of magnetic energy or as mag 
netic energy that fluctuates in intensity or polarity. The mag 
netic field may be applied to the brain of a subject to induce an 
electric current therein, which, in turn, may stop an ongoing 
seizure (as used herein, the term "magnetic field’ refers gen 
erally to the stimulation that may be applied to a subject's 
brain in TMS). The electromagnetic coil may be housed in an 
interface that facilitates quick and easy positioning of the coil 
proximate to a subject's brain. A controller may be provided 
that runs the electromagnetic coil according to a defined, 
operating protocol that further simplifies use of the device. 
0027. One aspect of the invention relates to the treatment 
of an ongoing seizure with TMS. Generally speaking, during 
a seizure, electric signals are transmitted about the brain in an 
abnormal, Systematic manner, unlike the more chaotic signals 
that typify normal brain activity. The applicants have appre 
ciated that inducing an electric current in a Subject's brain 
during a seizure may disrupt systematic signal transmission 
and, in doing so, may cause termination of the ongoing sei 
ZU 

0028. Another aspect of the invention relates to an appa 
ratus for performing TMS according to an escalating, oper 
ating protocol. It may be difficult to define, a priori, the 
intensity, duration and/or frequency of magnetic field(s) that 
may be required to stop a seizure in a given subject, without 
also over-exposing the Subject. In this regard, the applicants 
have appreciated that applying a magnetic field in an escalat 
ing manner can minimize the Subject's exposure to the mag 
netic field having the intensity, duration and/or frequency that 
is necessary to stop the seizure. It is to be appreciated, how 
ever, that an escalating protocol may be used in conjunction 
with TMS for purposes other than stopping an ongoing sei 
Zure, such as treating epilepsy or preventing the onset of 
epilepsy, or other therapeutic applications of TMS in neurol 
ogy, psychiatry, or rehabilitation. 
0029. Another aspect of the invention relates to an appa 
ratus configured to perform TMS in an emergent setting. As 
may be appreciated, Subjects may begin seizing unexpect 
edly, even when under the care of a doctor or other healthcare 
professional. Embodiments of the TMS apparatus may be 
portable and/or readily deployable to facilitate use in such 
situations. Some embodiments may be configured for place 
ment in highly trafficked, public venues, such as airports, 
malls, and the like, such as where defibrillator devices are 
now commonly found. Illustrative embodiments may include 
other features, such as a portable power source, that further 
facilitate ready deployment and use. It is to be appreciated, 
however, that the use of such devices is not limited to emer 
gent settings, and that Such devices may be used for other 
purposes, such as administering TMS as an antiepileptogenic, 
or applying TMS for treatment of a variety of other diseases 
in the field. 

0030 Yet another aspect of the invention relates to meth 
ods of non-invasively assessing positions of a Subject's brain 
for the placement of stimulating intracranial electrodes, and 
identifying preferential or optimal position(s). Candidate 
positions for the invasive placement of intracranial electrodes 
may first be identified. The fluctuating magnetic field (i.e., the 
stimulation) from embodiments of the TMS device may be 
focused to the candidate positions to induce current at the 



US 2010/0210894 A1 

candidate positions one at a time in a systematic manner. The 
subject may be observed for the presentation of any desirable 
and undesirable (intended and unintended) effects associated 
with focusing the induced current at each of the candidate 
positions. Candidate positions may then be compared, based 
on the existence or extent of effects (desirable or undesirable), 
such that preferred positions may be identified for further 
consideration. The effectiveness of stopping ongoing sei 
Zures by applying fluctuating magnetic fields to each of the 
preferred positions, as well as the potential risk of undesirable 
effects and adverse effects of the stimulation may then be 
evaluated prior to performing an invasive procedure to 
implant an intracranial electrode at one or more of the pre 
ferred positions. In this manner, a noninvasive method may 
serve to guide and optimize the placement of invasive elec 
trode(s), thus increasing the efficacy and reducing the risk of 
adverse effects for the subject. 
0031 Yet another aspect of the invention relates to meth 
ods of using TMS as an antiepileptogenic to prevent the onset 
of epilepsy. A healthcare profession may prescribe rTMS 
after identifying an event, such as a head trauma, or diagnos 
ing a condition that predisposes a subject to epilepsy, such as 
autism or tuberous Sclerosis, or finding a genetic predisposi 
tion that might precipitate or will eventually result in the onset 
of epilepsy or epileptogenesis in a particular subject. TMS 
may then be administered according to a variety of protocols, 
as discussed herein, to prevent the onset of epilepsy. 
0032 Turn now to the figures, and initially FIG. 1, which 
shows components that are common to many embodiments of 
the TMS device. An electromagnetic coil, typically in the 
shape of a “figure-eight', is connected to a power Supply that, 
when activated, energizes the coil. Operation of the electro 
magnetic coil may be governed by a controller that is pro 
grammable or that includes a single, operating protocol that 
defines how, when, and to what extend the coil is energized. 
0033 FIG. 1 also shows electrodes that may be placed 
about a subject's head to detect electric signals indicative of 
brain activity, in the same manner as an electroencephalo 
gram (EEG), as is discussed in greater detail herein. The 
electrodes and the electromagnetic coil may be incorporated 
into an interface configured for placement about a subject's 
head to facilitate rapid placement of both the coil and elec 
trodes, as may be required in an emergent setting. 
0034. The applicant has appreciated that a generally por 
table TMS device may facilitate more convenient application 
of and/or completion of TMS treatment. For example, a por 
table TMS device may facilitate the use of TMS treatment in 
an emergent situation, whereas systems constructed of inde 
pendent components might involve additional set up that can 
delay the application of TMS treatment and the termination of 
an ongoing seizure. As discussed herein, seizures may cause 
brain damage and the risk of brain damage may increase with 
the duration of a seizure. A TMS device with features that 
reduce the time required for deployment and use may prevent 
or reduce the extent of brain damage that occurs in a seizing 
Subject. 
0035 Seizures are often characterized by the abnormal, 
systematic transmission of electric signals in a subject's 
brain. Often, a seizure begins with the systematic transmis 
sions of signals in a discrete portion of the Subject's brain, 
such as a discrete portion of the cerebral cortex. As the seizure 
progresses, larger portions of the Subject's brain experience 
the systematic transmission of electric signals. This process 
often leads to the entire brain being overcome with abnormal, 
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systematic transmissions of electric signals. In this respect, 
focusing of a fluctuating magnetic field may not be required 
for the fluctuating magnetic field to be incident on an affected 
portion of a subject's brain. Electromagnetic coils may sim 
ply be positioned to subject a portion or all of a subject's brain 
to the fluctuating magnetic field. 
0036 Illustrative embodiments may include a portable 
power source to facilitate rapid deployment of the TMS 
device. As shown in FIG. 1, the portable power source may 
include a battery pack that is incorporated directly into the 
TMS device. The battery pack may provide a primary source 
of power to the electromagnetic coil, controller, and other 
components of the device. Such a configuration may prove 
useful for TMS devices that are made available in high traffic 
areas, like shopping malls, airports, and the like; or that are 
made available in places were customary medical assistance 
is not readily available, like in airplanes, ferries, etc. It is to be 
appreciated, however, that not all embodiments of TMS 
devices require a portable power Source, and that some 
embodiments may include portable power sources for sec 
ondary or backup power or no portable power Sources at all. 
0037. The portable power source may be rechargeable, 
replaceable or disposable, as aspects of the invention are not 
limited in this respect. A rechargeable power Source may 
facilitate using the TMS device multiple times. According to 
some embodiments, a TMS device positioned for public 
access may, while stored, be plugged into a wall outlet to 
ensure that the portable power source remains fully charged. 
Such embodiments may be removed from the stored position 
and unplugged for use, if necessary. 
0038 Illustrative embodiments may comprise a common 
power Source to energize the electromagnetic coil(s) and to 
provide power to controls, displays, and other components of 
a TMS device. However, it is to be appreciated that the inven 
tion is not limited in this respect, as embodiments may 
include separate power Supplies, portable or otherwise, for 
energizing the coil and providing power to other components 
of a TMS device. 

0039. An interface may incorporate one or more electro 
magnetic coils such that, during use, the coil(s) are positioned 
to deliver a magnetic field to a Substantial portion of a seizing 
subject's brain. According to the embodiment illustrated in 
FIG. 2A, the interface includes a pliable hat-shaped device 
that can be fitted rapidly to most any subject's head. 
0040 Alternately, as shown in the embodiment of FIG. 
2B, the interface may comprise a pliable envelope with flex 
ible, resilient bands that, when worn by a subject, extend 
downward from the subject's crown toward the subjects hair 
line. These bands may be expanded so that the interface can 
slide over the a subject's head, positioning the electromag 
netic coil(s) to deliver a magnetic field to the subjects brain. 
0041 FIG.2c shows yet another embodiment of an inter 
face that may be used to rapidly position an electromagnetic 
coil about a subject's head. As shown, the interface comprises 
a pliable envelope, such as might be made of cloth, plastic, 
and the like. The interface may be held in place by a health 
care professional, or other respondent, as the TMS device is 
activated to deliver a fluctuating magnetic field to the Sub 
ject's brain to induce electrical currents therein. It is to be 
appreciated, however, that other embodiments may also be 
constructed for rapid positioning of a coil about a Subjects 
brain, as aspects of the invention are not limited to those 
embodiments shown in FIGS. 2A-2C. 
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0042 Embodiments of the TMS device may include a 
single electromagnetic coil, or a plurality of electromagnetic 
coils for delivering a fluctuating magnetic field to Subject's 
brain to induce electric current or impulses therein. By way of 
example, the embodiment of FIG.2c shows four, electromag 
netic, “figure-eight' shaped coils positioned within or on the 
envelope. The coils are positioned about the interface such 
that, during use, each of the coils is positioned roughly over 
one quadrant of the Subject's head. It is to be appreciated that 
other configurations are possible, with any other number of 
coils incorporated into a particular interface, as aspects of the 
invention are not limited in this respect. It is also to be appre 
ciated that other configurations of coils may also be employed 
by embodiments of TMS devices, as aspects of the invention 
are not limited to the use of figure-eight coils. 
0043. Different electromagnetic coils of a single interface 
may be energized and fired in different manners. According to 
Some approaches, each the plurality of electromagnetic coils 
are fired in unison. Alternately, the various coils may be fired 
at different times than one another, yet still according to a 
systematic pattern. In other embodiments, the coils may be 
fired randomly with respect to one another, as aspects of the 
invention are not limited in this respect. 
0044 Components of the TMS device may be packaged to 
promote rapid deployment and ease of use. FIG. 2B shows 
one embodiment of a TMS device that has a control box to 
incorporate all of the components of the device, except the 
interface and a connection therebetween. This configuration 
may provide a reduced number of components for a respon 
dent to handle when operating the TMS device. In an emer 
gent situation, the respondent may place the interface about 
the subject's head, and then attend to the controls on the 
control box. In this respect, operation may be simplified by 
reducing the number of steps to ready the TMS device for use 
on a seizing Subject. Other configurations are also possible for 
promoting rapid deployment and ease of we, Such as the 
configuration of embodiment of FIG. 2A, where the control 
box is attached directly to the interface. 
0045 Controls of the TMS device may be configured for 
simplified operation, Such that respondents may be qualified 
to operate the TMS device with minimal prior training, or no 
prior training at all. The illustrative embodiment of FIG. 2A 
includes only an activation control (i.e., a button in the illus 
trated embodiment) and a power indicator light. Once prop 
erly positioned about a Subject's head, a respondent depresses 
the activation button to begin operation of the TMS device. 
Other control and indicator configurations are possible, as 
aspects of the invention are not limited to those that are 
illustrated. Moreover, as discussed herein, some embodi 
ments of TMS devices may be configured for different types 
of applications, where additional controls and the ability to 
actively program a device may be desirable. 
0046. Once the activation control has been depressed, the 
controller of the TMS device may cause the electromagnetic 
coil(s) to be energized by current from the power source. Such 
that a fluctuating magnetic field is emitted to induce electric 
current in a subject's brain or portions thereof. According to 
one operating protocol, after emitting a first fluctuating mag 
netic field or series of fields, the TMS device may turn off 
until the activation control is again actuated by the respon 
dent. In such embodiments, the controller may limit the num 
ber of times that the fluctuating magnetic field may be emit 
ted, or may require a predetermined length of time to pass, 
Such as 0.1 seconds or more, 1 second or more, 5 seconds or 
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more, 10 seconds or more, or 15 seconds or more before 
activating the control a Subsequent time will produce a Sub 
sequent fluctuating magnetic field. 
0047 Once activated, the controller may then run the TMS 
device without further intervention by the respondent, 
according to Some embodiments. Single pulses or pulse trains 
of magnetic stimulation may be emitted according to a pre 
determined sequence, Such as every 0.01 second or more, 
every 0.1 seconds or more, every second or more, every 2 
seconds or more, or every 5 seconds or more or according to 
any other timing scheme. Pulse trains may also include indi 
vidual pulses that are fired irregularly, according to a prede 
termined pattern, or even stochastically, as aspects of the 
invention are not limited to any one configuration of pulse or 
pulse train. Once the respondent identifies termination of the 
seizure, the operating protocol may also be stopped by acti 
Vating an appropriate control on the TMS device, or simply by 
removing the interface from the subject. 
0048. The treatment of ongoing seizures may include 
directing an initial magnetic field to the brain of a seizing 
Subject as either a single pulse of magnetic energy or a series 
of pulses of fluctuating magnetic energy that fluctuate at a 
particular frequency or that fluctuate irregularly (i.e., a “pulse 
train'). If the seizure does not stop, Subsequent fluctuating 
magnetic stimulation having greater intensity, duration and/ 
or frequency may be applied to the Subject's brain. In this 
manner, the extent of the Subject's exposure to the fluctuating 
magnetic field may be minimized to the intensity, duration 
and/or frequency necessary to end the seizure. 
0049. As used herein, the term “duration', when used with 
reference to the stimulation (i.e., fluctuating magnetic field) 
that is applied to a subject's brain, refers to the amount of time 
that elapses during the period of stimulation. Duration may be 
a short as 50 microseconds or shorter, such as for stimulation 
that comprises a single pulse of Stimulation, or as long as 
several minutes, such as for long pulse trains of stimulation. 
0050. As used herein, the term “frequency” refers the rate 
at which individual pulses are emitted during a given duration 
of stimulation. Typically, low frequency pulse trains have 
frequencies that lie between 0.33 Hz and 1.0 Hz, although 
lower frequencies are also possible. Intermediate frequencies 
may range between 1 Hz and 20 HZ, and high frequency pulse 
trains often have frequencies between 20 Hz, and 200 Hz, 
although greater frequencies are also possible. Additionally, 
it is to be appreciated that individual pulses emitted during a 
given duration may vary according to an irregular pattern, or 
even stochastically, as aspects of the invention are not limited 
in this respect. Frequency, as associated with Such embodi 
ments, may describe the average frequency at which pulses 
are fired, and should not be considered to be limited to rhyth 
mic patterns of stimulation. Purposefully arrhythmic, asyn 
chronous patterns of stimulation are also encompassed. 
0051. According to some embodiments, the magnetic field 
may increase in intensity, duration and/or frequency during a 
common operating protocol. For instance, an operation pro 
tocol may include emitting an initial magnetic field as a 
single, 200 microsecond pulse. Subsequent magnetic fields 
may comprise longer durations, such as 500 or more micro 
seconds, 1000 or more microseconds, or even greater dura 
tions. 
0.052 The intensity of the magnetic field (and induced 
intracranial electrical current) may be increased during the 
progression of an operating protocol. Typically, magnetic 
fields used during TMS range from 0.5 Tesla to 3.0 Tesla and 
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the intensity required to stop an ongoing seizure may lie 
anywhere within this range for a given subject. As another 
technique to minimize the overall magnetic field exposure of 
a subject, embodiments of operating protocols comprise 
emitting magnetic fields of lower intensities during initial 
portions of the protocol, such as 0.5 Tesla or 1.0 Tesla, and 
emitting Subsequent magnetic fields of greater intensities, as 
may be required if a Subject's seizure persists. 
0053. The frequency of magnetic fields emitted during 
pulse trains may be altered during the progression of an 
operating protocol to help end a seizure. According to some 
embodiment; magnetic fields may comprise pulse trains of 
magnetic energy emitted anywhere between 0.33 Hz or lower 
and 200 Hz or higher. Frequencies may be altered anywhere 
among this range during a given operating protocol. Addi 
tionally, the time that elapses between pulse trains that are 
emitted by the electromagnetic coil may also be altered dur 
ing a common operating protocol. By way of example, any 
where between 0.01 seconds and 30 seconds may elapse 
between emitting the first magnetic field of an operating 
protocol, either as a single pulse or a pulse train, and the 
second magnetic field of the operating protocol. The time 
elapsed between emitting the second and third magnetic 
fields may be increased or decreased relative to the time that 
is elapsed between the first and second fluctuating magnetic 
fields. This trend may continue throughout an entire operating 
protocol, or for portions of an operating protocol. 
0054 Embodiments of the TMS device may include elec 
trodes configured to receive electric signals indicative of a 
Subject's brain activity, much like an electroencephalogram 
(EEG). AS illustrated, the electrodes may be incorporated 
directly into the interface of a TMS device. This may facilitate 
the rapid placement of the probes by a respondent in an 
emergent setting. The electric signals may be used to identify 
the onset of a seizure or to optimize the timing of the magnetic 
field emissions to coincide with ongoing activity in the Sub 
ject's brain. Various TMS techniques guided by such electric 
signals received from the brain are discussed in U.S. Pat. No. 
6,571,123 (123), entitled “Method and Apparatus for 
Recording an Electroencephalogram During Transcranial 
Magnetic Stimulation, and U.S. Pat. No. 6,266.556, which 
are each hereby incorporated by reference in their entirety. 
0055 As shown in FIG. 2B, electrodes may be incorpo 
rated directly into the interface of a TMS device. Fastening 
the interface in place may bring the electrodes into appropri 
ate contact with the Subject's head, Such that measurement of 
electric signals being transmitted in the Subject's head may be 
sensed without requiring any additional steps for a respon 
dent or healthcare professional that is administering TMS 
therapy. 
0056. The output of an EEG, or equivalently, the electric 
signals measured by embodiments of the TMS device, can be 
used to detect the onset of a seizure before a subject presents 
visible symptoms of the seizure. One approach to identifying 
seizure onset is to monitor the root mean square (RMS) value 
of the electric signals received by the electrodes. A baseline 
RMS level may first be established during a period of normal 
brain activity. A threshold RMS value may then be set that, 
when reached by the subject, indicates the potential onset of 
a seizure. One threshold value includes the baseline RMS 
value of a subject plus two times the standard deviation of the 
baseline RMS value, although others are also possible. Other 
similar approaches may comprise applying a Fourier trans 
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form to the output of the electrodes, and identifying fre 
quency domain characteristics that indicate the potential 
onset of a seizure. 
0057 Detecting subclinical seizures through electroen 
cephalograph-like monitoring may prove particularly useful 
in acute healthcare settings. Subjects that have been known to 
experience seizures, or who have conditions that are expected 
to lead to seizures, may be monitored with embodiments of 
the TMS device, according to the present invention. The onset 
ofa seizure may be detected early, via electroencephalogram 
like monitoring, Such that seizure may be stopped early, even 
before there is visible evidence of the seizure occurring. 
0.058 A subject's brain activity may also by assessed by 
the controller to identify optimal timing for the emission of 
fluctuating magnetic fields. As is to be appreciated, brain 
activity is typically characterized by the transmission of elec 
tric impulses across a wide variety of frequencies and is 
Sometimes described as comprising "spikes and waves'. The 
controller may process the electric signals received from the 
brain to quantify the type and amount of brain activity that is 
occurring. For instance, a Fourier transform may be applied to 
the output of the electrodes to identify various spectral com 
ponents of the brain activity. This information can then be 
used to identify when, in time, a fluctuating magnetic field 
should begin to be applied to the subject. In this sense, the 
“phasing of the operating protocol may be based on feed 
back from the subject. 
0059 Readings of electric signals being transmitted in the 
subject's brain may also determine the frequency at which 
fluctuating magnetic fields are applied to the Subject's brain. 
Frequencies may be identified for magnetic fields that are 
directed to the subject's brains, particularly when the Fourier 
transform of signals received from a subject indicates that a 
seizing Subject's brain activity is centered about one or more 
discrete frequencies. Directing a magnetic field of alternate 
frequency may better alter the brain's activity, and in doing so, 
end an ongoing seizure. It is to be appreciated, however, that 
not all embodiments are configured to emit fluctuating mag 
netic fields at specific frequencies, and that Some may emit 
fluctuating magnetic fields characterized by a broad spectrum 
offrequencies, or even a single impulse of a magnetic field, as 
aspects of the invention are not limited in this respect. Addi 
tionally, in Some embodiments, fluctuating magnetic fields 
are emitted stochastically. 
0060. The brain activity of a subject may also be moni 
tored by embodiments of the TMS device to identify the end 
of a seizure. In some embodiments, the operating protocol 
may be terminated to reduce the overall magnetic field expo 
Sure of the Subject, once there is confidence that an ongoing 
seizure has ended. As discussed herein, a baseline RMS value 
of the brain activity may be established along with a threshold 
value to identify the onset of a seizure. The baseline value 
may also be used to identify the termination of seizures, 
according to some embodiments. In other embodiments, a 
Fourier transform may be used to identify whether the sys 
tematic transmission of electric signals about the brain at 
particular frequencies, as is often associated with a seizure, 
has been replaced with more chaotic transmissions of varying 
frequency. 
0061 Embodiments of the TMS device may be configured 
for use in a healthcare facility or home, in addition to highly 
trafficked public venues. Embodiments may be configured 
differently for use in Such settings. According to one embodi 
ment, the controller may be mounted on Stand that may be 
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wheeled to a subject's bed who is in need of TMS therapy. The 
stand may position the controller at an appropriate height for 
the healthcare professional and subject undergoing TMS 
treatment. According to other embodiments, the TMS device 
may be incorporated into a portable case to facilitate trans 
portation between medical facilities, to a subject's home, or 
anywhere else where a Subject may use the device. 
0062. As discussed herein, another aspect of the invention 
relates to methods of non-invasively assessing positions of a 
subject's brain for the placement of intracranial electrodes. 
Such intracranial electrodes may be placed for long-term 
treatment of various conditions exhibited by a subject, includ 
ing but not limited to Parkinson's disease, dystonia, and epi 
lepsy. The permanent electrodes may include electrodes that 
provide electric current, heat, and/or cold, and the like, as 
aspects of the present invention are not limited in this respect. 
0063. According to one illustrative embodiment, candi 
date positions for the invasive placement of intracranial elec 
trodes about a subject's brain are first identified. The fluctu 
ating magnetic field of a TMS device is then, in turn, focused 
toward each of the candidate positions. The subject is 
observed for the presentation of intended and any unintended 
effects, such as partial paralysis or loss of speech, that might 
be associated with applying a fluctuating magnetic field in 
each candidate position. This process is repeated for all can 
didate positions. Each of the candidate positions may then be 
compared based on the existence or extent of unintended 
effects so that preferential positions, that exhibit minimal or 
no unintended effects, maybe identified for the potential 
placement of intracranial electrodes. 
0064. The extent to which applying a fluctuating magnetic 
field to each of the preferential positions causes an intended 
effect, such as stopping an ongoing seizure, may then be 
assessed so that a position can be chosen for the placement of 
an intracranial electrode. According to Some embodiments, 
fluctuating magnetic field(s) are applied to each of the pref 
erential positions during an ongoing seizure, or other event of 
interest, and the ability of the magnetic field to terminate the 
seizure is gauged. This process may be repeated for each of 
the preferential positions until one or more preferential posi 
tions are identified as optimal candidates for intracranial elec 
trode placement. 
0065. As discussed herein, some applications of TMS may 
benefit by targeting specific areas of the brain. Once the 
appropriate area has been identified, it may be important that 
the same brain area is targeted across multiple TMS stimula 
tions or sessions. TMS may be delivered via a hand-held oran 
articulated arm set by a physician or a properly trained tech 
nician so that the stimulation coil targets the desired part of 
the subject's brain. The specific area of the brain to be targeted 
is often determined using either scalp measurements (which 
are notably imprecise and introduce Substantial inter-indi 
vidual variability), or an MRI of the subject's brain in com 
bination with a frameless stereotactic device. 

0.066. After the identification of the brain area to be tar 
geted, it may be beneficial to ensure that the same brain region 
is targeted throughout the treatment (e.g., throughout Succes 
sive sessions), or that an alternate brain region may be tar 
geted for subsequent TMS treatment or evaluation for the 
potential placement of an intracranial electrode. This may be 
achieved via monitoring using frameless stereotaxy and/or 
repeated adjustments by the physician or technician. Appli 
cant has appreciated that a headpiece or helmet fitted to the 
subject's own head shape and that incorporates TMS coils 
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positioned so as to target the desired brain region in the 
subject, would both facilitate portability and improve the 
consistency of coil positioning both during a session and 
between multiple sessions. 
0067. In conventional TMS therapy, identification of the 
brain area to be targeted as a result of a particular coil place 
ment is often based on a concentric sphere model of the field 
of distribution of the induced magnetic fields and resulting 
current fields. Applicanthas recognized that Such models may 
be inaccurate, and Subsequently result in application of fluc 
tuating magnetic fields that target (e.g., that are focused and/ 
or stimulate) unintended areas of the brain. Applicant has 
identified that a more accurate determination of brain target 
location may be determined by considering tissue character 
istics of the individual Subject undergoing treatment, as dis 
cussed in greater detail in International Patent Application 
No. PCT/US2007/005893, filed on Mar. 7, 2007 and U.S. 
Provisional Application No. 60/779,847, filed Mar. 7, 2006, 
each of which are hereby incorporated by reference in their 
entirety. For example, brain lesions (e.g., strokes) may mark 
edly disrupt induced fields within the brain. Moreover, anisot 
ropy and/or inter-individual variability may cause changes in 
the induced fields that are not captured by conventional head 
models. Such considerations may cause Substantial inaccu 
racy in computing the target location, for example, reducing 
the spatial precision in determining focal areas, and/or reduc 
ing the efficacy of the treatment and potentially increasing 
risks and undesirable side-effects. 
0068 Applicant has developed methods for guiding the 
placement of coils by considering characteristics of the tissue 
within the brain. One embodiment includes determining, at 
least in part, the distribution of one or more dielectric prop 
erties (e.g., conductivity, permittivity, permeability, etc.) in a 
portion of the brain to facilitate accurate positioning of one or 
more TMS coils. For example, identified dielectric character 
istics of the brain may be used to determine the current den 
sity distribution that would result from a particular coil place 
ment. The procedure may be used to determine a coil 
placement that induces a desired current density to an 
intended portion of the brain. 
0069. In one embodiment according to the present inven 
tion, TMS coil placement guided by dielectric property deter 
mination may be incorporated into a generally portable TMS 
helmet, facilitating individualized treatment by, for example, 
correcting for distortions that brain lesions or other individual 
brain characteristics impose on the TMS induced currents. 
However, such coil placement methods may be used with any 
TMS device, as the aspect of the invention are not limited in 
this respect. 
0070. Even when precision in targeting a specific brain 
region is high, the locality of effects of TMS may remain 
Suboptimal. However, diffusion spectrum imaging (DSI), can 
be used to reveal tissue characteristics in order to maximize 
the focal specificity of the effect of TMS on a given brain 
region. DSI-guided TMS may be integrated to provide an 
optimal system to allow increased precision with respect to 
stimulating the brain with TMS. These solutions may be 
incorporated into a portable helmet TMS device, or other 
TMS device, as the aspects of the invention are not limited in 
this respect. 
0071. One embodiment according to the present invention 
includes a TMS helmet that can be kept with the subject and 
used at any desired location (e.g., at home, at a workplace, 
etc.). FIGS. 3A-E illustrate a headpiece, in accordance with 
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one embodiment of the present invention. The headpiece 
includes an outer shell (shown in FIG.3A) that houses various 
components that together facilitate performing one or more 
TMS procedures on an individual. As discussed above, place 
ment of TMS coils varies depending on the procedure and the 
individual. For example, different treatments target different 
portions of the brain. In addition, individual subjects have 
different sized heads, which may need to be considered in the 
construction of an individualized headpiece or helmet. 
0072 FIGS. 3B-3E illustrate one embodiment of a head 
piece that can be individualized for a particular subject's 
treatment. FIG. 3B illustrates a TMS “figure-eight coil simi 
lar to coils ubiquitously used in TMS procedures. However, 
the TMS coil includes a number of fasteners (e.g., snaps) that 
allow the coil to engage with an inner portion or skeleton of 
the headpiece that has been individualized for a particular 
subject's head. The fasteners may be of any number and of 
any type, as the aspects of the invention are not limited in this 
respect. 
0073 FIG. 3C illustrates an inner portion, referred to as a 
skeleton, according to one embodiment of the present inven 
tion. The skeleton may be made, for example, from a mold 
able plastic, or other material that can be shaped to an indi 
vidual's head. Alternatively, the skeleton may simply come in 
a number of predetermined sizes that would allow the skel 
eton to fit a wide variety of head sizes. The skeleton may be 
formed from a number of strips, each strip including any 
number of fasteners adapted to engage with the fasteners on 
the TMS coil. 
0074. A physician or trained operator may determine the 
location on the head that the coil should be placed to carry out 
the intended treatment. The coil may then be fastened into 
place by engaging one or more (preferably two or more fas 
teners to prevent rotation) of the fasteners located on the coil 
and the fasteners located on the skeleton. It should be appre 
ciated that any number of strips and any number of fasteners 
on the strips and/or coil may be used to ensure that the desired 
location has available fasteners to hold the coil at the desired. 
For example, any number cross strips may be added with 
fasteners to achieve a desired granularity with respect to the 
number of possible positions for the coil. 
0075 Alternatively, the location of the coil may be deter 
mined beforehand and the skeleton formed in accordance to 
make Sure the precise intended location has available Snaps 
for positioning the coil. For example, after the intended posi 
tion of the coil has been determined, fasteners and/or strips 
may be positioned and arranged to form a skeleton that can 
engage the TMS coil at precisely the intended location: FIG. 
3D illustrates the coil fastened to the skeleton at a position 
computed to carry out a particular treatment on an individual. 
0076. After the TMS coil has been fastened to the skeleton, 
the outer shell may be positioned over it to secure the coil and 
provide a protective barrier so that the subject cannot disturb 
the coil during and between treatments. In one embodiment, 
the outer shell contains a layer of moldable plastic, for 
example, material of the type used to make dental impres 
sions or used in athletic mouthpieces. The outer shell may be 
heated so that the moldable plastic layer or molding becomes 
soft and pliant. The skeleton, with the attached coil may then 
be pressed into the molding. When the molding cools and 
hardens, the coil will be implanted in the molding and held 
firmly in place with the individualized and/or custom-fit skel 
eton. The hardened molding provides additional security 
against movement of the coil and provides an interface 
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between the outer shell and the inner skeleton to form an 
integrated and personalized TMS headpiece. 
0077. It may be advantageous to be able to reuse an outer 
portion of a headpiece (including the TMS coil) and have a 
disposable inner portion custom fit to a subject's head. FIG. 4 
illustrates such a headpiece, in accordance with another 
embodiment of the present invention. The headpiece in FIG. 
4 includes an inner portion that may be of any material that 
can be generally custom fit, to an individual's head, such as 
foam rubber, moldable plastic, or any of the various padding 
materials used in athletic helmets such as football or motor 
cycle helmets. The headpiece also includes an outer portion 
formed from a generally rigid material having a hollow inner 
core. The inside of the outer portion and outside of the inner 
portion are designed to interface with one another, for 
example, as the padding in a football helmet interfaces with 
the hard outer shell. 
0078. The headpiece also includes a valve adapted to con 
nect to a hose or other foam applicator. Once the coil has been 
correctly positioned within the outer portion, foam may be 
applied through the valve to fill the open space in the hollow 
outer shell to hold the coil firmly in place. FIG. 5 illustrates a 
cross-section of the headpiece after the foam as been added. 
The foam may be a material that hardens to hold the coil in 
place, or may be any suitable material for securing the coil. In 
an alternative embodiment, the valve may be adapted to 
engage with a vacuum pump. After the coil has been posi 
tioned, the air may be pumped from the hollow shell to form 
a vacuum. The outer shell may be made from a material such 
as a plastic, that will collapse in a vacuum to firmly hold the 
coil in place (e.g., as in done in Vacuum packing). 
0079. In another embodiment, the outer portion includes a 
number of moveable tracts to which the coil is attached. The 
tracts are arranged to give the coil a desired number of degrees 
of freedom and may be adapted to lock into place once the 
desired position has been reached. Any number of methods 
for positioning and securing one or more RF coils to a head 
piece may be used, as the aspects of the invention are not 
limited in this respect. 
0080. As discussed above, there are treatments for a vari 
ety of different conditions and disorders. The treatments may 
vary in the duration of the stimulation, frequency of treat 
ment, frequency and power level of the emitted fields, etc. In 
conventional TMS therapy, the variety of treatment types do 
not pose a difficulty because the subject must visit the hospital 
or doctors office, where the appropriate procedure may be 
performed by the doctor or trained operator. However, vari 
ous aspects of the invention are directed to portable head 
pieces that may be used by the Subject at home. 
I0081 FIG. 6 illustrates a headpiece in accordance with 
one embodiment of the present invention. The headpiece 
illustrated in FIG. 6 includes a communications port having 
one or more electrical connections. For example, communi 
cations port may have a connection that allows the headpiece 
to connect to a local PC, to an Ethernet port and/or the Inter 
net. In addition, the communications port may have a power 
connection that allows the headpiece to be connected to a 
power Supply capable of generating power Sufficient to drive 
the TMS coil to effect the desired TMS treatment. The head 
piece may also include control electronics for controlling the 
application of power and the timing of the treatment. The 
control electronics may be hardware, firmware, software or a 
combination thereof, as the aspects of the invention are not 
limited in this respect. 
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0082 FIG. 7 illustrates a headpiece adapted for commu 
nications, in accordance with another embodiment of the 
present invention. The headpiece illustrated in FIG. 7 may 
include any of the components, positioning and/or securing 
mechanisms described above or any other positioning and 
securing means Suitable for providing a headpiece that can be 
custom-fit for a particular subject's TMS treatment. FIG. 7A 
illustrates a side-view of the headpiece, including a commu 
nications port and control electronics integrated into the back 
portion of the headpiece. FIG. 7B shows the headpiece 
viewed from the bottom to better illustrate the communica 
tions port and control electronics. 
0083. The communications port includes a standard Eth 
ernet connection 1 So that the headpiece may be connected to 
the Internet or to a local computer. The communications port 
also includes a Universal Serial Bus (USB) port 2 that can be 
used to connect the headpiece to standard personal computers 
or other peripheral devices, as discussed in further detail 
below. The communications port also includes a power con 
nection 3 that can be used to connect to a power Supply 
adapted for, or capable of generating power Sufficient to 
energize the coil at any of the standard TMS power levels used 
to provide stimulation. In addition, a standard power connec 
tion 4 may be used to connect to, for example, 60 Hz, wall 
power to power, for example, any cooling mechanisms that 
the headpiece may require. 
I0084. The Ethernet and/or USB port allows the headpiece 
to be connected to one or more programs configured to con 
trol the particular treatment of the subject in possession of the 
headpiece. For example, software installed on a local PC and 
programmed specifically for the Subject's treatment may be 
provided to the control electronics to administer TMS 
sequences appropriate for the corresponding treatment. In 
addition, control electronics may also report back to the local 
PC about status or other information (such as verifying that 
the Subject completed a session) that can be monitored 
remotely (e.g., via the internet) and adjusted if necessary by a 
physician without requiring the Subject to make an office 
visit. 

0085. In one embodiment, a physician determines what 
should be the treatment for a particular subject and inputs that 
information to a program configured to administer treatments 
according to information provided by the physician, e.g., 
duration of each session, number of sessions per day/week/ 
month, power level, pulse sequences, and/or Subject informa 
tion, diagnostic information etc. The customized program 
may be saved on a portable storage device Such as a jump 
drive or flash drive, or other computer readable medium 
adapted to connect to, for example, the USB port of the 
headpiece. The control electronics may include one or more 
processors adapted to execute instructions saved on the por 
table storage medium. Accordingly, a physician can provide a 
customized treatment program that can be delivered via a 
portable storage device and connected to the headpiece to 
administered the saved treatment programs. 
I0086. The headpiece may also be adapted to only operate 
via a control program (e.g., particular duration and session 
frequency, power levels, etc.). In this way, the Subject cannot 
misuse the headpiece and administer TMS sessions that have 
not been approved and prescribed by the doctor. The head 
piece may cease to operate after the treatment duration has 
expired, and may, for example, have an internal clock by 
which it will only operate according to the programmed treat 
ment schedule. In addition, password information, finger 
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print, Voice and/or retinal analysis may be used so that only 
the targeted Subject may use the device. 
I0087. In addition, diagnostics can be obtained from the 
headpiece and transmitted to the physician to monitor the 
treatment. In one embodiment, EEG feedback is used to cus 
tomize and/or optimize the treatment based on the electrical 
information of the subjects brain. For example, stimulation 
parameters may be set depending on the real-time physi 
ologic parameters of the state of the Subject's brain, thus 
guiding the Subject's treatment according to the Subject's 
recorded EEG, as discussed in further detail below. Other 
monitoring procedures can be done by the physician by real 
time data obtained from the headpiece and transmitted over a 
network, e.g., the internet, via the communications port. 
I0088 As discussed above, proper placement of a TMS coil 
may be an important factor in the effectiveness of TMS treat 
ment. The identification of the brain area targeted by the 
placement of the TMS coil is conventionally performed using 
a concentric sphere model of the field distribution of the 
induced magnetic fields and resulting current fields. How 
ever, these models do not consider the tissue characteristics, 
anisotropy and inter-individual variation. Applicant has rec 
ognized that the dielectric properties (e.g., conductivity, per 
mittivity, permeability, etc.) may disrupt the induced fields 
resulting from the TMS coil. As a result, the TMS coil may be 
positioned to stimulate the incorrect or unintended regions of 
the brain, limiting the efficacy of the treatment and increasing 
the risk of undesirable side-effects. 

I0089 Applicant has appreciated that identification of the 
brain area targeted by a TMS coil that incorporates tissue 
characteristics, may improve the precision of TMS coil place 
ment. In one embodiment of the present invention, tissue 
conductivity characteristics obtained from a subject's MRI 
are used to determine the placement of the TMS coil to 
stimulate a desired region of the brain. In another embodi 
ment, one more dielectric properties of brain tissue are 
obtained from direct measurements of the subject's brain and 
used to determine the placement of the TMS coil to stimulate 
a desired region of the brain. 
(0090 FIG. 8 illustrates a method of positioning a TMS 
coil, in accordance with one embodiment of the present 
invention. In step 610, a dielectric property map of a subject's 
brain, or portion of the subject's brain is obtained. The term 
map refers hereinto any information that associates a location 
in space with a value of one or more properties. Accordingly, 
a dielectric property map may be information that associates 
brain locations with one or more values of dielectric proper 
ties at the corresponding location. Various methods are 
known to obtain dielectric properties, such as from existing 
tissue property tables obtained from direct measurement, 
from MRI measurements of the subject's brain, various 
impedance mapping techniques, etc. Any one or combination 
of methods may be used to obtain a dielectric property map of 
the subject's brain or portion of the brain. 
0091. In step 620, the region of the brain to be targeted is 
determined. As discussed above, the region of the brain to be 
targeted typically depends on the type of treatment the Subject 
is undergoing. In particular, the region of the brain to be 
targeted will depend largely on the condition that is being 
treated. Many types of conditions have been identified that 
may be treated by TMS, and the brain region to be targeted 
depends, at least in part, on the portion of brain responsible or 
associated with the condition being treated. 
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0092. In step 630, the placement of the TMS coil is deter 
mined based on the region of the brain to be targeted and the 
dielectric property map. As discussed above, Applicant has 
identified that the dielectric properties of brain tissue affect 
the magnetic field distribution. As a result, to determine the 
precise placement of the TMS coil 640, changes in the mag 
netic fields due to the dielectric properties of the brain may 
need to be considered. 
0093. Applicant has developed methods of using the 
dielectric property map to compute the location of TMS coil 
placement to stimulate the intended region of the brain. Vari 
ous methods of determining TMS coil placement based, at 
least in part, on one or more dielectric properties of brain 
tissue are described in detail in the Appendix. In particular, a 
model of the magnetic field distribution in the dielectric envi 
ronment of the subject's brain may be used to compute the 
correct location of the TMS coil to stimulate the intended 
targeted area of the subjects brain. The methods provided in 
the Appendix are merely exemplary, and any method of com 
puting TMS coil placement based, at least in part, on one or 
more dielectric properties may be used, as the aspects of the 
invention are not limited in this respect. 
0094. Applicant has appreciated that direction dependent 
changes in conductivity (i.e., conductivity anisotropy) have 
an impact on the predicted site and magnitude of the maxi 
mum cortical current density. In the presence of anisotropies, 
as seen in both healthy and pathologic brain tissue, relatively 
large conductivity dependent changes occur in the vector 
components of the induced current densities throughout the 
brain tissue, most prominently at the gray matter-white matter 
interface. Applicanthas recognized that Such direction depen 
dent changes in conductivity can be discriminated via DSI 
imaging. DSI additionally provides a method to map princi 
pal white matter tracts in the brain and to resolve cyto- and 
myelo-architectonics of the cortex. This provides a method to 
investigate the orientation specificity of TMS, and allows 
comparison of TMS with electromagnetic models of the brain 
that include interactions with neuronal Sub-populations in 
gray matter and subcortical white matter resolved with DSI. 
0095 Accordingly, Applicant has developed methods of 
improving guidance of TMS coil placement by including 
information about the direction dependent changes in con 
ductivity, for example, derived from DSI measurements. 
Accordingly, field models used to determine coil placement 
from one or more dielectric properties of a portion of the brain 
may be extended to incorporate conductivity anisotropy and 
fiber tract information to improve the TMS coil placement 
algorithms. 
0096 FIG. 9 illustrates a method of positioning a TMS 
coil, in accordance with another embodiment of the present 
invention. The method illustrated in FIG.9 may be similar to 
the method illustrated in FIG.8. However, in step 715, con 
ductivity anisotropy measurements and/or fiber tract infor 
mation is obtained from one or more DSI images. Accord 
ingly, in step 730, both the dielectric property information and 
the conductivity anisotropy measurements and/or fiber tract 
information are used to determine the appropriate location of 
the TMS coil. Various methods of using conductivity anisot 
ropy and/or fiber tract information, for example, obtained 
from DSI images is discussed in further detail in the Appen 
dix. 

0097 FIG. 10 illustrates a portable helmet having EEG 
electrodes incorporated into the helmet, in accordance with 
another embodiment of the present invention. In particular, 
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electrodes 895 are positioned within the helmet to contact the 
Subject's head. EEG signals are transmitted over communi 
cations means to control electronics and/or over the network 
to a remote location. The EEG signals may be automatically 
processed to adjust the TMS protocol based on the current 
state of the subject's brain, or the EEG signals may be ana 
lyzed remotely by a clinician who may provide control sig 
nals back to the helmet to optimally control the TMS proto 
col. 

(0098. As discussed in incorporated U.S. Pat. No. 6,571, 
123, combined EEG and TMS may be used to maximize the 
efficacy of TMS treatments. Applicant has appreciated that 
the temporary state of activation of the subject's brain may 
impact both local and distant effects of TMS stimulation. 
Accordingly, by monitoring brain activity via EEG, the TMS 
protocol may be optimized real-time based on the subject's 
current brain state. The effects of TMS depend on the param 
eters of stimulation and on the specific brain region targeted. 
Applicant has appreciated that the impact of TMS spreads, 
from the directly targeted brain region along cortico-cortical 
and cortico-Subcortical connections to influence a distributed 
cortico-Subcortical, bi-hemispheric neural network. 
(0099. Applicant has appreciated that the efficacy of TMS 
treatment may be improved by tailoring the TMS protocol 
(e.g., the stimulation parameters) based on EEG-like infor 
mation. In particular, one or any combination of the level 
(strength) of the magnetic field, the duration of the stimula 
tion, the polarity of the pulse, and the frequency of the stimu 
lation may be adjusted based on the current state of the sub 
ject's brain as indicated by the EEG signal 897 provided by 
electrodes 895 incorporated into the portable helmet illus 
trated in FIG. 10. 

0100. It should be appreciated from the foregoing, there 
are numerous aspects of the present invention described 
herein that can be used independently of one another or in any 
combination. In particular, any of the above described opera 
tions or components may be employed in any of numerous 
combinations and procedures. For example, according to one 
embodiment, a portable headpiece or helmetunit, customized 
for an individual, is adapted for self-delivery of TMS treat 
ment by the subject. The helmet is custom fit to the subject's 
head and encapsulates a TMS coil positioned to target a 
desired brain region with precision and consistency. The inner 
portion of the helmet may be tailored to an individual’s 
anatomy without having to adjust an outer portion of the 
helmet (which may be reused). The helmet includes commu 
nications means to facilitate remote interactivity and control. 
0101 The TMS coil is positioned using an electromag 
netic field model that incorporates dielectric properties of the 
Subject's brain and/or conductivity anisotropy to facilitate 
positioning the TMS coil to stimulate the desired portion of 
the brain. The helmet also includes built-in electrodes for 
obtaining EEG measurements that allow a clinician to moni 
tor the EEG and control the stimulation process based on the 
EEG, and remotely adjust the protocol based on subject 
response. However, it should be appreciated that other 
embodiments may not include one or more of the above 
components, or utilize one or more of the above operations. A 
headpiece may include any one or combination of the above 
features, as the aspects of the invention are not limited in this 
respect. It should also be appreciated that in some embodi 
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ments, all of the above-described components, features and 
operations can be used together in any sequence, or any 
combination or Subset of the components, features and opera 
tions described above can be employed together in a particu 
lar implementation, as the aspects of the present invention are 
not limited in this respect. 
0102 The above-described embodiments of the present 
invention can be implemented in any of numerous ways. For 
example, the embodiments may be implemented using hard 
ware, software or a combination thereof. When implemented 
in software, the software code can be executed on any suitable 
processor or collection of processors, whether provided in a 
single computer or distributed among multiple computers. It 
should be appreciated that any component or collection of 
components that perform the functions described above can 
be generically considered as one or more controllers that 
control the above-discussed functions. The one or more con 
trollers can be implemented in numerous ways, such as with 
dedicated hardware, or with general purpose hardware (e.g., 
one or more processors) that is programmed using microcode 
or software to perform the functions recited above. 
0103. It should be appreciated that the various methods 
outlined herein may be coded as software that is executable 
on one or more processors that employ any one of a variety of 
operating systems or platforms. Additionally, Such software 
may be written using any of a number of Suitable program 
ming languages and/or conventional programming or Script 
ing tools, and also may be compiled as executable machine 
language code. In this respect, it should be appreciated that 
one embodiment of the invention is directed to a computer 
readable medium or multiple computer-readable media (e.g., 
a computer memory, one or more floppy disks, compact disks, 
optical disks, magnetic tapes, etc.) encoded with one or more 
programs that, when executed, on one or more computers or 
other processors, perform methods that implement the vari 
ous embodiments of the invention discussed above. The com 
puter-readable medium or media can be transportable. Such 
that the program or programs stored thereon can be loaded 
onto one or more different computers or other processors to 
implement various aspects of the present invention as dis 
cussed above. 

0104. It should be understood that the term “program is 
used herein in a generic sense to refer to any type of computer 
code or set of instructions that can be employed to program a 
computer or other processor to implement various aspects of 
the present invention as discussed above. Additionally, it 
should be appreciated that according to one aspect of this 
embodiment, one or more computer programs that, when 
executed, perform methods of the present invention need not 
reside on a single computer or processor, but may be distrib 
uted in a modular fashion amongst a number of different 
computers or processors to implement various aspects of the 
present invention. 
0105 Various aspects of the present invention may be used 
alone, in combination, or in a variety of arrangements not 
specifically discussed in the embodiments described in the 
foregoing, and the aspects of the present invention described 
herein are not limited in their application to the details and 
arrangements of components set forth in the foregoing 
description or illustrated in the drawings. The aspects of the 
invention are capable of other embodiments and of being 
practiced or of being carried out in various ways. 
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EXAMPLES 

Example I 

010.6 Anti-seizure effect of daily 1 HZ repetitive transcra 
nial magnetic stimulation (rTMS) in a case of pediatric Ras 
mussen's encephalitis. 
0107 1 Hz rTMS was applied in daily sessions over the 
affected hemisphere to ameliorate intractable nearly-continu 
ous right anterior focal seizures in a 14-year-old boy with 
progressive focal epilepsy, left hemiparesis and right hemi 
sphere atrophy. 
0108. As explained above, rTMS is a method for noninva 
sive focal cortical stimulation that is based on the principles 
of electromagnetic induction. During rTMS small intracra 
nial electrical currents are generated by a powerful fluctuating 
extracranial magnetic field. Low frequency (1 Hz) rTMS is 
emerging as a new therapeutic tool in epilepsy with a limited 
number of reports showing the capacity of rTMS to reduce 
seizure frequency and to interfere with ongoing seizures. We 
present a case of gradual seizure reduction with recurrent 
daily rTMS in a pediatric patient with Rasmussens encepha 
litis. The patient presented three months before treatment 
with frequent 2-3 minute seizures, generally separated by 
0.5-1 minutes of interictal state. 
0109 1 Hz rTMS was applied with a figure-8 coil (1800 
pulses per day at 100% motor threshold) in daily sessions 
over the right anterior seizure focus (F4-C4). Continuous 
EEG was recorded throughout the period. Mean seizure dura 
tion was calculated at baseline, during rTMS, and after rTMS 
on a daily basis. 
0110. During 1 Hz rTMS, average seizure duration was 
reliably decreased by 40% relative to baseline (n=68 seizures: 
p-0.01). In the first hour after treatment, seizure duration 
remained reduced by 30% (n=66 seizures; p <0.01). However, 
the anticonvulsive effect lasted less than 24 hours as baseline 
seizure duration was similar on each day. 
0111 1 Hz rTMS has a measurable anticonvulsive effect 
when delivered over continuously-Seizing cortex, although 
the immediate effect may be short-lived. In such cases, 
repeated applications of rTMS, or replacement with durable 
neurostimulation, may be useful to maintain seizure Suppres 
S1O. 

Example II 

0112. As shown in FIGS. 11A-11E, TMS methods were 
adapted for application to gently-restrained, seizing rats. 
EEG readings were recorded with three subdermal wire elec 
trodes (SWEs). One SWE was placed on the torso to record 
EKG and two more wires were used as antennae to detect the 
TMS pulse and to identify timing of the pulse. Torso restraint 
permits clinical observation of seizures and full access of the 
head to the TMS coil. Slew-rate limited preamplifiers were 
included in series to the EEG acquisition system to minimize 
TMS-related amplifier saturation, as represented by FIGS. 
12A and 12B, which show a reduced TMS artifact with slew 
rate limited pre-amplifier. 
0113 Seizures were Induced with intraperitoneal kainate 
(KA) 11 mg/kg in young adult male Long-Evans rats, Real 
time EEG was recorded and assessed for seizure discharges. 
A 0.5H rTMS was applied during seizures with a figure-8 coil 
positioned overhead. A set of rats was sacrificed and perfused 
2.5 hours after KA na KA+0.5 HZ rTMS for evaluation of 
c-Fos expression (a marker for seizure related excessive neu 
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ronal firing) in the hippocampus and dentate gyrus. Some 
results from the example are reflected in FIGS. 13-15. 
0114 Practical EEG-guided ictal TMS was found to be 
capable of being delivered with slew-rate limited preamplifi 
ers. The SWE were also found to allow for quick, stable, TMS 
compatible EEG/EKG without surgery, mechanical or medi 
cal restraint. EEG-guided TMS was found to shorten seizure 
duration, as represented in Table 1 below. rTMS delivered 
during KA-induced status epilepticus was also found to 
inhibit seizure-related c-Fos expression in hippocampus and 
dentate gyrus. 

TABLE 1. 

Summary of TMS effect on KA-induced seizure duration 

Deviation N Avg. Duration Std. 

Treated Seizures 31 45.1 sec +23.2 sec 
Untreated Seizures 70 62.8 sec +43.3 sec 

t-test: 2.75 (p = 0.007) 

Example III 

0115 EEG and TMS techniques were combined to 
enables a closed-loop system where seizures were recognized 
and treated with an electrical current induced by a fluctuating 
extracranial magnetic field. As shown in FIG. 13, a sponta 
neous seizure in a rat was recognized and terminated with 
TMS. 

Example IV 

0116 EEG-guided TMS enabled an operator and/or soft 
ware to identify when a seizure was stopped and when no 
further stimulation was required, as demonstrated in FIG. 16 
where a kainate-triggered seizure in a rat terminates after 15 
consecutive stimuli delivered at 0.75 Hz. 

Example V 

0117 Ongoing EEG was combined with TMS In human 
Subjects to enable real-time assessment of anticonvulsive 
effect by software or human operator. FIG. 17 shows the 
combination of TMS with EEG methods. 
0118. Having thus described several aspects of at least one 
embodiment of this invention, it is to be appreciated that 
various alterations, modifications, and improvements will 
readily occur to those skilled in the art. Such alterations, 
modifications, and improvements are intended to be part of 
this disclosure, and are intended to be within the spirit and 
Scope of the invention. As one example, it is to be appreciated 
that different types of electromagnetic waves, other than fluc 
tuating magnetic fields, maybe used to induce intracranial 
electric currents with in a Subject's brain, and in this sense, it 
is to be appreciated that the concepts herein are not limited to 
be accomplished through the use of TMS. Accordingly, the 
foregoing description and drawings are by way of example 
only. 
0119 The phraseology and terminology used herein is for 
the purpose of description and should not be regarded as 
limiting. The use of “including.” “comprising,” or “having.” 
“containing.” “involving.” and variations thereof herein, is 
meant to encompass the items listed thereafter and equivalent 
thereofas well as additional items. 
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What is claimed is: 
1-21. (canceled) 
22. A device for treating an ongoing seizure, the device 

comprising: 
an electromagnetic coil that receives power from a power 

Source to produce a magnetic field; 
a controller that controls operation of the electromagnetic 

coil according to an operating protocol; 
a plurality of electrodes configured to receive a signal 

indicative of brain activity in the subject and to provide 
the electrical signal to the controller, and 

an interface that includes the plurality of electrodes and the 
electromagnetic coil, the interface configured to posi 
tion the plurality of electrodes to receive the signal and 
to position the electromagnetic coil to deliver the mag 
netic field to a subject's brain. 

23. The system according to claim 22, wherein operating 
protocol comprises: 

delivering an initial magnetic field having an intensity and 
a duration; and 

delivering a Subsequent magnetic field after delivering the 
initial magnetic field, wherein at least one of the inten 
sity and the duration of the Subsequent magnetic field is 
greater than the intensity and the duration of the initial 
magnetic field, respectively. 

24. The system according to claim 23, further comprising: 
a manual activation control that, when activated, causes the 

controller to initiate the operating protocol. 
25. The system according to claim 24, wherein further 

manual activation of the manual activation control is required 
before Subsequent magnetic fields of the operating protocol 
are delivered. 

26. The system according to claim 22, wherein the control 
ler is configured to identify termination of a seizure and to 
stop the operating protocol when the seizure has terminated. 

27. The system according to claim 22, wherein the control 
ler is configured to perform analysis of the signal and to cause 
the electromagnetic coil to deliver a magnetic field that is 
phased to the brain activity. 

28. The system according to claim 22, wherein the operat 
ing protocol comprises delivering a plurality of Subsequent 
magnetic fields, each of the Subsequent magnetic fields hav 
ing at least one of an intensity and a duration that is greater 
than intensity and duration of previously delivered magnetic 
fields, respectively, of the operating protocol. 

29. The system according to claim 22, wherein the control 
ler is configured to detect onset of a seizure through analysis 
of the signal. 

30. The system according to claim 29, wherein the control 
ler is configured to compare the signal to a baseline indicative 
of normal brain activity to detect the onset of a seizure. 

31. The system according to claim 29, wherein the control 
ler is configured to monitor root mean squared values of the 
signal to detect the onset of a seizure. 

32. The system according to claim 29, wherein the control 
ler is configured to monitor frequency domain aspects of the 
signal to detect the onset of a seizure. 

33. A method of non-invasively assessing intracranial elec 
trode positioning, the method comprising: 

positioning an electromagnetic coil at an initial external 
position about a subject's brain; 

applying a magnetic field from the electromagnetic coil 
positioned at the initial external position about the sub 
ject's brain; 
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identifying any effects exhibited by the subject subsequent 
to applying the first magnetic field from the electromag 
netic coil at the initial external position; 

repositioning the electromagnetic coil at a Subsequent 
external position, different than the initial external posi 
tion, about the subject's brain; 

applying a magnetic field from the electromagnetic coil 
positioned at the Subsequent external position about the 
subject's brain; 

identifying any effects exhibited by the subject subsequent 
to applying the Subsequent magnetic field from the elec 
tromagnetic coil at the Subsequent external position; 

comparing any effects associated with applying the mag 
netic field from the first external position of the electro 
magnetic coil and any effects associated with applying 
the magnetic field from the Subsequent external position 
to identify a preferential position among the initial and 
Subsequent external positions. 

34. The method according to claim 33, wherein the acts of 
repositioning the electromagnetic coil at a Subsequent exter 
nal position; applying a magnetic field from the electromag 
netic coil positioned at the Subsequent external position; and 
identifying any effects exhibited by the subject subsequent to 
applying the Subsequent magnetic field from the electromag 
netic coil are each repeated multiple times. 

35. The method according to claim 33, further comprising: 
applying a magnetic field from the electromagnetic coil 

positioned at the preferential position during an ongoing 
seizure; 

assessing whether applying the magnetic field from the 
electromagnetic coil positioned at the preferential posi 
tion terminates the ongoing seizure. 
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36. The method according to claim 33, further comprising: 
providing a model of the Subject's head; 
identifying a relationship between external positions of the 

electromagnetic coil about the Subject's brain and a 
focus of the magnetic field applied by the electromag 
netic coil from the external positions through use of the 
model of the subject's head. 

37. The method according to claim 36, wherein positioning 
the electromagnetic coil at a first external position about a 
Subject's brain comprises positioning the electromagnetic 
coil in a stereotactic device and further wherein repositioning 
the electromagnetic coil at the second external position, com 
prises repositioning the electromagnetic coil in the stereotac 
tic device. 

38. The method according to claim 33, wherein the stereo 
tactic device is a helmet fastened to the subject's head. 

39. The method according to claim 33, further comprising: 
operatively placing an electrode at the preferential posi 

tion. 
40. The method according to claim 33, wherein applying a 

magnetic field from the electromagnetic coil positioned at the 
first external position about the subject's brain comprises 
applying a magnetic field as a single magnetic pulse. 

41-43. (canceled) 
44. A method of terminating an ongoing seizure, the 

method comprising: 
identifying a Subject for treatment; 
positioning an electromagnetic coil about the seizing Sub 

ject's brain; and 
energizing the electromagnetic coil to direct a magnetic 

field from the electromagnetic coil to the seizing sub 
ject's brain. 

45-57. (canceled) 


