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1)) ABSTRACT

A method, apparatus, and system for treating patients suf-
fering from movement disorders having the ability to deter-
mine one or more biomarkers indicative of a disease state.
In some embodiments, the biomarker may be used as a
closed-loop feedback signal to control the delivery of
therapy (such as electrical stimulation or drug therapy), and
which may also be used as an indication of therapy effec-
tiveness. One embodiment uses electrodes placed in the
brain to measure EEG or local field potential (LFP) signals,
from which the one or more biomarkers may be determined.
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METHOD AND APPARATUS FOR THE
TREATMENT OF MOVEMENT DISORDERS

FIELD OF THE INVENTION

[0001] The present invention relates generally to implant-
able medical devices (IMDs), and more particularly relates
to systems and methods for treating movement disorders in
a patient with an IMD.

BACKGROUND OF THE INVENTION

[0002] Nervous system disorders affect millions of people,
causing a degradation of life, and in some cases, death.
Nervous system disorders may include disorders of the
central nervous system and peripheral nervous system.
Some nervous system disorders may be considered “neuro-
logical movement disorders,” and may include, for example
without limitation, epilepsy, Parkinson’s disease, essential
tremor, dystonia, and multiple sclerosis (MS). Additionally,
neurological movement disorders may include mental health
disorders and psychiatric disorders which also affect mil-
lions of individuals and include, but are not limited to,
anxiety (such as general anxiety disorder, panic disorder,
phobias, post traumatic stress disorder (PTSD), and obses-
sive compulsive disorder (OCD)), mood disorders (such as
major depression, bipolar depression, and dysthymic disor-
der), sleep disorders (e.g., narcolepsy), obesity, anorexia,
and chronic pain disorders. Neurological movement disor-
ders may be characterized by periods of involuntary move-
ments and/or loss of muscle control.

[0003] As an example of a neurological movement disor-
der, Parkinson’s Disease (PD) is generally characterized by
poverty and slowness of movement (akinesia and bradyki-
nesia), muscle stiffness (rigidity), tremor at rest, and gait and
balance abnormalities that may lead to an inability to
perform normal daily life activities. Some patients suffering
from neurological movement disorders may also develop
symptoms called dyskinesias and motor fluctuations, which
may be a side effect of certain anti-Parkinson’s medication.
It is believed that PD is caused by the degeneration of
dopaminergic neurons in the substantia nigra pars compacta,
a brain structure of the basal ganglia involved in the control
of movement. The loss of dopamine in the basal ganglia is
believed to secondarily cause a cascade of abnormal activity
in the other nuclei of the basal ganglia, thalamus and cortex.
This has been detected in animals and humans as changes in
neuronal firing patterns, firing frequencies, and in the ten-
dency of these neurons to fire in an oscillatory manner.
These abnormal oscillations and firing patterns are thought
1o underlie the classic motor symptoms of PD and have been
shown to be reversible with the dopamine medication used
to effectively treat PD.

[0004] There are various approaches in treating nervous
system disorders, such as neurological movement disorders.
Treatment therapies can include any number of possible
modalities alone or in combination including, for example,
electrical stimulation, magnetic stimulation, drug infusion,
and/or brain temperature control. Each of these treatment
modalities may be employed using closed-loop feedback
control. Such closed-loop feedback control techniques may
receive neurological signals (e.g., from a monitoring ele-
ment) carrying information about a symptom or a condition
of a nervous system disorder. Such a neurological signal can
include, for example, electrical signals (such as local field
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potentials (LFPs), electroencephalogram (EEG), electrocor-
ticogram (ECoG), and/or electrocardiogram (EKG) signals),
chemical signals, and/or other types of biological signals
(such as changes in the quantity of neurotransmitters).
[0005] For example, U.S. Pat. No. 5,995,868 to Dorfmeis-
ter et al., incorporated herein by reference in relevant part,
discloses a system for the prediction, rapid detection, warn-
ing, prevention, or control of changes in activity states in the
brain of a patient. Use of such a closed-loop feed back
system for treatment of a nervous system disorder may
provide significant advantages.

BRIEF SUMMARY OF THE INVENTION

[0006] Inembodiments of the invention, a method, device,
or system for assessing a neurological movement disorder
includes the measurement and use of a biomarker that is a
function of measured oscillatory activity in one or more
frequency ranges.

[0007] Invarious embodiments of the invention, methods,
devices, and systems for delivering therapy to treat a neu-
rological movement disorder include the measurement and
use of a biomarker to provide closed-loop feedback control
to such therapy.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The present invention will hereinafter be described
in conjunction with the following drawing figures, wherein
like numerals denote like elements:

[0009] FIG. 1 shows an implantable system for treating a
nervous system disorder according to an embodiment of the
invention;

[0010] FIG. 2 is a schematic block diagram of an implant-
able medical device (IMD) for treatment of a nervous
system disorder in accordance with embodiments of the
invention;

[0011] FIG. 3is a plot oflocal field potential (LFP) signals
that may be used to calculate biomarkers for neurological
movement disorders according to an embodiment of the
invention;

[0012] FIG. 4 is a diagram of basal ganglia circuits in a
brain, showing potential sensing and stimulation sites for the
treatment of neurological movement disorders according to
an embodiment of the invention;

[0013] FIG. 5§ shows an implantable pectoral device for
the treatment of neurological movement disorders according
to an embodiment of the invention,;

[0014] FIG. 6 shows an implantable cranial device for the
treatment of neurological movement disorders according to
an embodiment of the invention;

[0015] FIG. 7 is a schematic block diagram of an implant-
able device for treating neurological movement disorders in
accordance with an embodiment of the invention;

[0016] FIG. 8 is a block diagram of a method of deter-
mining a biomarker for use in treating neurological move-
ment disorders in accordance with an embodiment of the
invention; and

[0017] FIG. 9 is a block diagram of a system for treating
neurological movement disorders according to certain
embodiments of the invention.

[0018] FIGS. 10(A) through 10(D) illustrate exemplary
configurations of an implantable infusion pump for the
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treatment of neurological movement disorders according to
embodiments of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0019] The following discussion is presented to enable a
person skilled in the art to make and use the invention.
Various modifications to the illustrated embodiments will be
readily apparent to those skilled in the art, and the principles
herein may be applied to other embodiments and applica-
tions without departing from the scope of the embodiments
of the invention as defined by the appended claims. Thus, the
present invention is not intended to be limited to the embodi-
ments shown, but is to be accorded the widest scope
consistent with the principles and features disclosed herein.
The following detailed description is to be read with refer-
ence to the figures, in which like elements in different figures
have like reference numerals. The figures, which are not
necessarily to scale, depict selected embodiments and are
not intended to limit the scope of the invention. Skilled
artisans will recognize the examples provided herein have
many useful alternatives which fall within the scope of the
invention as claimed.

[0020] FIG. 1 shows an embodiment of an implanted
system 10 for treatment of a nervous system disorder, such
as a neurological movement disorder, in accordance with an
embodiment of the invention. System 10 includes IMD 20,
lead(s) 19, and electrode(s) 30. Although the implanted
system 10 is discussed herein in the context of monitoring
and recording brain activity and/or providing brain stimu-
lation, it will be appreciated that the implanted system 10
may also be used to monitor and record physiological
signals from, or provide treatment therapies to, other loca-
tions of the body. The IMD 20 could, for example, be a
neurostimulator device, a pacing device, a defibrillation
device, an implantable loop recorder, a hemodynamic moni-
tor that does not provide a pacing therapy, or any other
implantable signal recording device known in the art or
developed in the future. In FIG. 1, the IMD 20 is electrically
coupled to the brain B of patient 12 through electrodes 30
and lead conductor(s) of at least one lead 19 in a manner
known in the art. The electrodes 30 may also serve as
therapy delivery elements to treat nervous system disorders.
The IMD 20 may continuously or intermittently communi-
cate with an external programmer 23 (e.g., patient or phy-
sician programmer) via telemetry using, for example,
antenna 24 to relay radio-frequency signals 22, 26 between
IMD 20 and programmer 23. In this embodiment, each of the
features and functionalities discussed herein are provided by
the IMD 20.

[0021] Those skilled in the art will appreciate that some
medical device systems may take any number of forms from
being fully implanted to being mostly external and can
provide treatment therapy to any number of locations in the
body. For example, the medical device systems described
herein may be utilized to provide vagal nerve stimulation,
for example, as disclosed in U.S. Pat. No. 6,341,236 (Oso-
rio, et al.), incorporated by reference in relevant part. In
addition, the treatment therapy being provided by the medi-
cal device systems may vary and can include, for example,
electrical stimulation, magnetic stimulation, drug infusion,
and/or brain temperature control (e.g., cooling). Moreover, it
will be appreciated that the medical device systems may be
utilized to analyze and treat any number of nervous system
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disorders. In the event that closed-loop feedback control is
provided, the medical device system can be configured to
receive any number of physiological signals that carry
information about a symptom or a condition of a nervous
system disorder. Such signals may be provided using one or
more monitoring elements such as monitoring electrodes or
sensors. For example, U.S. Pat. No. 6,227,203 provides
examples of various types of sensors that may be used to
detect a symptom or a condition or a nervous system
disorder and responsively generate a neurological signal and
is hereby incorporated by reference in relevant part.
[0022] FIG. 2 is a schematic block diagram of an IMD 20.
The IMD 20 is implanted in conjunction with a set of
electrodes 30. The IMD 20 communicates with an external
device, such as programmer 23 (FIG. 1), through a telemetry
transceiver 1127, an antenna 1125, and a telemetry link
1123. The external device may collect data from the IMD 20
by placing antenna 24 on the patient’s body 12 over the IMD
20 to thereby communicate with antenna 1125 of the IMD
20.

[0023] IMD 20 may contain an operating system that may
employ a microcomputer or a digital state machine for
sensing and analyzing physiological signals in accordance
with a programmed operating mode. The IMD 20 may also
contain sense amplifiers for detecting signals, and output
circuits for delivering electrical stimulation therapy, for
example, to certain parts of the brain B. The operating
system may include a storage device for storing sensed
physiological signals, including those associated with neu-
rological activity. The storage device may also be used for
storing operating parameters and other operating history
data.

[0024] Each electrode of the set of electrodes 30 may be
adapted to either receive a physiological signal, such as a
neurological signal, or to stimulate surrounding tissue, or to
perform both functions. Stimulation of any of the electrodes
contained in the electrode set 1101 is generated by a stimu-
lation IC 1105, as instructed by a microprocessor 11 19.
When stimulation is generated through an electrode, the
electrode may be blanked by a blanking circuit 1107 so that
a physiological signal is not received by channel electronics
(e.g., amplifier 1111). When microprocessor 1119 deter-
mines that a channel is able to receive a physiological signal,
an analog to digital converter (ADC) 1113 samples the
physiological signal at a desired rate (e.g., 250 times per
second). Digital logic circuitry, indicated in FIG. 2 by digital
logic 1150 and 1160, may be employed to receive the
digitized physiological signal from ADC 113. The digitized
physiological signal may be stored in a waveform memory
1115 so that the neurological data may be retrieved from the
IMD 20 when instructed, or may be processed by micro-
processor 1119 to generate any required stimulation signal.
In some embodiments, digital logic 1150, 1160 may employ
a data compression step, such as applying the new turning
point (NTP) algorithm or other suitable algorithms or filters,
to thereby reduce memory constraints that may be imposed
on an IMD due to issues of size, power consumption, and
cost, for example.

[0025] Patients with neurological movement disorders,
such as Parkinson’s Disease, may exhibit abnormal EEG
signals indicative of their disease state or condition. The
abnormal signals may have characteristics that can serve as
identifiers or “biomarkers” of certain neurological disorders.
Embodiments of the invention include methods and devices
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that can monitor such biomarkers in a given patient, and may
further provide the ability to treat such a patient (e.g., via
electrical stimulation and/or drug therapy). Certain embodi-
ments may include the ability to measure and use a biom-
arker as an indication of therapy effectiveness, thereby
providing a form of closed-loop therapy.

[0026] Recorded signals within the basal ganglia (BG)
circuit of patients with Parkinson’s Disease (PD), for
example, may provide a disease state biomarker for PD.
When patients are in their “OFF” treatment state, oscilla-
tions of local field potential (LFP) signals within the sub-
thalamic nucleus (STN), for example, tend to be dominant
within the “antikinetic” beta range (~7-35 Hz) of frequency
bands, as shown at 202 in FIG. 3. (There may also be some
oscillations in the frequency band of ~2-6 Hz that correlate
with tremor.) In the “ON” treatment state, (e.g., with dopam-
ine medication treatment), the pattern of oscillations are
greatly reduced in the beta range, and the pattern of oscil-
lations within the “prokinetic” gamma range (greater than
about 50 Hz) are enhanced, as shown at 204. The gamma
range may encompass frequencies from about 50 Hz to
around 1000 Hz, and is also frequently considered to include
frequencies above about 60 Hz. The frequency and ampli-
tude of specific peaks within these bands are likely to be
patient-specific and may vary between the two hemispheres
of the brain in a given patient, for example. Thus, a param-
eter (e.g., a biomarker) may be defined from measured LPF
(or similar) signals and monitored to serve as an overall
disease state signal (e.g., as an assessment of a neurological
movement disorder). The biomarker may be used to serve as
an indicator of therapy effectiveness in a device or system
where disruption of antikinetic bands (e.g., beta range)
and/or enhancement of prokinetic bands (e.g., via deep brain
stimulation (DBS) therapy) may improve related disease
symptoms. The biomarker may further be used to provide
feedback (e.g., closed-loop feedback) to control the therapy
delivery. In some embodiments, the information provided by
such a biomarker may provide for the delivery of hemi-
sphere-specific stimulation, which may enhance the ability
to provide individualized therapy.

[0027] Certain embodiments of the invention include an
implantable medical device and/or lead system adapted to
electrically stimulate targets in the brain to reduce patho-
logical oscillations that underlay a particular disorder. The
device may incorporate open-loop and/or closed-loop feed-
back, and may be used to treat diseases in which pathologi-
cal signals or patterns can be detected within the nervous
system including movement disorders, epilepsy, and psychi-
atric and behavioral disorders. Certain embodiments may
include independently controlled electrodes (e.g., capable of
recording/stimulating) connected to a processor that can
store and/or analyze the signal. In an embodiment employ-
ing closed-loop feedback, for example, a device may moni-
tor the signal activity, detect any pathological signal(s),
process the input, and provide feedback to the controller,
which may deliver stimulation therapy to relevant brain
circuits as needed to remove any deleterious activity. Stimu-
lation may be provided in a continuous or intermittent
manner, as single pulses or bursts of pulses of varying (or
random) waveform shapes, amplitudes, pulse widths, and
frequencies, for example. The therapy could also be tuned on
a patient-specific basis and can be programmed to detect the
patterns of a particular patient’s neural activity. The stimu-
lation output could also be designed to mimic physiological
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signals, which could be used to effectively “cancel” certain
signals (e.g., pathological signals) using signal processing
techniques such as destructive interference and/or noise
cancellation, for example.

[0028] FIG. 4 identifies locations 300 that represent pos-
sible sensing and/or stimulation sites to disrupt underlying
disease oscillations in the basal ganglia (BG). Any nucleus
or inter nuclear pathway within the BG circuit could poten-
tially serve as a therapeutic site. In certain embodiments,
therapeutic sites may include the globus pallidus internus
(GPi) 320, the subthalamic nucleus (STN) 322, and inter-
connecting pathways. Certain embodiments may provide
sensing capabilities at the same site(s) as stimulation, or at
any indicated site in the BG on the same or opposite
hemisphere. Sensing and stimulation may be conducted
simultaneously, or may be alternated, or may be performed
independently according to various embodiments. There
may be multiple sensing and multiple stimulation sites.
[0029] A device according to an embodiment of the inven-
tion may determine the presence of specific pathological
oscillations and may trigger therapy in response thereto.
Contacts and/or electrodes may be used to record and
monitor the brain signals, and internal circuitry may decide
on the appropriate stimulation (e.g., amount, location, etc.)
to alleviate such pathological oscillations (which may result
in symptomatic improvement). Recording and stimulation
can be done at various points in the pathological network as
needed to provide effective signal control.

[0030] A system in accordance with an embodiment of the
invention may include an implantable device, a means for
sensing signals from the brain and for delivering therapy to
the brain from the implantable device, and an external
instrument for programming and operational status. The
implantable device can be located subcutaneously, in the
torso, as shown in FIG. 5. For example, FIG. 5 shows a
patient 610 with an implantable medical device (IMD) 612
implanted subcutaneously. In the particular embodiment
shown, IMD 612 is implanted subcutaneously in the left
pectoral region of patient 610. Of course, other suitable
implant locations may be chosen based on considerations of
device size, patient size, physician preference, and/or cos-
metic effect, for example, and such locations could include
the right pectoral region and abdominal locations. Further,
IMD 612 could be implanted using a subcutaneous tech-
nique, or comparable locations other than subcutaneous, for
example, to address cosmetic concerns (e.g., to minimize the
appearance of a “bulge” under the patient’s skin).

[0031] FIG. 5 shows IMD 612 operably coupled to lead(s)
614. Lead(s) 614 may comprise one or more leads operably
coupled to one or more electrodes 618. Electrodes 618 may
be adapted to sense signals from the brain and/or may be
adapted to sense signals from the brain, for example, in the
form of electrical stimulation signals. Lead(s) 614 are
adapted to deliver brain signals sensed by electrodes 618 to
IMD 612, according to certain embodiments of the inven-
tion; lead(s) 614 may be alternately or additionally capable
of delivering therapy from IMD 612 to brain B of patient
610 via electrodes 618, according to certain embodiments of
the invention. Electrodes 618 may be deep brain electrodes,
for example, having a distal end 619 adapted to sense signals
from internal regions of the brain. Electrodes 618 may also
be surface-type electrodes, which may be located nearer an
external part of the brain. Other types of electrodes may also
be chosen by one skilled in the art with the benefit of these
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teachings. In certain embodiments, a number of electrodes
618 may be coupled to lead(s) 614 via an adapter 616 (e.g.,
a “Y-adapter”) to facilitate placement of lead(s) 614 and
electrodes 618 inpatient 610.

[0032] FIG. 5 also shows an embodiment in which IMD
612 is adapted to communicate with an external program-
ming and/or monitoring device 620, such as programmer 23
described above with respect to FIGS. 1 and 2. Such
communications are indicated as telemetry 622, which may
include the use of radiofrequency (RF) telemetry signals
according to certain embodiments.

[0033] FIGS. 10(A) through 10(D) illustrate exemplary
configurations of an infusion pump for the treatment of
neurological movement disorders according to embodiments
of the invention. FIGS. 10(A) and 10(B), for example, show
configurations in which an infusion pump 1002 is adapted to
deliver a drug to the brain of a patient via an intracere-
broventricular catheter 1004. In FIG. 10(A), the infusion
pump 1002 is an implantable device adapted to be implanted
in a patient’s abdominal area, whereas in FIG. 10(B), the
infusion pump 1002 is implanted in a patient’s pectoral area.
Other suitable implantation locations may be chosen based
on physician and/or patient preference, or determined based
upon clinical reasons. FIGS. 10(C) and 10(D), for example,
show configurations in which an infusion pump 1002 is
adapted to deliver a drug to the brain of a patient via one or
more intraparenchymal catheters 1006. In FIG. 10(C), the
infusion pump 1002 is an implantable device adapted to be
implanted in a patient’s abdominal area, whereas in FIG.
10(D), the infusion pump 1002 is implanted in a patient’s
pectoral area. The number and placement of pumps and/or
catheters may generally be determined by a physician based
on patient and clinical factors. For example, infusion pump
1002 may be an external or wearable device, and/or may be
adapted to deliver drug therapy via an infusion insert, for
example, located in the skin around a patient’s abdomen, or
located in any suitable intravenous access point.

[0034] In another embodiment, the implantable device
may be implanted in the patient’s head, as shown in FIG. 6.
For example, an IMD 712 may be implanted near brain B of
patient 710. Suitable locations for IMD 712 in such an
embodiment could be on the surface of the scalp, beneath the
skin (e.g., subcutaneously), or intra-cranial locations, as
determined by considerations of device size, patient/physi-
cian preference, or other factors. IMD 712 may be operably
coupled (e.g., via leads 714) to receive brain signals from
electrodes 718, and/or to deliver therapy to the brain B of
patient 710 via electrodes 718, for example. Therapy deliv-
ery may also be provided in the form of drug delivery (e.g.,
via catheters) to the brain of the patient, or to other thera-
peutic locations. Electrodes 718 may be similar to those
described above with respect to FIG. 5, for example. It is
also contemplated that IMD 612 (FIG. 5) and IMD 712
(FIG. 6) could be operably coupled to their respective
electrodes 618, 718 via various forms of wireless commu-
nication, as are known in the art, rather than via leads 614,
714.

[0035] In some embodiments where operable coupling
between IMD 612, 712 and electrodes 618, 718 is accom-
plished via an electrical connection (e.g., via a conductive
path comprising one or more wires, such as leads 614, 714),
leads 614, 714 may be electrically connected to the implant-
able device, and may be routed beneath the skin, for
example, to be electrically coupled to electrodes 618, 718.
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Similarly, in embodiments adapted to deliver drug therapy,
for example, operable coupling between IMD 612, 712 and
outlet ports (not shown) may be via a fluid path comprising
one or more catheters operably coupled to IMD 612, 712,
which may be routed beneath the skin to therapy delivery
sites. The distal end of leads 614, 714 (and/or catheters) may
be inserted through a cranial burr-hole and into a specific
target of the brain of interest for treatment of the disorder.
The distal end of each lead or catheter may terminate with
any combination of electrodes and outlet ports. In the case
of a patient with Parkinson’s Disease (PD), for example, one
lead distal end may include one or more electrodes adapted
to be located in a region of the brain that may facilitate a
reduction in symptoms when therapy (e.g., electrical stimu-
lation) is applied to such location.

[0036] A variety of leads and lead types, as are known to
those of ordinary skill in the art, may be employed for use
with various embodiments of the invention. Stimulation and
sensing electrodes referred to herein may assume a variety
of different shapes and configurations, such as round elec-
trodes, “windowed” electrodes, spirally wound electrodes,
flat electrodes, circular electrodes and so on. Stimulation
signals of the present invention may be beamed or directed
in certain directions towards desired portions of the brain
through various means, such as employing weighted arrays
of electrodes, activating certain stimulation electrodes which
face in a first direction while turning off other electrodes
which face in a direction different from the first direction,
and so on. Similarly, arrays of electrodes or multiple elec-
trodes may be employed to more accurately sense and
determine the point or region of origin of certain signals
generated within the human brain. Leads suitable for use
according to embodiments of the invention may include one
or more of the following features:

[0037] 1.Outputs—at least one electrode or catheter outlet
port adapted to deliver therapy to the patient. An electrode,
for example, may be adapted to deliver electrical stimulation
therapy to a portion of a patient’s brain. A catheter outlet
port, for example, may be adapted to deliver a medicament
(e.g., drug) therapy to a patient.

[0038] 2. Sensing—at least one electrode adapted to sense
electrical activity from a patient’s brain. In some embodi-
ments of the invention, a lead or lead system may include
one or more electrodes which are used both for sensing of
electrical activity from a patient’s brain, as well as for
delivery of electrical stimulation therapy, for example. Other
embodiments may employ a lead or lead system that
includes the ability to both sense electrical activity from a
patient’s brain as well as deliver a medicament therapy to the
patient.

[0039] 3. Extension—the ability to add an extension to the
wire/catheter/lead/lead system. It may be desirable in some
embodiments, for example, to extend an existing lead in
order to add to or modify either the sensing or output
capabilities of the lead or lead system. For example, it may
become desirable to provide sensing and/or therapy at
additional locations within a patient’s brain, or to enable
sensing or therapy to reach locations in the brain that would
otherwise be inaccessible.

[0040] 4. Multiple targets—the ability to provide a fur-
cated wire/catheter/lead/lead system to access multiple tar-
gets. [t may be desirable in some embodiments, for example,
to provide multiple channels of sensing and/or therapy
delivery. Multiple channels of sensing, for exaniple, could
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provide additional information about the nature and location
of a neurological event. Multiple channels of therapy deliv-
ery may allow for enhanced therapy flexibility, and there-
fore, potentially more appropriate therapy (e.g., different
levels or types of therapy could be selectively delivered or
withheld from a plurality of available locations).

[0041] An implantable medical device IMD) according to
an embodiment of the invention may contain electronics
(e.g., sensing circuitry, memory/storage, logic, and/or pro-
cessing capabilities) to sense and/or store signals, and may
also deliver therapy to the brain through one or more leads
(e.g., wires and/or catheters). Research has shown that
electrical stimulation and/or medicament application, for
example, may have a therapeutic effect on abnormal brain
activity. Any combination of these therapies coupled with
EEG signal analysis may be performed by an IMD in
accordance with embodiments of the invention.

[0042] As shown in FIG. 7, the IMD may include some or
all of the following elements:

[0043] A Power Source 400 may be either a primary
battery or a rechargeable battery, for example, with a
recharge coil. A battery provides a source of electrical
energy to power the electronics, and to power any electro-
mechanical devices (e.g., valves and pumps) that may be
associated with therapy delivery (e.g., medicament delivery
and/or electrical stimulation);

[0044] Sense circuitry 402 may include EEG amplifica-
tion, filtering, and biomarker processing circuitry. Filtering,
for example, may include bandpass filters for identifying
and/or measuring signals in different frequency ranges of
interest (e.g., the beta and gamma bands). Bandpass filters
may be analog or digital, and may include low-pass and
high-pass filters. Biomarker processing may include, for
example, circuitry (e.g., microprocessors and/or digital sig-
nal processors) for performing computations (e.g., FFT
analysis, ratio calculations, efc.);

[0045] Control circuitry 404 may include timing, param-
eter setting, and switching and blanking circuitry. This may
include, for example, circuitry that determines the order and
speed of input signal acquisition from a number of sources
(e.g., multiplexing). During electrical stimulation therapy,
for example, blanking circuitry may be employed to avoid
false sensing of stimulation signals and/or to protect sensing
circuitry. Programmable parameter settings may include, for
example, the ability to modify the frequency range or ranges
of interest, as well as the calculation of the biomarker itself,
[0046] Therapy circuitry 406 may include generator cir-
cuits for electrical stimulation and/or pump control circuits
for drug delivery;

[0047] Data recording circuitry 408 may include memory
for storing acquired signals and detected events;

[0048] Telemetry 410 may provide the ability to commu-
nicate with the IMD, for example, providing the ability to
program device settings/parameters, to retrieve stored data,
and/or to stream received data to an external monitor (e.g.,
in real-time); and

[0049] Mechanical packaging of the IMD, which may
typically include a biocompatible and hermetically sealed
case, connectors, drug pump, and feedthroughs (e.g., elec-
trical and mechanical).

[0050] In some embodiments, an implantable device may
be adapted to deliver therapy in an open-loop mode (e.g., on
a periodic basis), a closed-loop mode (e.g., in response to a
biomarker), or a combination of open-loop and closed-loop
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modes. In the case of certain movement disorders (e.g.,
Parkinson’s), closed-loop therapy may be adjusted (either
automatically or manually) in response to measured levels of
beta band and/or gamma band activity. Therapy delivery
based on measured levels of oscillatory activity in the beta
band and/or gamma band may also be beneficial to patients
with certain mental health disorders and psychiatric disor-
ders including, but not limited to, anxiety (such as general
anxiety disorder, panic disorder, phobias, post traumatic
stress disorder (PTSD), and obsessive compulsive disorder
(OCD)), mood disorders (such as major depression, bipolar
depression, and dysthymic disorder), sleep disorders (e.g.,
narcolepsy), obesity, anorexia, and chronic pain disorders.
[0051] In one embodiment, closed-loop therapy may be
delivered and adjusted by an implantable device, for
example, in response to a biomarker determined from the
measured levels of oscillatory activity in the beta and
gamma frequency bands. One such biomarker may be deter-
mined from a ratio of beta and gamma band signal energy,
for example. Oscillatory activity (e.g., signal energy) may be
quantified in terms of measured local field potential power
(e.g., micro-volts?, as shown in FIG. 3), or may be quantified
as a relative power (e.g., as a percentage of signal power
within a given frequency band to the overall signal power),
using fast fourier transform (FFT) techniques, for example.
In further embodiments, closed-loop therapy may involve
adjusting therapy delivery parameters (e.g., frequency,
amplitude, location, drug type, amount, etc.) in order to
maintain the measured biomarker within some pre-deter-
mined (and/or possibly patient-specific) range of values, for
example. In addition to a ratio of signal energies, other
biomarkers may be defined that compare signal activity in
frequency bands of interest, or which compare signal activ-
ity in various locations, for example. For example, average
and/or peak signal power levels, Q factor values, and other
methods of quantifying the beta and gamma range oscilla-
tions, may be used as first and second values from which
calculate ratios, difference signals, squared difference val-
ues, etc., as would be apparent to one of ordinary skill in the
art with the benefit of these teachings.

[0052] Insome embodiments, an open-loop therapy mode
may be provided which allows an operator (e.g., a physician)
to review measured levels of beta band and gamma band
activity and make adjustments to therapy delivery based
thereon. In one embodiment, an operator may retrieve
biomarker values determined from the beta and gamma band
activity, and use the biomarker values to make adjustments
to therapy delivery. Such adjustments may include changes
to the programmed therapy delivery settings of an implant-
able device, for example.

[0053] In other embodiments, an implantable medical
device or system may provide the ability to store informa-
tion regarding frequency related oscillatory activity over
relatively long periods of time to provide an operator with
trending information, for example, to evaluate the effective-
ness of therapy over time. The stored information may
include one or more biomarkers for evaluating and treating
particular movement disorders, such as PD.

[0054] Trending information may include, for example,
statistical snapshots of data taken over a defined window of
time. For example, during a 5 minute window of time,
information regarding oscillatory activity may be summa-
rized into one or more statistical measures. [A mean value
for the 5 minute window is one example. A median is
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another. A series of 3 values may be stored for each 5 minute
window, comprising a 6” percentile value, a 50” percentile
value, and a 94” percentile value, for example.] Such a
trending technique may, for example, greatly reduce the
memory requirements of an IMD, while retaining useful
trending information. The window period and/or the types of
statistical measures used could be user-selectable.

[0055] Various modes of operation (e.g., open-loop and
closed-loop) may provide data storage capabilities (e.g.,
recording and/or trending of data received), or may allow for
the selection of a non-storage mode (e.g., responsive to
measured signals and programmed settings, but without data
storage). For example, a closed-loop therapy mode, once
properly programmed for a particular patient, may have data
storage disabled to minimize processing and power demands
on a device. Telemetry of data may also be a feature of
certain modes of operation, with or without data storage. For
example, an open-loop mode may be initiated to allow for
testing of programmed settings and/or to determine optimal
settings via physician control. Real-time telemetry may be
employed during such testing and programming, and data
storage associated with such testing may or may not be
turned off, depending on physician preference.

[0056] Electrode sensors may be used to measure EEG/
LFP signals to determine a biomarker. Examples of methods
of determining a biomarker in accordance with embodi-
ments of the invention are outlined in the block diagram of
FIG. 8. The EEG or LPF signal may be filtered into two
discrete frequency bands corresponding to the beta and
gamma band biomarkers. This is shown in the time domain
algorithm 500 by using bandpass filters (including low-pass
and high-pass filters) corresponding to the beta band 502
(~7-35 Hz) and the gamma band 504 (>~50 Hz). This may
be accomplished by using analog bandpass filters, or by
sampling and using digital bandpass filters, or by sampling
and performing time domain-to-frequency domain conver-
sion, or by combinations of these and other methods known
to those of ordinary skill in the art. The bandpass filter (or
filters) corresponding to the beta band may define other
frequency ranges, such as ~11-30 Hz, in some embodiments.
Similarly, the bandpass filter (or filters) corresponding to the
gamma band may define other frequency ranges, such as
~50-1000 Hz, or ~60-300 Hz, in certain embodiments.
[0057] In the frequency domain algorithm 550, a fast
fourier transform (FFT) 552 may be applied to the input
signal (after appropriate sampling and windowing, for
example) to obtain the beta band 554 and gamma band 556
information.

[0058] Each of these output signals is processed through
an energy averaging algorithm and a comparison of the beta
band and gamma band signals is made. In certain embodi-
ments, the comparison may include calculation of the ratio
of the beta band signal energy to the gamma band signal
energy (or vice versa). The output ratio may then be used to
assess the movement disorder, and/or may be compared to a
reference value (e.g., a threshold) to assess the movement
disorder. The comparison of the ratio value to a predeter-
mined threshold may, for example, provide a signal to adjust
therapy delivery accordingly. This may, for example,
involve the use of a therapy lookup table 558 according to
some embodiments, or may involve a logic function or
calculation.

[0059] An external instrument may be used for program-
ming the implantable device, viewing device status, and
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uploading recorded data, for example. It may typically be a
computing platform with a graphical user interface that can
communicate via telemetry with the implantable device. A
communication link may be established that is short range
(<1 foot), or long range (>=1 foot). Short-range telemetry
may require a telemetry head, which can be tethered or
wireless. Software on the computing platform may be
adapted to enable management of device parameters.

[0060] FIG. 9 is a block diagram showing a system for
treating neurological movement disorders according to cer-
tain embodiments of the invention. In FIG. 9, a method of
treating neurological movement disorders is incorporated
into a system that allows for the selection of input signals.
The system also provides for amplification and filtering of
the signals before performing a comparison of beta band and
gamma band signals.

[0061] InFIG. 9, system 900 includes a switch matrix 902
that allows for the selection of a desired combination of
input signals (e.g., EEG or ECoG signals acquired from a
number of leads adapted to sense brain signals). The switch
matrix 902 may be adapted to selectively couple the input
signals to one or more amplifiers (e.g., amplifiers A1 through
A4in FIG. 9) in amplifier bank 904. In certain embodiments,
two of the amplifiers (e.g., Al and A2) may receive signals
from the same lead combination. The amplified outputs are
then coupled to an appropriate filter bank 906. In this
example, the outputs of amplifiers A1 and A2 become inputs
to Filter Banks 1 and 2, respectively. In certain embodi-
ments, one of the filter banks (e.g., Filter Bank 1) may
include (or may be adapted or adjusted to include) filter
coeflicients corresponding to the beta band, for example.
The filter banks 906 may each contain at least one infinite
impulse response (IIR) filter. In certain embodiments, a
second filter bank (e.g., Filter Bank 2) may include (or may
be adapted or adjusted to include) filter coefficients corre-
sponding to the gamma band, for example.

[0062] With continued reference to FIG. 9, a bank of
processing blocks 908 may be adapted to receive the outputs
of the filter banks 906. For example, the outputs of Filter
Banks 1 and 2 may be coupled as the inputs to processing
blocks 908 (Blocks 1 and 2, respectively, in this example).
In certain embodiments of the invention, Blocks 1 and 2 may
be adapted to determine an order statistic value (e.g., a
median value or other predetermined percentile value) based
on a window of data received from the respective Filter
Banks 1 and 2. The window of data may correspond, for
example, to a predetermined time interval or to a predeter-
mined amount of received data, according to two possible
embodiments. Time windows may, for example, correspond
to periods of about 1 or 2 seconds in duration, to as long as
30 seconds (or even 30 minutes or more), according to
various embodiments. To conserve memory and/or other
computing resources, processing blocks 908 (such as Blocks
1 and 2 in this example) may be adapted to employ a
multi-stage order statistic (e.g., median) filter to determine
an order statistic value. In some embodiments, a two-stage
“cascaded” median filter may be employed, for example, in
which successive blocks of data are analyzed by a first-stage
filter to determine an intermediate median value, then the
intermediate values are analyzed by a second-stage filter to
determine the cascaded median value. Such multi-stage
order statistic filtering may result in a reduction in comput-
ing resources, such as memory and processing power.
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[0063] In certain embodiments of the invention, beta
gamma comparator 910 (shown in FIG. 9) receives the
outputs of processing blocks 908 and performs a comparison
of the beta band signal 1o the gamma band signal to
determine a biomarker according to various embodiments of
the invention. In certain embodiments, beta gamma com-
parator 910 computes a ratio of the beta band signal (e.g., the
output of Block 1 in the foregoing example) to the gamma
band signal (e.g., the output of Block 2 in the foregoing
example). In one particular embodiment, a ratio of the beta
band and gamma band signals may be determined using a
division approximation technique such as that disclosed in
commonly assigned U.S. patent application Ser. No. 10/976,
474, the contents of which are incorporated by reference. In
some embodiments, the ratio may be calculated with each
successive output of the processing blocks 908, or may be
calculated less frequently.

[0064] Thus, a METHOD AND APPARATUS FOR THE
TREATMENT OF MOVEMENT DISORDERS has been
provided. While at least one exemplary embodiment has
been presented in the foregoing detailed description of the
invention, it should be appreciated that a vast number of
variations exist. It should also be appreciated that the
exemplary embodiment or exemplary embodiments are only
examples, and are not intended to limit the scope, applica-
bility, or configuration of the invention in any way. Rather,
the foregoing detailed description will provide those skilled
in the art with a convenient road map for implementing an
exemplary embodiment of the invention, it being understood
that various changes may be made in the function and
arrangement of elements described in an exemplary embodi-
ment without departing from the scope of the invention as
set forth in the appended claims and their legal equivalents.

What is claimed is:

1. Amethod of treating a neurological movement disorder,
the method comprising: acquiring a physiological signal
from a brain of a patient; measuring a first value from the
physiological signal, the first value representative of an

amount of oscillatory activity in a first frequency range;

measuring a second value from the physiological sig-
nal, the second value representative of an

amount of oscillatory activity in a second frequency

range; calculating a biomarker as a function of the first
and second values; and using the biomarker to assess
the movement disorder.

2. The method of claim 1 wherein the movement disorder
is Parkinson’s Disease.

3. The method of claim 1 wherein the movement disorder
is dystonia.

4. The method of claim 1 wherein the first frequency
range is from about 7 to 35 Hz, and wherein the second
frequency range is greater than about 50 Hz.

5. The method of claim 4 wherein the first frequency
range is from about 11 to 30 Hz, and wherein the second
frequency range is between about 60 and 300 Hz.

6. The method of claim 1 wherein calculating the biom-
arker includes determining a ratio from the first and second
values.

7. The method of claim 6 wherein calculating the biom-
arker includes determining the ratio of the first value to the
second value.

8. The method of claim 7 wherein the biomarker is
compared to a reference value to assess the movement
disorder.
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9. The method of claim 8 wherein the biomarker exceed-
ing the reference value indicates a worsening of the move-
ment disorder.

10. The method of claim 1 wherein the physiological
signal is a local field potential (LFP) signal.

11. The method of claim 1 wherein the physiological
signal is an electroencephalogram (EEG) signal.

12. The method of claim 1 wherein the physiological
signal is an electrocorticogram (ECoG) signal acquired by
one or more deep brain stimulation (DBS) electrodes located
in the brain of the patient.

13. The method of claim 1 wherein the physiological
signal includes a plurality of signals obtained from a plu-
rality of leads.

14. The method of claim 13 wherein the plurality of
signals are obtained from a plurality of locations within the
brain of the patient.

15. The method of claim 1 wherein the measured first and
second values representative of an amount of oscillatory
activity are at least partially based on an energy level of the
physiological signal within the respective first and second
frequency ranges.

16. The method of claim 1 wherein the measured first and
second values representative of an amount of oscillatory
activity are at least partially based on an amplitude of the
physiological signal within the respective first and second
frequency ranges.

17. The method of claim 1 wherein the measured first and
second values representative of an amount of oscillatory
activity are at least partially based on a frequency of the
physiological signal within the respective first and second
frequency ranges.

18. The method of claim 1 further comprising delivering
treatment to the patient based on the calculated value of the
biomarker.

19. The method of claim 18 wherein treatment is deliv-
ered to the patient based upon the biomarker exceeding a
reference value.

20. The method of claim 18 wherein treatment comprises
electrical stimulation therapy.

21. The method of claim 18 wherein treatment comprises
drug delivery therapy.

22. The method of claim 21 wherein drug delivery therapy
is provided via an infusion pump adapted to deliver a drug
to a portion of the patient’s body.

23. The method of claim 22 wherein the infusion pump is
adapted to deliver a drug to the patient’s brain via an
intracerebroventricular catheter.

24. The method of claim 22 wherein the infusion pump is
adapted to deliver a drug to the patient’s brain via an
intraparenchymal catheter.

25. The method of claim 18 wherein the biomarker is
re-calculated in conjunction with delivery of treatment to
provide closed-loop control of said treatment.

26. The method of claim 25 wherein treatment is varied to
achieve a biomarker value within a predefined range.

27. The method of claim 18 wherein treatment delivered
in a first region of the brain may be different from treatment
delivered in a second region of the brain.

28. The method of claim 18 wherein the treatment deliv-
ered may be varied according to a desired patient outcome.

29. The method of claim 28 wherein the desired patient
outcome is improved manual dexterity.
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30. The method of claim 28 wherein the desired patient
outcome is a reduction in tremors.

31. The method of claim 18 wherein the treatment deliv-
ered may be varied by changing the programmed settings in
an implantable device.

32. The method of claim 1 wherein at least one of the
measured first and second values representative of an
amount of oscillatory activity is determined using an order
statistic filter.

33. The method of claim 32 wherein the measured first
and second values are determined using a cascaded median
filter.

34. The method of claim 1 further comprising:

measuring a third value from the physiological signal, the

third value representative of an amount of oscillatory
activity in a third frequency range;

calculating a biomarker as a function of the first, second,

and third values; and
using the biomarker to assess the movement disorder.
35. A system for treating a neurological movement dis-
order, the system comprising:
an implantable medical device having a housing for a
power supply, memory, and electronic circuitry; and

at least one electrode in communication with the device
for acquiring a physiologic signal from a brain of a
patient, the device being adapted to

acquire the physiological signal from the brain of the

patient;

measure a first value from the physiological signal, the

first value representative of an amount of oscillatory
activity in a first frequency range;

measure a second value from the physiological signal, the

second value representative of an amount of oscillatory
activity in a second frequency range;

calculate a biomarker from the first and second values;

and

use the biomarker to assess the movement disorder, the

biomarker being based on a comparison of the first and
second values, and the first and second frequency
ranges comprising beta and gamma frequency ranges.

36. The system of claim 35 wherein calculating the
biomarker includes determining a ratio of the first and
second values.

37. The system of claim 35 further comprising delivering
treatment to the patient based on the calculated value of the
biomarker.

38. A computer-readable medium programmed with
instructions for performing a method of treating a neuro-
logical movement disorder, the medium comprising instruc-
tions for causing a programmable processor to:

acquire a physiological signal from a brain of a patient;

measure a first value from the physiological signal, the

first value representative of an amount of oscillatory
activity in a first frequency range;

measure a second value from the physiological signal, the

second value representative of an amount of oscillatory
activity in a second frequency range;

calculate a biomarker from the first and second values;

and

use the biomarker to assess the movement disorder, the

biomarker being based on a comparison of the first and
second values, and the first and second frequency
ranges comprising beta and gamma frequency ranges.
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39. The medium of claim 38 wherein calculating the
biomarker includes determining a ratio of the first and
second values.

40. The medium of claim 38 further comprising delivering
treatment to the patient based on the calculated value of the
biomarker.

41. An implantable medical device (IMD) for treating
neurological movement disorders, the device comprising:

one or more electrodes for acquiring a physiological
signal from a brain of a patient;

a processing subsystem adapted to determine a first value
and a second value from the physiological signal, the
first value representative of an amount of oscillatory
activity in a first frequency range, the second value
representative of an amount of oscillatory activity in a
second frequency range, the processing subsystem fur-
ther adapted to calculate a biomarker as a function of
the first and second values, the biomarker providing an
assessment of the movement disorder.

42. The IMD of claim 41 further comprising:

a therapy delivery subsystem adapted to deliver therapy to
the patient based on the calculated value of the biom-
arker.

43. The IMD of claim 41 wherein the biomarker is used
as a closed-loop feedback parameter to optimize therapy
delivery.

44. The IMD of claim 42, wherein the therapy delivery
subsystem is adapted to provide electrical stimulation
therapy delivery.

45. The IMD of claim 42, wherein the therapy delivery
subsystem is adapted to control drug therapy delivery.

46. A method of treating a neurological movement disor-
der, the method comprising: acquiring a physiological signal
from a brain of a patient;

measuring a first value from the physiological signal, the
first value representative of an amount of oscillatory
activity in a first frequency range;

calculating a biomarker as a function of the first value;
and

using the biomarker to assess the movement disorder.

47. The method of claim 46 further comprising delivering
treatment to the patient based on the calculated value of the
biomarker exceeding a predetermined threshold.

48. The method of claim 46 wherein the first frequency
range is from about 0 to 50 Hz.

49. The method of claim 46 wherein the first frequency
range is from about 50 to 1000 Hz.

50. The method of claim 46 wherein the physiological
signal includes a plurality of signals obtained from a plu-
rality of leads.

51. The method of claim 47 wherein treatment comprises
electrical stimulation therapy.

52. The method of claim 47 wherein treatment comprises
drug delivery therapy.

53. The method of claim 47 wherein the biomarker is
re-calculated in conjunction with delivery of treatment to
provide closed-loop control of said treatment.

54. The method of claim 47 wherein treatment is varied to
achieve a biomarker value within a predefined range.

[ I T
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