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PATIENT DIRECTED THERAPY CONTROL

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 15/012,646 by Panken et al, entitled
“PATIENT DIRECTED THERAPY CONTROL,” filed Feb.
1, 2016 and issued as U.S. Pat. No. 10,258,798 on Apr. 16,
2019, which is a continuation of U.S. application Ser. No.
13/740,860 by Panken et al, entitled “PATIENT
DIRECTED THERAPY CONTROL,” filed Jan. 14, 2013
and issued as U.S. Pat. No. 9,248,288 on Feb. 2, 2016, which
is a continuation of U.S. application Ser. No. 11/974,931 by
Panken et al., entitled “PATIENT DIRECTED THERAPY
CONTROL,” filed Oct. 16, 2007, and issued as U.S. Pat. No.
8,380,314 on Feb. 19, 2013, which claims the benefit of U.S.
Provisional Application No. 60/975,372 by Denison et al.,
entitled “FREQUENCY SELECTIVE MONITORING OF
PHYSIOLOGICAL SIGNALS,” and filed on Sep. 26, 2007.
The entire content of each of these applications is incorpo-
rated herein by reference.

TECHNICAL FIELD

[0002] The invention relates to medical devices and, more
particularly, to devices that control therapy delivery.

BACKGROUND

[0003] Medical devices may be used to deliver therapy to
patients to treat a variety of symptoms or conditions, such as
chronic pain, tremor, Parkinson’s disease, epilepsy, neural-
gia, urinary or fecal incontinence, sexual dysfunction, obe-
sity, or gastroparesis. A medical device may deliver stimu-
lation therapy via leads that include electrodes located
proximate to the spinal cord, pelvic nerves, stomach, or
within the brain of a patient. In some cases, electrodes may
be integrated with an implantable pulse generator, eliminat-
ing the need for leads. In some cases, a medical device may
deliver a drug or another fluid to a specific tissue site within
the patient via a catheter attached to the medical device.
Alternatively, a patient with a neurological disease may be
treated with external sensory cue. In any case, the medical
device is used to provide treatment to the patient as needed
in order in increase the quality of life of the patient. The
medical device may be implanted or located externally,
depending upon the type of therapy and needs of the patient.
[0004] A clinician may program the medical device to
effectively treat the patient. For example, the clinician may
define the therapy to be delivered to a patient by selecting
values for one or more programmable therapy parameters.
As one example, in the case of electrical stimulation, the
clinician may select an amplitude, which may be a current
or voltage amplitude, and pulse width for a stimulation
waveform to be delivered to the patient, as well as a rate at
which the pulses are to be delivered to the patient. Program-
mable therapy parameters also may include electrode com-
binations and polarities. The clinician may also create mul-
tiple programs having various different therapy parameter
combinations that the patient may use as desired in order to
find the most effective therapy parameters to treat a condi-
tion.

[0005] At least in the case of a chronic therapy delivery
system, the patient begins to use the medical device for
continued treatment during normal daily activities after an
initial programming session with the clinician. During treat-
ment, the patient may need to adjust the therapy parameters
in order to increase the efficacy of the therapy. Adjustments
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to therapy may include, for example, turning the therapy on
and off, switching between therapy programs, and increasing
or decreasing therapy amplitude. The patient uses an extet-
nal programmet, e.g., a patient programmer, to communicate
any desired adjustments to the medical device. As an
example, the external programmer may be a hand-held
computing device that includes a user interface that allows
the user to select certain adjustments to therapy. The patient
may select the adjustments and the external programmer
communicates the adjustments to the medical device, result-
ing in an adjusted therapy. The patient may continue to use
the external programmer throughout the duration of therapy
in order to retrain efficacious therapy.

SUMMARY

[0006] A patient may control an aspect of therapy delivery
with volitional input, which is detected via biosignals within
the brain. The biosignals are generated in response to a
volitional patient input and are not generated because of a
symptom of the patient’s condition. In this way, the patient
may control therapy delivery via volitional thoughts.
Therapy adjustment actions that may be taken in response to
the detection of the biosignal include initiating or deactivat-
ing therapy delivery, or increasing or decreasing a therapy
parameter, such as amplitude of stimulation signals, pulse
rate or frequency, in the case of electrical stimulation.
Therapy adjustment actions may also include shifting
between stored therapy programs.

[0007] The volitional patient input may not require the
interaction with an external device. For example, the voli-
tional input may include performing a specific physical or
mental activity, such as moving a specific muscle or muscle
group or performing a mathematical calculation. In one
embodiment, a biosignal detection module detects one or
more biosignals resulting from the volitional patient input by
monitoring an electroencephalogram (EEG) signal from
within one or more regions of the patient’s brain, and
determines whether the EEG signal includes the biosignal.
For example, the biosignal detection module or another
processor may analyze one or more predetermined fre-
quency band components of the monitored EEG signal to
determine whether the EEG signal includes the biosignal.
[0008] Detection of a biosignal within the patient’s brain
that results from a volitional patient input allows a patient to
control therapy without the use of an external programmer.
In this manner, therapy control is based on brain signals,
rather than interacting with a user interface of an external
programmer. Example therapies include electrical stimula-
tion, drug delivery, an externally or internally generated
sensory cue, and any combination thereof. In addition, the
system may support a learning mode to determine the
biosignal. For example, one learning mode correlates a
monitored EEG signal with a volitional patient input. A
characteristic of the EEG signal may be extracted from the
monitored EEG signal to generate the biosignal. In this way,
the feedback for the closed loop therapy adjustment may be
customized to a particular patient.

[0009] In one embodiment, the disclosure provides a
method including detecting at least one biosignal from a
brain of a patient that results from a volitional patient input,
and controlling delivery of therapy to the patient based on
the biosignal.

[0010] In another embodiment, the disclosure provides a
system comprising a therapy module to delivers therapy to
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a patient, a biosignal detection module to detect at least one
biosignal from a brain of a patient that results from a
volitional patient input, and a processor to controls the
therapy device based on the detection of the biosignal.
[0011] In another embodiment, the disclosure is directed
to a system that includes a sensing module configured to
sense an electroencephalogram (EEG) signal of a patient,
and a processor to determine whether the EEG signal
includes a biosignal. The biosignal is based on a volitional
patient input, wherein the processor generates a control
signal to control a therapy module if the EEG signal includes
the biosignal.

[0012] The disclosure provides one or more advantages.
For example, the therapy systems eliminate the need for an
external programmer to adjust therapy, which allows the
patient to adjust therapy in situations where use of a pro-
grammer may not be possible or suggested. Example situ-
ations include bathing, swimming, driving, or any situation
in which the patient may not be able to carry a programmer
or the patient does not have a free hand.

[0013] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a conceptual diagram illustrating an
embodiment of a deep brain stimulation system that includes
a biosignal detection module to detect a volitional patient
input to control therapy.

[0015] FIG. 2A is a conceptual diagram illustrating an
embodiment of a spinal cord stimulation system with a
biosignal detection module used by the patient to control
therapy.

[0016] FIG. 2B is a conceptual diagram illustrating
another embodiment of a spinal cord stimulation system that
includes an external biosignal detection module.

[0017] FIG. 3 is a conceptual diagram illustrating an
embodiment of a sensory cue system that includes a biosig-
nal detection module.

[0018] FIG. 4 is functional block diagram illustrating
components of an embodiment of an electrical stimulator.
[0019] FIG. 5 is functional block diagram illustrating
components of an embodiment of a drug pump.

[0020] FIG. 6 is functional block diagram illustrating
components of an exemplary sensory cue device.

[0021] FIG. 7 is a functional block diagram illustrating
components of biosignal detection module that is separate
from a therapy module.

[0022] FIG. 8 is functional block diagram illustrating
components of an embodiment of an external programmer.
[0023] FIGS. 9A and 9B are flow diagrams illustrating
embodiments of techniques for adjusting therapy according
to detected biosignals from the patient.

[0024] FIGS. 10A and 10B are a flow diagram illustrating
embodiments of techniques that may be employed to control
a therapy device based on an EEG signal.

[0025] FIG. 11 is an example electrical signal received by
the biosignal detection module that indicates when a patient
closes and opens his eyes.

[0026] FIG. 12 is an embodiment of a programmer with a
user interface that allows the programmer to learn and match
biosignals to patient activities.

Aug. 8,2019

[0027] FIG. 13 is a flow diagram illustrating an embodi-
ment of a technique that may be employed by the program-
mer of FIG. 12 to correlate biosignals with volitional patient
activities.

[0028] FIG. 14 is a flow diagram illustrating an embodi-
ment of a technique for associating a volitional patient input
with an EEG signal characteristic.

[0029] FIG. 15 is a block diagram illustrating an exem-
plary frequency selective signal monitor that includes a
chopper-stabilized superheterodyne amplifier and a signal
analysis unit.

[0030] FIG. 16 is a block diagram illustrating a portion of
an exemplary chopper-stabilized superheterodyne amplifier
for use within the frequency selective signal monitor from
FIG. 15.

[0031] FIGS. 17A-17D are graphs illustrating the fre-
quency components of a signal at various stages within the
superheterodyne amplifier of FIG. 16.

[0032] FIG. 18 is a block diagram illustrating a portion of
an exemplary chopper-stabilized superheterodyne amplifier
with in-phase and quadrature signal paths for use within a
frequency selective signal monitor.

[0033] FIG. 19 is a circuit diagram illustrating a chopper-
stabilized mixer amplifier suitable for use within the fre-
quency selective signal monitor of FIG. 15.

[0034] FIG. 20 is a circuit diagram illustrating a chopper-
stabilized, superheterodyne instrumentation amplifier with
differential inputs.

DETAILED DESCRIPTION

[0035] Medical devices are useful for treating or otherwise
control various patient conditions or disorders. In some
cases, medical devices may be used to deliver therapy to
patients having conditions or disorders that cannot be effec-
tively treated with diet, exercise, lifestyle changes, orally
ingested pharmaceuticals, or any other treatment regimen.
Medical devices may be configured to deliver therapies such
as electrical stimulation, drug delivery or internally or
externally generated sensory cues (or “stimuli”) that reduce
or eliminate the patient condition or disorder. Depending
upon the type of therapy delivered by the medical device, the
medical device may be implanted in the patient for chronic
therapy delivery (e.g., longer than a temporary, trial basis).
[0036] In some cases, a medical device may be pro-
grammed with different therapy parameters. The therapy
parameters may be selected to address a particular patient’s
condition during the initial stages of therapy implementa-
tion, as well as during follow-up visits to a clinician’s office.
In some cases, the clinician may create multiple programs
that each have different therapy parameters selected by the
clinician. These programs may also be referred to as therapy
“parameter sets.” During a trial stage, the patient may
evaluate the different therapy programs to identify the
therapy programs that provide the most efficacious treatment
relative to the other tested programs.

[0037] Based on the trial stage or other considerations, the
clinician and/or patient may select one or more therapy
programs for use by the medical device during chronic
therapy delivery. In some cases, the patient may be given the
freedom to select one or more therapy programs with which
to delivery therapy or to increase or decrease therapy param-
eters as needed to increase the efficacy of therapy. For
example, if an electrical stimulator is implanted within the
patient, the patient may increase or decrease a stimulation
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parameter, such as the current or voltage amplitude of the
stimulation, within a predetermined range. The clinician or
the manufacturer of the electrical stimulator may select the
predetermined range. In the case of electrical stimulation
therapy, the range is typically selected such that the electri-
cal stimulation does not harm the patient.

[0038] In the therapy systems described herein, a patient
may adjust one or more aspects of therapy via a volitional
patient input that is detected via a biosignal within the brain.
In one embodiment, the biosignal is generated within the
brain in response to a volitional thought, such as a thought
relating to a particular muscle movement (e.g., facial twitch-
ing, moving a finger, etc.). Thus, the patient may provide the
input by moving a muscle, performing a particular calcula-
tion within his head, or any other volitional thought that
produces a detectable electrical signal within the brain. The
volitional patient input is associated with a particular
therapy adjustment action, such as initiating therapy, deac-
tivating therapy or increasing or decreasing a therapy param-
eter.

[0039] The one or more biosignals that are used to detect
the volitional patient input may be selected to be unique, i.e.,
differentiated from other brain signals that are unrelated to
the volitional patient input, in order to minimize the number
of false positives. A false positive may be, for example,
detecting the biosignal when the patient did actually provide
the volitional patient input. In such a case, the biosignal may
be incorrectly detected, e.g., because of its similarity to
another brain signal unrelated to the volitional patient input.
[0040] The therapy systems described herein include a
biosignal detection module that detects the biosignal gener-
ated within the brain based on the patient input. The bio-
signal detection module provides feedback to a therapy
device (or a “therapy module”), which adjusts therapy
accordingly. In this way, the systems described herein elimi-
nate the need for a patient to interact with an external
programming device in order to adjust therapy. However, in
some embodiments, the biosignal feedback system
described herein may be used to control therapy in addition
to an external programmer.

[0041] The biosignal detection module may employ an
algorithm to suppress false positives, i.e., the adjustment of
therapy in response to a brain signal that is not the biosignal
indicative of the patient input. For example, in addition to
selecting a unique biosignal, the biosignal detection module
may implement an algorithm that identifies particular attri-
butes of the biosignal (e.g., certain frequency characteristics
of the biosignal) that are unique to the patient input. As
another example, the biosignal detection module may moni-
tor the characteristics of the biosignal in more than one
frequency band, and correlate a particular pattern in the
power of the brain signal within two or more frequency
bands in order to determine whether the brain signal is
indicative of the volitional patient input. As another
example, the volitional patient input may include a pattern
of volitional actions or thoughts that generate a specific
pattern of brain signals or a brain signal including specific
attributes that may be identified by the biosignal detection
module. The specific attributes may include, for example, a
pattern in the amplitude waveform of a bioelectrical brain
signal, or a pattern or behavior of the frequency character-
istics of the bioelectrical brain signal, and so forth.

[0042] In some embodiments, a biosignal detection mod-
ule acquires a bioelectrical signal from within one or more
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regions of a patient’s brain using implanted or external
electrodes. The bioelectrical signal may include an electro-
encephalogram (EEG) signal, electromyogram (EMG) sig-
nal, electrocorticogram (ECoG) signal, field potentials
within the motor cortex or other regions of the brain, or
combinations thereof.

[0043] Inoneembodiment, the biosignal detection module
acquires an EEG signal from within one or more regions of
a patient’s brain using one or more electrodes placed on the
head or implanted within the patient. An EEG signal indi-
cates the electrical activity within a brain of a patient. The
biosignal detection module may be implanted within the
patient or may be carried external to the patient. A processor
within the biosignal sensing module, therapy module or
another part of the therapy system determines whether the
monitored EEG signal includes the biosignal via many
suitable techniques. As described in further detail below, in
one embodiment, a processor processes the EEG signal by
tuning into, or extracting, a specific frequency band from the
EEG signal that contains information pertinent to a voli-
tional patient input. The biosignal may then be a component
of the EEG signal within the extracted frequency band.
[0044] The therapy systems described herein do not
directly alter therapy based upon symptoms of the patient’s
condition or disease. Rather, the therapy systems implement
a biosignal that provides feedback to a therapy module,
where the biosignal is nonsymptomatic. That is, the biosig-
nal is unrelated to a condition of the patient’s disease.
Furthermore, the biosignal results from a volitional patient
input, rather than an incidental electrical signal within the
patient’s brain that the patient did not voluntarily or inten-
tionally generate. Thus, the detection of a volitional patient
input that indicates a desired to therapy adjustment action
differs from involuntary neuronal activity that may be
caused by the patient’s condition (e.g., a tremor or a seizure).
In some embodiments, symptomatic physiological changes
may be detected by the system and used as feedback to
increase therapy efficacy. However, these symptomatic
changes in the brain are not the biosignals detected by the
biosignal detection module that allow the patient direct
control over therapy. Iustead, the biosignal detection module
detects a particular biosignal within the patient’s brain that
results from a volitional input, thereby allowing the patient
to control one or more aspects of therapy by voluntarily
causing a detectable physiological change within the brain.
[0045] The patient 12 may wish to adjust therapy for many
different reasons. For example, if the therapy system is
implemented to control pain, patient may initiate therapy
delivery or increase/decrease therapy delivery parameters as
the patient’s pain level changes. As another example, if
therapy system 10 is used to treat or control seizures, and
patient 12 sees an aura or another indication that a seizure is
likely to occur, patient 12 may provide volitional input to
initiate or increase therapy delivery in an attempt to stop the
onset of the seizure.

[0046] In some embodiments, once the therapy system is
implemented in the patient, the therapy system may be
programmed to link biosignals within the brain to specific
volitional patient inputs with specific patient activities, from
which the type of therapy adjustment may be determined. In
other embodiments, the therapy system may be programmed
to link biosignals within the brain to specific therapy adjust-
ment actions. As described in further detail below, the
biosignals may be determined during a learning mode, and
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a clinician or a computing device may associate certain
biosignals with respective therapy adjustment actions. In
one embodiment, a therapy system may be preprogrammed
to perform certain therapy adjustments upon detecting bio-
signals for certain actions. For example, if the patient wishes
to cease therapy delivery, the patient may produce a voli-
tional thought directed to moving his eyes down. In other
embodiments, the therapy system may combine the biosig-
nal detection with a secondary input means, such as tapping
an accelerometer, or a combination of biosignals prior to
implementing the indicated therapy adjustment action.
[0047] In some cases, the patient may produce biosignals
in a particular pattern generated from a sequence of volun-
tary thought in order to minimize unwanted changes in
therapy from biosignals detected during normal daily activ-
ity. Example sequences may involve multiple eye move-
ments, facial expressions, limb movements, and any other
thought sequences that are detectable by the biosignal sens-
ing module.

[0048] The learning mode is not only useful during the
initial programming of the therapy system, but also through-
out implementation of the chronic therapy system. For
example, after the initial programming of the therapy sys-
tem, the patient may change certain correlations between a
particular biosignal and an associated therapy action,
remove a correlated activity that is commonly used by the
patient or add a new correlation between a biosignal and a
therapy action. In some cases, the clinician may prompt the
patient to reenter the learning mode after a change in therapy
is produced or because of a progression in the patient’s
disease.

[0049] The patient may realize many advantages when
controlling therapy with biosignals that are based on voli-
tional thought. For example, the therapy system described
herein eliminates the need for the patient to carry an external
programmer throughout the day in order to take therapy
actions, such as changing programs, increasing amplitude,
and turning the therapy on and off. Carrying the programmer
may be burdensome on the patient, and may be an indiscreet
mechanism for adjusting therapy, which may cause social
discomfort to the patient. In addition, the patient may not be
able to use the external programmer during certain activities
such as swimming, showering, driving, exercising, or when
the patient’s hands are occupied. In this manner, a therapy
systems in which biosignals within a patient’s brain provide
input to adjust therapy may provide additional safety and
security to the patient by permitting the patient to adjust
therapy in many circumstances in which an external pro-
grammer may not be practical.

[0050] Biosignal detection may also be beneficial for
patients unable or unwilling to use an external programmer.
For example, the therapy systems described herein may be
useful for blind patients, who may find it difficult to manipu-
late an external programmer. The therapy systems described
herein may also be useful for elderly patients, who may find
it difficult to master the use of the external programmer due
to a relative complicated user interface. In addition, biosig-
nal detection may allow patients with movement disorders,
such as Parkinson’s disease, to initiate therapy when a
motion impairment condition (e.g., tremor) may be too
severe to provide an input to an external programmer.
Additional advantages are also provided by the biosignal
reception therapy system described herein, depending upon
the embodiment implemented to the patient.
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[0051] The therapy system described herein may receive
biosignals to control any type of therapy. Example therapies
include, but are not limited to, pain therapy, spinal cord
stimulation (SCS), deep brain stimulation (DBS), peripheral
nerve stimulation (PNS), peripheral nerve field stimulation
(PNFS), incontinence therapy, gastric stimulation, and pel-
vic floor stimulation. These and other therapies may be
directed toward treating conditions such as chronic pain,
incontinence, sexual dysfunction, obesity, migraine head-
aches, Parkinson’s disease, depression, epilepsy, seizures, or
any other neurological disease. Additional conditions and
diseases may also be treated by detecting biosignals to
control delivery of a therapy. While therapy described herein
is preferably directed to human patients, the therapy may be
applied to non-human patients as well.

[0052] FIG. 1 is a conceptual diagram illustrating an
example DBS system 10, which includes implantable medi-
cal device (IMD) 18, lead extension 22, leads 24A and 24B,
and electrode array 25. IMD 18 includes a therapy module
that delivers electrical stimulation therapy to patient 12 via
leads 24A and 24B, as well as a biosignal detection module
that detects one or more biosignals indicative of one or more
volitional patient inputs relating to therapy adjustment
actions. As described in further detail below, the biosignal
detection module provides feedback to the therapy module
to control one or more aspects of therapy delivery.

[0053] IMD 18 is implanted in patient 12. Implanted lead
extension 22 is coupled to IMD 18 via connector 20. Lead
extension 22 traverses from the implant site of IMD 18
within a chest cavity of patient 12, and along the neck of
patient 12 to cranium 14 of patient 12 to access brain 16.
Leads 24A and 24B (collectively “leads 24”) are implanted
within the right and left hemispheres, respectively, of patient
12 in order deliver electrical stimulation to one or more
regions of brain 16, which may be selected based on the
patient condition or disorder controlled by DBS system 10.
Electrode array 25 includes a plurality of electrodes 26,
which are carried by lead 28, to detect biosignals within
brain 16 that result from a volitional patient thought. Exter-
nal programmer 30 wireless communicates with IMD 18 as
needed to provide or retrieve therapy information. While
patient 12 is generally referred to as a human patient, other
mammalian or non-mammalian patients are also contem-
plated.

[0054] Although leads 24 are shown in FIG. 1 as being
coupled to a common lead extension 22, in other embodi-
ments, leads 24 may be coupled to IMD 18 via separate lead
extensions or directly to the therapy module. Leads 24 may
deliver electrical stimulation to treat any number of neuro-
logical disorders or diseases. Example neurological disor-
ders may include depression, dementia, obsessive-compul-
sive disorder, and movement disorders, such as Parkinson’s
disease, spasticity, and epilepsy. DBS is also useful for
treating other patient conditions, such as migraines and
obesity.

[0055] Leads 24 may be implanted within a desired loca-
tion of brain 16 through respective holes in cranium 14.
Leads 24 may be placed at any location within brain 16 such
that the electrodes of the leads are capable of providing
electrical stimulation to targeted tissue during treatment.
Electrical stimulation generated from the signal generator
(not shown) within the therapy module of IMD 18 may be
configured to treat a variety of disorders and conditions.
Example locations for leads 24 within brain 16 may include
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the pedunculopontine nucleus (PPN), thalamus, basal gan-
glia structures (e.g., globus pallidus, substantia nigra, sub-
thalamic nucleus), zona inserta, fiber tracts, lenticular fas-
ciculus (and branches thereof), ansa lenticularis, and/or the
Field of Forel (thalamic fasciculus). In the case of migraines,
leads 24 may be implanted to provide stimulation to the
visual cortex of brain 16 in order to reduce or eliminate
migraine headaches afflicting patient 12. In addition, as
described in further detail below, electrode array 25 or
sensing electrodes of leads 24 may be positioned to monitor
an EEG from within the visual cortex of brain. In the case
of obesity or compulsive-eating disorders, leads 24 may be
placed to provide stimulation to provide negative feedback
to patient 12, e.g., stimulating a sensory cortex of brain 16
to cause patient 12 to believe food tastes bad. However, the
target therapy delivery site may depend upon the patient
condition or disorder being treated.

[0056] The electrodes of leads 24 are shown as ring
electrodes. Ring electrodes are commonly used in DBS
applications because they are simple to program and are
capable of delivering an electrical field to any tissue adjacent
to leads 24. In other embodiments, the electrodes of leads 24
may have different configurations. For examples, the elec-
trodes of leads 24 may have a complex electrode array
geometry that is capable of producing shaped electrical
fields. The complex electrode array geometry may include
multiple electrodes (e.g., partial ring or segmented elec-
trodes) around the perimeter of each lead 24, rather than one
ring electrode. In this manner, electrical stimulation may be
directed to a specific direction from leads 24 to enhance
therapy efficacy and reduce possible adverse side effects
from stimulating a large volume of tissue. In some embodi-
ments, a housing of IMD 18 may include one or more
stimulation and/or sensing electrodes. In alternative
examples, leads 24 may be have shapes other than elongated
cylinders as shown in FIG. 1. For example, leads 24 may be
paddle leads, spherical leads, bendable leads, or any other
type of shape effective in treating patient 12.

[0057] IMD 18 includes a therapy module that generates
the electrical stimulation delivered to patient 12 via leads 24.
A signal generator (not shown), within IMD 18 produces the
stimulation in the manner defined by the therapy parameters
selected by the clinician and/or patient 12. Generally the
signal generator is configured to produce electrical pulses to
treat patient 12. However, the signal generator of IMD 18
may be configured to generate a continuous wave signal,
e.g., a sine wave or triangle wave. In either case, IMD 18
generates the electrical stimulation therapy for DBS accord-
ing to therapy parameters selected at that given time in
therapy.

[0058] In the embodiment shown in FIG. 1, IMD 18
generates the electrical stimulation according to one or more
therapy parameters, which may be arranged in a therapy
program (or a parameter set). The therapy program includes
a value for a number of parameters that define the stimula-
tion. For example, the therapy parameters may include
voltage or current pulse amplitudes, pulse widths, pulse
rates, pulse frequencies, electrode combinations, and the
like. IMD 18 may store a plurality of programs. During a
trial stage in which IMD 18 is evaluated to determine
whether IMD 18 provides efficacious therapy to patient 12,
the stored programs may be tested and evaluated for efficacy.
During chronic therapy in which IMD 18 is implanted
within patient 12 for delivery of therapy on a non-temporary
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basis, patient 12 may select the programs for delivering
therapy. For example, the different programs may provide
more efficacious therapy during different activities, different
times of the day, and so forth. Thus, patient 12 may modify
the value of one or more parameters within a single given
program or switch between programs in order to alter the
efficacy of the therapy as perceived by patient 12.

[0059] IMD 18 may include a memory to store one or
more therapy programs, instructions defining the extent to
which patient 12 may adjust therapy parameters, switch
between programs, or undertake other therapy adjustments.
Patient 12 may generate additional programs for use by IMD
18 via external programmer 30 at any time during therapy or
as designated by the clinician. Patient 12 may also generate
additional therapy programs by adjusting the one or more
therapy parameters with volitional inputs that are detected
via biosignals within brain 16. In particular, a biosignal
detection module within IMD 18 detects the biosignals via
electrode array 25. If patient 12 modifies a therapy program,
patient 12 may provide input to therapy system 10 that
causes the therapy module within IMD 18 to save the
parameters as a new therapy program for later use.

[0060] Generally, IMD 18 is constructed of a biocompat-
ible material that resists corrosion and degradation from
bodily fluids. IMD 18 may be implanted within a subcuta-
neous pocket close to the stimulation site. Although IMD 18
is implanted within a chest cavity of patient 12 in the
embodiment shown in FIG. 1, in other embodiments, IMD
18 may be implanted within cranium 14. While IMD 18 is
shown as implanted within patient 12 in FIG. 1, in other
embodiments, IMD 18 may be located external to the
patient. For example, IMD 18 may be a trial stimulator
electrically coupled to leads 24 via a percutaneous lead
during a trial period. If the trial stimulator indicates therapy
system 10 provides effective treatment to patient 12, the
clinician may implant a chronic stimulator within patient 12
for long term treatment.

[0061] Electrode array 25 is implanted within cranium 14
of patient 12 and positioned to detect an electroencephalo-
gram (EEG) signal within a particular region of patient’s
brain 16, which may depend upon the type of volitional
patient input that generates the biosignal. Electrode array 25
may be surgically implanted under the dura matter of brain
16 or within the cerebral cortex of brain 16 via a burr hole
in a skull of patient 12. In some cases, electrodes 26
implanted closer to the target region of brain 16 may help
generate an EEG signal that provides more useful informa-
tion than an EEG generated via a surface electrode array
because of the proximity to brain 16. The EEG signal that is
generated from implanted electrode array may also be
referred to as an ECoG.

[0062] Electrode array 25 may be positioned to detect an
EEG signal within a motor cortex, a sensory motor strip, the
visual cortex (e.g., the occipital cortex), cerebellum or the
basal ganglia of brain 16. Volitional patient inputs in the
form of muscle movement, e.g., movement of a finger, arm,
leg or facial muscle, may generate detectable changes (i.e.,
detectable biosignal) in the EEG signal from within the
motor cortex. Volitional patient input in the form of eye
movement, e.g., moving eyes in certain directions, opering
eyes or closing eyes, may generate a detectable biosignal in
the occipital cortex of brain 16.

[0063] Electrode array 25 is coupled to IMD 18 via lead
extension 22 or another lead extension. In other embodi-
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ments, electrode array 25 may communicate with IMD 18
via wireless telemetry, rather than a wired connection as
shown in FIG. 1. For example, electrode array 25 may be
integrated into a separate biosignal detection module that
includes a housing that includes a processor, memory, telem-
etry interface, battery, and any other component necessary
for the sensing signal to transfer data. Data may be trans-
ferred to IMD 18 and/or programmer 30. An embodiment
including a separate biosignal detection module is shown
and described with reference to FIG. 2.

[0064] Electrode array 25 includes lead 28 that is coupled
to electrodes 26. Electrodes 26 are shown as implanted
under the skin covering cranium 14, but the electrodes may
be implanted between cranium 14 and brain 16 (e.g., under
the dura), within brain 16 (e.g., “deep brain”), or externally
over the skin in alternative embodiments. Electrodes 26 are
configured to receive electrical signals produced from neu-
ronal activity within brain 16. These signals may make up
EEG and, accordingly are referred to as “EEG signals.” In
any case, electrodes 26 are positioned around brain 16 in
order to receive signals emanating from targeted locations
within the brain. The targeted locations may be those loca-
tions in which the patient thought relating to the volitional
patient input occurs.

[0065] The biosignal detection module within IMD 18 is
configured to monitor an EEG from within a region of brain
16 and determine whether the EEG signal includes the
biosignal that is generated when patient 12 provides the
volitional input relating to the therapy adjustment action.
While an EEG signal within the motor cortex is primarily
referred to throughout the remainder of the application, in
other embodiments, therapy system 10 may detect a biosig-
nal within other regions of brain 16. The motor cortex is
defined by regions within the cerebral cortex of brain 16 that
are involved in the planning, control, and execution of
voluntary motor functions, such as walking and lifting
objects. Typically, different regions of the motor cortex
control different muscles. For example, different “motor
points” within the motor cortex may control the movement
of the arms, trunk, and legs of patient. Accordingly, elec-
trodes array 25 may be positioned to sense the EEG signals
within particular regions of the motor cortex, e.g., at a motor
point that is associated with the movement of the arms,
depending on the type of volitional patient input system 10
is configured to recognize as a therapy adjustment input.
[0066] EEG is typically a measure of voltage differences
between different parts of brain 16, and, accordingly, elec-
trode array 25 may include two or more electrodes. The
sensing module within IMD 18 may then measure the
voltage across at least two electrodes of array 25. Although
four electrodes are shown in FIG. 1, in other embodiments,
electrode array 25 may include any suitable number of
electrodes. One or more of the electrodes 26 may act as a
reference electrode for determining the voltage difference of
one or more regions of brain 16. Lead 28 coupling electrodes
26 to IMD 18 may, therefore, include a separate, electrically
isolated conductor for each electrode 26.

[0067] Electrodes 26 of array 25 may be positioned to
detect EEG signals from one or more select regions within
brain 16, which may depend upon the type of volitional
patient thoughts that are used as an input to control therapy.
Electrode array 25 may only include those electrodes 26
necessary to the operation of system 10 to minimize the
number of devices placed on or implanted within patient 12.

Aug. 8,2019

Electrodes 26 may be placed to detect biosignals within
more than one region of brain 16 if therapy system 10 is
configured to recognize more than one biosignal to control
therapy.

[0068] In other embodiments, electrode array 25 may be
carried by at least one of leads 24A and/or 24B instead of or
in addition to electrodes 26 that are separate from leads 24 A
and 24B. This configuration of electrode array 25 may be
useful when the relevant biosignals when are generated near
the same region of brain 16 as the target therapy delivery
site.

[0069] Programmer 30 is an external computing device
that the user, ie., the clinician and/or patient 12, uses to
communicate with IMD 18. For example, programmer 30
may be a clinician programmer that the clinician uses to
communicate with IMD 18. Alternatively, programmer 30
may be a patient programmer that allows patient 12 to view
and modify therapy parameters. The clinician programmer
may include more programming feature than the patient
programmer. In other words, more complex or sensitive
tasks may only be allowed by the clinician programmer to
prevent the untrained patient from making undesired
changes to IMD 18.

[0070] Programmer 30 may be a hand-held computing
device with a display viewable by the user and a user input
mechanism that can be used to provide input to programmer
30. For example, programmer 30 may include a small
display screen (e.g., a liquid crystal display or a light
emitting diode display) that provides information to the user.
In addition, programmer 30 may include a keypad, buttons,
a peripheral pointing device or another input mechanism that
allows the user to navigate through the user interface of
programmer 30 and provide input. If programmer 18
includes buttons and a keypad, the buttons may be dedicated
to performing a certain function, i.e., a power button, or the
buttons and the keypad may be soft keys that change in
function depending upon the section of the user interface
currently viewed by the user. Alternatively, the screen (not
shown) of programmer 30 may be a touch screen that allows
the user to provide input directly to the user interface shown
on the display. The user may use a stylus or their finger to
provide input to the display. An embodiment of programmer
30 is described below with reference to FIGS. 8 and 12.
[0071] In other embodiments, programmer 30 may be a
larger workstation or a separate application within another
multi-function device. For example, the multi-function
device may be a cellular phone or personal digital assistant
that can be configured to an application to simulate pro-
grammer 30. Alternatively, a notebook computer, tablet
computer, or other personal computer may enter an appli-
cation to become programmer 30 with a wireless adapter
connected to the personal computer for communicating with
IMD 18.

[0072] When programmer 30 is configured for use by the
clinician, programmer 30 may be used to transmit initial
programming information to IMD 18. This initial informa-
tion may include system 10 hardware information such as
the type of leads 24 and the electrode arrangement, the
position of leads 24 within brain 16, the configuration of
electrode array 25, initial programs having therapy param-
eters, and any other information the clinician desires to
program into IMD 18. Programmer 30 may also be capable
of completing any functional tests (e.g., measuring the
impedance of electrodes 26 or the electrodes of leads 24A
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and 24B) the clinician desires to complete before starting
therapy and sending patient 12 home.

[0073] The clinician also uses programmer 30 to program
IMD 18 with initial stimulation programs, defined as pro-
grams that define the therapy delivered by IMD 18. During
a programming session, the clinician may determine one or
more therapy programs that may provide effective therapy to
patient 12. Patient 12 may provide feedback to the clinician
as to the efficacy of the specific program being evaluated.
Once the clinician has identified one or more programs that
may be beneficial to patient 12, patient 12 may continue the
evaluation process and determine which program best alle-
viates the condition of patient 12. Programmer 30 may assist
the clinician in the creation/identification of therapy pro-
grams by providing a methodical system of identifying
potentially beneficial therapy parameters.

[0074] As described in further detail below, a clinician
may also set or modify the parameters of the biosignal
detection module within IMD 18 with the aid of programmer
30 during an initial programming session or at a later time.
For example, programmer 30 may help associate a biosignal
that is generated within brain 16 with one or more volitional
patient inputs (e.g., movement of a particular muscle).
Programmer 30 may also help correlate a biosignal with a
particular therapy activity (e.g., a pulse amplitude adjust-
ment) or modify the correlation between a particular bio-
signal and a therapy activity. In addition, programmer 30
may help the clinician identify which electrodes 26 provide
the most useful detection of the biosignals, because some
electrodes 26 may acquire a better EEG signals than other
electrodes 26.

[0075] Programmer 30 may also be configured for use by
patient 12. When configured as the patient programmer,
programmer 30 may have limited functionality in order to
prevent patient 12 from altering critical functions or appli-
cations that may be detrimental to patient 12. In this manner,
programmer 30 may only allow patient 12 to adjust certain
therapy parameters or set an available range for a particular
therapy parameter. Programmer 30 may also include a
learning mode that automatically correlates biosignals
detected by the biosignal detection module within IMD 18
to activities of patient 12 or desired therapy adjustments.
Programmer 30 may also provide an indication to patient 12
when therapy is being delivered, when biosignals have
triggered a change in therapy, or when IMD 18 or when the
power source within programmer 30 or IMD 18 need to be
replaced or recharged.

[0076] Whether programmer 30 is configured for clinician
or patient use, programmer 30 may communicate to IMD 18
or any other computing device via wireless communication.
Programmer 30, for example, may communicate via wire-
less communication with IMD 18 using radio frequency
(RF) telemetry techniques known in the art. Programmer 30
may also communicate with another programmer or com-
puting device via a wired or wireless connection using any
of a variety of local wireless communication techniques,
such as RF communication according to the 802.11 or
Bluetooth specification sets, infrared communication
according to the IRDA specification set, or other standard or
proprietary telemetry protocols. Programmer 30 may also
communicate with another programming or computing
device via exchange of removable media, such as magnetic
or optical disks, or memory cards or sticks. Further, pro-
grammer 30 may communicate with IMD 18 and other
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another programmer via remote telemetry techniques known
in the art, communicating via a local area network (LAN),
wide area network (WAN), public switched telephone net-
work (PSTN), or cellular telephone network, for example.

[0077] Therapy system 10 may be implemented to provide
chronic stimulation therapy to patient 12 over the course of
several months or years. However, system 10 may also be
employed on a trial basis to evaluate therapy before com-
mitting to full implantation. If implemented temporarily,
some components of system 10 may not be implanted within
patient 12. For example, patient 12 have be fitted with an
external medical device, rather than IMD 18 that is coupled
to percutaneous leads. In addition, electrode array 25 may be
placed over the scalp of patient 12 to monitor the relevant
EEG signals, and coupled to the external medical device or
a separate biosignal detection module.

[0078] In some embodiments of the therapy systems
described herein, the therapy system may provide feedback
to patient 12 to indicate that the volitional input was
received. For example, the sensory cortex of brain 16 may
be stimulated to provide the sensation of a visible light.
Other forms of sensory feedback are also possible, such as
an audible sound or a somatosensory cue. In some embodi-
ments, programmer 30 may include a feedback mechanism,
such an LED, another display or a sound generator, which
indicates that the therapy system received the volitional
patient input and that the appropriate therapy adjustment
action was taken.

[0079] FIG. 2A is a conceptual diagram illustrating an
example spinal cord stimulation (SCS) system 32, which
includes IMD 36 configured to deliver stimulation to spinal
cord 34, leads 38A and 38B (collectively “leads 38”)
coupled to IMD 36, electrode array 25 positioned to detect
an EEG signal within a motor cortex of brain 16 of patient
12, and biosignal detection module 39. SCS system 32 is
substantially similar to therapy system 10 of FIG. 1. How-
ever, IMD 36 is configured to deliver electrical stimulation
therapy to spinal cord 34 of patient 12 and biosignal detec-
tion module 39 is separate from IMD 36 and implanted
within cranium 14.

[0080] Leads 38 are implanted adjacent to spinal cord 34
such that electrodes (not shown) of each of leads 38 are
capable of delivering electrical stimulation to the desired
area of spinal cord 34. Although leads 38 are positioned to
achieve bilateral stimulation of spinal cord 34, in other
embodiments, leads 38 may be positioned to achieve uni-
lateral stimulation.

[0081] SCS therapy may be used, for example, to reduce
pain experienced by patient 12. Although IMD 36 is
described for purposes of illustration, various embodiments
of this disclosure also may be applicable to external therapy
modules that reside outside the patient’s body, and deliver
stimulation therapy using one of more implanted leads
deployed via a percutaneous port. For example, the func-
tions of IMD 36 may be combined with the functions of
programmer 30 and implemented in a single external device
that provides stimulation therapy. In other embodiments,
leads 38 may be placed to deliver stimulation to other target
sites within patient 12, where the target sites depend on the
patient condition treated by therapy system 32. Also, in
some embodiments, IMD 36 may be a leadless microstimu-
lator in which electrodes are carried on or near an electrical
stimulator housing.
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[0082] Just as with IMD 18 of FIG. 1, IMD 36 delivers
electrical stimulation therapy to patient 12 via electrodes of
leads 38. IMD 36 may deliver stimulation therapy to patient
12 according to a program group containing plurality of
programs for a single symptom area, such as a number of leg
pain programs. The plurality of programs for the single area
may be a part of a program group for therapy. In addition,
multiple groups may target similar areas of patient 12. IMD
36 may have different program parameters for each of the
leg pain programs based on a position of patient 12, an
activity rate of patient 12, or other patient parameters.
Programs in a group may be delivered simultaneously or on
a time-interleaved basis, either in an overlapping or non-
overlapping manner.

[0083] Patient 12 may adjust the SCS therapy delivered by
IMD 36 by providing a volitional patient input that results in
a biosignal within brain 16 that is detectable by biosignal
detection module 39. Just as with therapy system 10 of FIG.
1, the volitional patient input may be a volitional thought,
such as thoughts relating to volitional actions. Examples of
volitional actions include, but not limited to, eye blinking,
facial muscle twitches, finger movements, or any other
thought that is manifested in an electrical signal from brain
16. In addition, biosignals detectable by biosignal detection
module 39 may be indicative of volitional patient thoughts
that do not result in physical movement or even directed to
movement. For example, the mere thought of moving a
finger may generate a detectable FEG signal within the
motor cortex of brain 16. As another example, patient 12
may perform a particular mathematical calculation or per-
form another focused task that generates a detectable EEG
signal within another region of brain 16. In this manner,
patient 12 may adjust stimulation therapy without physically
interacting with programmer 30.

[0084] Biosignal detection module 39 and electrode array
25 are implanted within a cranium 14 of patient 12. Bio-
signal detection module 39 is described in further detail
below with reference to FIG. 7. In general, the embodiment
of biosignal detection module 39 shown in FIG. 2A wire-
lessly communicates with IMD 36 using any suitable wire-
less communication technique, such as RF communication
techniques. In one embodiment, biosignal detection module
39 includes a processor that processes the EEG signals
monitored via electrode array 25 and determines when the
biosignal is detected. Upon detecting the biosignal that is
indicative of the patient input, the processor within biosignal
detection module 39 may generate a therapy adjustment
indication that is transmitted IMD 36 via wireless telemetry
techniques. In response to receiving the therapy adjustment
indication, IMD 36 may adjust therapy accordingly. Differ-
ent therapy adjustment indications may be generated. For
example, biosignal detection module 39 may generate a
therapy adjustment indication that initiates therapy, another
indication that deactivates therapy, and other indications that
increment or decrement a therapy parameter (e.g., pulse
rate).

[0085] In another embodiment, biosignal detection mod-
ule 39 monitors the EEG signal and transmits the EEG signal
to IMD 36, which includes a processor to determine when
the biosignal is detected. In other embodiments of SCS
system 32, biosignal detection module 39 may be integrated
in a common housing with IMD 36, and electrode array 25
may be coupled to IMD 36 via a wired connection, such as
a lead or lead extension that tunneled to IMD 36.
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[0086] System 32 is not limited to the combination of
leads 38 shown in FIG. 2A. For example, system 10 may
include only a single lead or more than two leads implanted
proximate to spinal cord 34. In addition, the disclosure
further contemplates the use of one or more leadless micro-
stimulators carrying or integrating electrodes in the stimu-
lator housing. Furthermore, the invention is not limited to
the delivery of SCS therapy. For example, one or more leads
38 may extend from IMD 36 to the brain (not shown) of
patient 12. As further examples, one or more leads 38 may
be implanted proximate to the pelvic nerves (not shown) or
stomach (not shown), and IMD 36 may deliver stimulation
therapy to treat incontinence, obesity, gastroparesis. IMD 36
may also be used for peripheral nerve stimulation. In some
embodiments, IMD 36 is configured to deliver functional
electrical stimulation (FES) or transcutaneous electrical
stimulation (TENS) of a muscle or muscle group of patient
12 in order to help initiate movement or help patient 12
control movement of a limb or other body part. Alterna-
tively, IMD 36 may take the form of one or more micro-
stimulators implanted within a muscle of patient 12.
[0087] Leads 38 may be any type of leads commonly used
in SCS therapy. For example, leads 38 may be paddle leads
or leads with ring electrodes. Alternatively, leads 38 may
have a complex electrode array geometry with multiple
electrodes (e.g., partial ring or segmented electrodes) around
the perimeter of each lead. In this manner, the clinician may
select the specific electrodes necessary for therapy without
stimulating unnecessary tissue. The complex electrode array
geometry of leads 38 may also be described as partial ring
electrodes when IMD 36 is capable of delivering electrical
stimulation to specific sides of leads 38. In this manner,
therapy parameters may be selected to offSet any inaccurate
implantation of the leads or lead migration over time.
[0088] FIG. 2B is a conceptual diagram illustrating
another embodiment of an SCS system 40, which includes
IMD 36 configured to deliver stimulation to spinal cord 34,
leads 38 coupled to IMD 36, and external biosignal detection
module 42 coupled to surface electrode array 44. Rather than
an implanted biosignal detection module 39 and implanted
electrode array 25, as in the SCS system 32 of FIG. 24, SCS
system 40 detects the relevant biosignals indicative of a
therapy adjustment command via external biosignal detec-
tion module 42 coupled to surface electrode array 44.
Biosignal detection module 42 is substantially similar to
biosignal detection module 39 of FIG. 1, but is carried
externally to patient 12. For example, patient 12 may wear
biosignal detection module 42 on a belt.

[0089] Electrode array 44 is positioned on a surface of
cranium 16 of patient 12 proximate to a motor cortex of
brain 16. Electrodes of array 44 are positioned to detect an
EEG signal within a motor cortex of brain 16 of patient 12.
Electrodes of electrode array 44 are electrically coupled to
biosignal detection module 42 via lead 45.

[0090] The position of electrodes of array 44 may depend
upon the type of volitional patient input that is detected. For
example, different muscle movements may produce biosig-
nals within different regions of patient’s brain 16. In one
embodiment, the clinician may initially place array 44 based
on the general location of the target region (e.g., it is known
that the motor cortex is a part of the cerebral cortex, which
may be near the front of the patient’s head) and adjust the
location of array 44 as necessary to capture the electrical
signals from the target region. In another embodiment, the
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clinician may rely on the “10-20 system, which provides
guidelines for determining the relationship between a loca-
tion of an electrode and the underlying area of the cerebral
cortex.

[0091] In addition, the clinician may locate the particular
location within the motor cortex for detecting movement of
the specific limb (e.g., a finger, arm or leg) via any suitable
technique. In one embodiment, the clinician may also utilize
an imaging device, such as magnetoencephalography
(MEG), positron emission tomography (PET) or functional
magnetic resonance imaging (fMRI) to identify the region of
the motor cortex of brain 16 associated with movement of
the specific limb. In another embodiment, the clinician may
map EEG signals from different parts of the motor cortex
and associate the EEG signals with movement of the specific
limb in order to identify the motor cortex region associated
with the limb. For example, the clinician may attach elec-
trode array 44 over the region of the motor cortex that
exhibited the greatest detectable change in EEG signal at the
time patient 12 actually moved the limb involved in the
volitional patient input.

[0092] Rather than requiring patient 12 to manually input
an indication of a therapy adjustment, e.g., via programmer
30, SCS system 40 automatically provides the indication to
IMB 36 upon the detection of a biosignal by biosignal
detection module 42. Biosignal detection module 42 detects
EEG signals of patient 12 and processes the signal to
determine whether the EEG signal is indicative of a voli-
tional patient input, i.e., whether the biosignal is present.
Upon detecting the biosignal, transmits a signal to IMB 36
via wireless telemetry techniques.

[0093] In other embodiments, a therapy system described
herein may include an IMB 36 positioned to deliver therapy
to treat migraine headaches. For example, an IMB may
include a therapy module that generates and delivers elec-
trical stimulation to appropriate areas of brain 16 (e.g., the
occipital nerves) to reduce or eliminate migraine headaches.
When patient 12 perceives a migraine headache, the patient
may generate a biosignal detectable by biosignal detection
module 42 or an implanted biosignal detection module 39
(FIG. 2A) that indicates stimulation therapy should begin. In
this manner, the therapy system may provide on-demand
therapy to control a migraine without the need for external
programmer 30.

[0094] FIG. 3 is a conceptual diagram illustrating another
embodiment of a therapy system 46, which includes biosig-
nal detection module 42 coupled to external surface elec-
trode array 44 via lead 45, external cue device 54, and
programmer 30. Therapy system 46 may be useful for
controlling a movement disorder or a neurodegenerative
impairment of patient 12, such as, but not limited to muscle
control, motion impairment or other movement problems,
such as rigidity, bradykinesia, rhythmic hyperkinesia, non-
rhythmic hyperkinesia, akinesia. In some cases, the move-
ment disorder may be a symptom of Parkinson’s disease.
However, the movement disorder may be attributable to
other patient conditions or diseases

[0095] Therapy system 46 may improve the performance
of motor tasks by patient 12 that may otherwise be difficult.
These tasks include at least one of initiating movement,
maintaining movement, grasping and moving objects,
improving gait associated with narrow turns, and so forth.
The therapy module of system 46, i.e., external cue device
54, generates and delivers a sensory cue, such as a visual,
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auditory or somatosensory cue, to patient 12 in order to help
control some conditions of a movement disorder. External
cues may disrupt certain neural impulses to allow patient 12
to carry on normal activities. For example, visual stimula-
tion may treat gait freeze associated with Parkinson’s dis-
ease, nausea, motor impairment, or any other neurological
disorder. For example, if patient 12 is prone to gait freeze or
akinesia, a sensory cue may help patient 12 initiate or
maintain movement. In other embodiments, external cues
delivered by external cue device 54 may be useful for
controlling other movement disorder conditions, such as, but
not limited to, rigidity, bradykinesia, rhythmic hyperkinesia,
and nonrhythmic hyperkinesia.

[0096] Rather than requiring patient 12 to manually acti-
vate external cue device 54 by interacting with a handheld
device or another external device, therapy system 46 auto-
matically activates external cue device 54 upon the detection
of a biosignal by biosignal detection module 42. In some
cases, therapy system 42 also automatically deactivates
external cue device 54 based on a biosignal. As described
with reference to FIG. 2A, biosignal detection module 42
detects a biosignal that is generated within brain 16 after
patient 16 provides the volitional input, e.g., upon the
generation of a particular volitional thought by patient 12.
The volitional input may include, for example, thought of
initiating a particular movement by patient 12. In one
embodiment, patient 12 may open and close his eyes in a
particular pattern that includes a defined interval between
each eye opening and closing. The volitional patient input
may be customized to patient 12. For example, if patient 12
has a movement disorder, the patient input may be selected
such that patient 12 may provide the input despite an
impairment in movement. If patient 12 has difficult lifting
his arm, for example, the volitional patient input that pro-
vides the biosignal for adjusting therapy should avoid
patient inputs that require patient 12 to lift his arm.

[0097] The biosignal is associated with a therapy adjust-
ment, such as initiating the delivery of an external cue by
external cue device 54. Thus, upon detecting the biosignal,
biosignal detection module 42 transmits a signal to receiver
55 of external cue device 54, and a controller within external
cue device 54 controls the generation and delivery of a
sensory cue to patient 12 in order to help control the
movement disorder. Accordingly, biosignal detection mod-
ule 42 includes a telemetry module that is configured to
communicate with receiver 55. Examples of local wireless
communication techniques that may be employed to facili-
tate communication between biosignal detection module 42
and receiver 55 of device 54 include RF communication
according to the 802.11 or Bluetooth specification sets,
infrared communication, e.g., according to the IrDA stan-
dard, or other standard or proprietary telemetry protocols.
Automatic activation of external cue device 54 upon the
detection of the biosignal may help provide patient 12 with
better control and timing of external cue device 54 by
eliminating the need for patient 12, who exhibits some
difficulty with movement, to initiate the device 54.

[0098] In the embodiment shown in FIG. 3, external cue
device 54 is shown as a pair of glasses configured to deliver
visual stimulation therapy to patient 12 when necessary. For
example, external cue device 54 may include one or more
light-emitting diode (LED) positioned at specific locations
around the frame of therapy module 54 but within the
peripheral vision of patient 12. Alternatively, external cue



US 2019/0240491 Al

device 54 may include a display configured to produce a
light, image, or other visual aid over the portion of external
cue device 54 that is visible to patient 12. Similar to a
head-up-display, patient 12 may see the light pattern in
therapy external cue device 54 and the visual therapy from
the light pattern may help alleviate symptoms of the move-
ment disorder.

[0099] As described in further detail with reference to
FIG. 6, external cue device 54 includes the necessary
components to generate and deliver an external cue to
patient 12. For example, external cue device 54 includes a
processor, memory, telemetry circuit to communicate with
programmer 30 and biosignal detection module 42, light
generating circuit, power source, and any other circuitry
necessary for operation. In the embodiment shown in FIG.
3, external cue device 54 is embodied as a pair of glasses,
which provides a discreet device for providing therapy to
patient 12. In one embodiment, external cue device 16 take
the form of the Parkinson’s goggles developed by the
University of Cincinnati, which includes a liquid crystal
display (LCD) screen that shows a patient a tile pattern on
the floor to help a patient walk. Other embodiments of
therapy module 54 may include a hat with a brim extending
from the brow of patient 12, a hand-held device, a display
wearable around a necklace, or any other device that may
quickly be used by patient 12. These and other embodiments
of therapy module 54 are contemplated.

[0100] Visual cues, auditory cues or somatosensory cues
may have different effects on patient 12. For example, in
some patients with Parkinson’s disease, an auditory cue may
help the patients grasp moving objects, whereas somatosen-
sory cues may help improve gait and general mobility.
Although external cue device 54 is shown as an eyepiece
worn by patient 12 in the same manner as glasses, in other
embodiments, external cue device 54 may have different
configurations. For example, if an auditory cue is desired, an
external cue device may take the form of an ear piece (e.g.,
an ear piece similar to a hearing aid or head phones). As
another example, if a somatosensory cue is desired, an
external cue device may take the form of a device worn on
the patient’s arm or legs (e.g., as a bracelet or anklet), around
the patient’s waist (e.g., as a belt) or otherwise attached to
the patient in a way that permits the patient to sense the
somatosensory cue. A device coupled to the patient’s wrist,
for example, may provide pulsed vibrations.

[0101] Programmer 30 allows patient 12 or the clinician to
program external cue device 54 and/or biosignal detection
module 42 at the beginning of therapy or at anytime during
therapy. Programmer 30 may be configured to program
desired therapy parameters into external cue device 54.
Example therapy parameters for external cue device 54 may
include light patterns, light color, light pulse width and pulse
rate, and any other parameters that govern the visual stimu-
lation therapy delivered by external cue device 54.

[0102] In some embodiments, biosignal detection module
42 and external cue device 54 may be incorporated in a
common housing. Furthermore, although external biosignal
detection module 42 and external electrode array 44 are
shown in FIG. 3, in other embodiments, system 46 may
include an implanted biosignal detection module 39 and
electrode array 25, as shown in FIG. 2A with respect to SCS
therapy system 32.

[0103] Sensory cues may also be delivered via an IMD.
Thus, in other embodiments of system 46, an IMD may
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deliver electrical stimulation to a sensory location within
brain 16 to cause the perception of an external stimulus. For
example, an IMD may deliver stimulation to a visual cortex
of brain 16 in order to simulate a visual cue. No external
therapy module may be necessary and the sensory cue would
be imperceptible to any other person near patient 12.
[0104] FIG. 4 is functional block diagram illustrating
components of an exemplary IMD 18 (FIG. 1). In the
example of FIG. 4, IMD 18 generates and delivers electrical
stimulation therapy to patient 12. IMD 18 includes processor
60, memory 62, stimulation generator 64, biosignal detec-
tion module 66, telemetry circuit 68, and power source 70.
Memory 62 may include any volatile or non-volatile media,
such as a random access memory (RAM), read only memory
(ROM), non-volatile RAM (NVRAM), electrically erasable
programmable ROM (EEPROM), flash memory, and the
like. Memory 62 may store instructions for execution by
processor 60, such as, but not limited to, therapy programs,
information identifying biosignals (e.g., an amplitude of an
EEG signal or a template of an EEG signal waveform), and
any other information regarding therapy of patient 12.
Therapy information may be recorded for long-term storage
and retrieval by a user, and adjustment of the therapy
parameters, programs, or biosignal correlations. Memory 62
may include separate memories for storing instructions,
biosignal information, activities, and therapy parameters. In
some embodiments, memory 62 stores program instructions
that, when executed by processor 60, cause IMD 18 and
processor 60 to perform the functions attributed to them
herein.

[0105] Processor 60 controls stimulation generator 64 to
deliver electrical stimulation therapy via one or more leads
24. An exemplary range of electrical stimulation parameters
likely to be effective in deep brain stimulation, for example,
are listed below. Other ranges of therapy parameters may be
used when the therapy is directed to other tissues. While
stimulation pulses are described, stimulation signals may be
of any forms such as sine waves or the like.

[0106] 1. Frequency: between approximately 0.5 Hz and
approximately 500 Hz, such as between approximately 5 Hz
and 250 Hz, or between approximately 70 Hz and approxi-
mately 120 Hz.

[0107] 2. Amplitude: between approximately 0.1 volts and
approximately 50 volts, such as between approximately 0.5
volts and approximately 20 volts, or approximately 5 volts.
In other embodiments, a current amplitude may be defined
as the biological load in the voltage is delivered.

[0108] 3. Pulse Width: between approximately 10 micro-
seconds and approximately 5000 microseconds, such as
between approximately 100 microseconds and approxi-
mately 1000 microseconds, or between approximately 180
microseconds and approximately 450 microseconds.
[0109] An exemplary range of electrical stimulation
parameters likely to be effective in treating chronic pain,
e.g., when applied to spinal cord 34 from IMD 36 as in
FIGS. 2A and 2B, are listed below. While stimulation pulses
are described, stimulation signals may be of any forms such
as sine waves or the like.

[0110] 1. Frequency: between approximately 0.5 Hz and
approximately 500 Hz, such as between approximately 5 Hz
and approximately 250 Hz, or between approximately 10 Hz
and approximately 50 Hz.

[0111] 2. Amplitude: between approximately 0.1 volts and
approximately 50 volts, such as between approximately 0.5
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volts and 20 volts, such as about 5 volts. In other embodi-
ments, a current amplitude may be defined as the biological
load in the voltage is delivered.

[0112] 3. Pulse Width: between approximately 10 micro-
seconds and approximately 5000 microseconds, such as
between approximately 100 microseconds and approxi-
mately 1000 microseconds, or between approximately 180
microseconds and approximately 450 microseconds.

[0113] Processor 60 may include a microprocessor, a
controller, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field-programmable
gate array (FPGA), discrete logic circuitry, or the like.
Processor 60 controls biosignal detection module 66, which
receives EEG signals from brain 16 of patient 12 via
electrodes 26 and lead 28. Processor 60 or a separate
processor within biosignal detection module 66 analyzes the
EEG signals to determine whether the EEG signals include
the biosignal indicative of a volitional patient input. That is,
processor 60 or a processor within biosignal detection
module 66 determines when the EEG signal indicates that
patient 12 provided the volitional input because the voli-
tional input produces a detectable change in the EEG signal,
i.e., detects the biosignal. While the processing of the EEG
signals from biosignal detection module 66 are primarily
described with reference to processor 60, in other embodi-
ments, biosignal detection module 66 may independently
identify a biosignal from patient 12 and notify processor 60
when such biosignal has been produced.

[0114] If processor 60 detects the biosignal, processor 60
may generate a therapy adjustment indication. The therapy
adjustment indication may be a value, flag, or signal that is
stored or transmitted to indicate patient 12 provided a
volitional thought indicative of a desired adjustment to
therapy. Processor 60 may transmit the therapy adjustment
indication to a medical device via telemetry module 68,
which, in response, may adjust therapy accordingly. In this
way, the biosignal from an EEG signal may be a control
signal for adjusting therapy. In some embodiments, proces-
sor 60 may record the therapy adjustment indication in
memory 62 for later retrieval and analysis by a clinician. For
example, movement indications may be recorded over time,
e.g., in a loop recorder, and may be accompanied by the
relevant EEG signal.

[0115] Processor 60 may compare the EEG signals from
biosignal detection module 66 with previously determined
biosignal threshold or templates stored in memory 62 in
order to determine whether the EEG signal includes the
biosignal. In this manner, processor 60 determines when to
adjust therapy from the biosignals. Embodiments of signal
processing techniques are described below with reference to
FIGS. 10A and 10B.

[0116] As various examples of signal processing tech-
niques that processor 60 may employ to determine whether
the EEG signal includes the biosignal, the EEG signals may
be analyzed for voltage, amplitude, temporal correlation or
frequency correlation with a template signal, or combina-
tions thereof. For example, the instantaneous or average
amplitude of the EEG signal from within the occipital cortex
over a period of time may be compared to an amplitude
threshold. In one embodiment, when the amplitude of the
EEG signal from within the occipital cortex is greater than
or equal to the threshold value, processor 60 may control
stimulation generator 64 to deliver stimulation to patient 12.
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[0117] As another example, a slope of the amplitude of the
EEG signal over time or timing between inflection points or
other critical points in the pattern of the amplitude of the
EEG signal over time may be compared to trend informa-
tion. A correlation between the inflection points in the
amplitude waveform of the EEG signal or other critical
points and a template may indicate the EEG signal includes
the biosignal indicative of patient input. Processor 60 may
implement an algorithm that recognizes a trend of the EEG
signals that characterize the biosignal. If the trend of the
EEG signals matches or substantially matches the trend
template, processor 60 may control stimulation generator 64
to deliver stimulation to patient 12.

[0118] As another example, processor 60 may perform
temporal correlation by sampling the waveform generated
by the EEG signal with a sliding window and comparing the
waveform with a stored template waveform that is indicative
of the biosignal. For example, processor 60 may perform a
correlation analysis by moving a window along a digitized
plot of the amplitude waveform of EEG signals at regular
intervals, such as between about one millisecond to about
ten millisecond intervals, to define a sample of the EEG
signal. The sample window is slid along the plot until a
correlation is detected between the waveform of the tem-
plate and the waveform of the sample of the EEG signal
defined by the window. By moving the window at regular
time intervals, multiple sample periods are defined. The
correlation may be detected by, for example, matching
multiple points between the template waveform and the
waveform of the plot of the EEG signal over time, or by
applying any suitable mathematical correlation algorithm
between the sample in the sampling window and a corre-
sponding set of samples stored in the template waveform.

[0119] Different frequency bands are associated with dif-
ferent activity in brain 16. One embodiment of the frequency
bands is shown in Table 1:

TABLE 1

Frequency bands

Frequency (f) Band

Hertz (Hz) Frequency Information

f<5Hz
SHzsfs10Hz
10 Hz = f< 30 Hz
50 Hz < f< 100 Hz
100 Hz s f= 200 Hz

0 (delta frequency band)

a (alpha frequency band)

B (beta frequency band)

¥ (gamma frequency band)

high y (high gamma frequency band)

[0120] It is believed that some frequency band compo-
nents of the EEG signal may be more revealing of particular
activities than other frequency components. For example,
the alpha band from Table 1 may be more revealing of a rest
state, in which patient 12 is awake, but not active, than the
beta band. EEG signal activity within the alpha band may
attenuate with eye opening or an increase or decrease in
physical activity. A higher frequency band, such as the beta
or gamma bands, may also attenuate with an increase or
decrease in physical activity. Accordingly, the type of voli-
tional patient input may affect the frequency band of the
EEG signal in which a biosignal associated with the patient
input is detected. The relative power levels within the high
gamma band (e.g., about 100 Hz to about 200 Hz) of an EEG
signal, as well as other bioelectric signals, has been shown
to be both an excellent biomarker for motion intent, as well
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as flexible to human control. That is, a human patient 12 may
control activity within the high gamma band with volitional
thoughts.

[0121] The power level within the selected frequency band
may be more revealing of the biosignal than a time domain
plot of the EEG signal. Thus, in some embodiments, an
analog tune amplifier may tune a monitored EEG signal to
a particular frequency band in order to detect the power level
(i.e., the signal strength) within a particular frequency band,
such as a low frequency band (e.g., the alpha or delta
frequency band from Table 1), the power level with a high
frequency band (e.g., the beta or gamma frequency bands in
Table 1) or both the power within the low and high fre-
quency bands. The biosignal indicative of the volitional
patient input may be the strength of the EEG signal within
the tuned frequency band, a pattern in the strength of the
EEG signal over time, a ratio of power levels within two or
more frequency bands, the pattern in the power level within
two or more frequency bands (e.g., an increase in power
level within the alpha band correlated with a decrease in a
power level within the gamma band or high gamma band) or
other characteristics of one or more frequency components
of the EEG signal. The power level of the EEG signal within
the tuned frequency band, the pattern of the power level over
time, or the ratio of power levels may be compared to a
stored value in order to determine whether the biosignal is
detected.

[0122] The amplifier may be included within processor 60
of IMD 18, a processor of biosignal detection module 66 or
another processor used to detect a biosignal from a moni-
tored EEG signal. FIG. 15 illustrates an embodiment of an
amplifier circuit that may be used to detect the biosignal,
which may be included within biosignal detection module
66 or processor 60. The amplifier circuit shown in FIG. 15
uses limited power to monitor a frequency in which a desired
biosignal is generated. If the amplifier is disposed within
biosignal detection module 66, processor 60 may control
biosignal detection module 66 to tune into the desired
frequency band, which may be identified during a learning
mode or simply by clinician experience and specific biosig-
nal research information.

[0123] In general, the EEG signal may be analyzed in the
frequency domain to compare the power level of the EEG
signal within one or more frequency bands to a threshold or
to compare selected frequency components of an amplitude
waveform of the EEG signal to corresponding frequency
components of a template signal. The template signal may
indicate, for example, a trend in the power level within one
or more frequency bands that indicates patient 12 generated
a volitional input that resulted in the biosignal indicative of
patient input to adjust therapy. Specific examples of tech-
niques for analyzing the frequency components of the EEG
signal are described below with reference to FIG. 10B.
[0124] Telemetry module 68 in IMD 18, as well as telem-
etry modules in other devices described herein, such as
programmer 30, may accomplish communication by RF
communication techniques. In addition, telemetry module
68 may communicate with programmer 30 via proximal
inductive interaction of IMD 18 with external programmer
30. Accordingly, telemetry module 68 may send information
to external programmer 30 on a continuous basis, at periodic
intervals, or upon request from the implantable stimulator or
programmer. Processor 60 controls telemetry module 68 to
send and receive information. Wireless telemetry may be
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accomplished by RF communication or proximal inductive
interaction of IMD 18 with external programmer 30.
[0125] Power source 70 delivers operating power to vari-
ous components of IMD 18. Power source 70 may include
a small rechargeable or non-rechargeable battery and a
power generation circuit to produce the operating power.
Recharging may be accomplished through proximal induc-
tive interaction between an external charger and an inductive
charging coil within IMD 18. In some embodiments, power
requirements may be small enough to allow IMD 18 to
utilize patient motion and implement a kinetic energy-
scavenging device to trickle charge a rechargeable battery.
In other embodiments, traditional batteries may be used for
a limited period of time. As a further alternative, an external
inductive power supply could transcutaneously power IMD
18 whenever measurements are needed or desired.

[0126] IMD 36 (FIG. 2A) is substantially similar to IMD
18 shown in FIG. 4, but does not include biosignal detection
module 66. The telemetry module of IMD 36 is configured
to communicate with the separately housed biosignal detec-
tion module 39 via wireless telemetry techniques, such as
RF communication.

[0127] FIG. 5 is functional block diagram illustrating
components of an exemplary medical device 72 with drug
pump 78. Medical device 72 may be used in therapy system
10 (FIG. 1) or other therapy systems in which volitional
patient input generates a biosignal within the patient’s brain
that is used as feedback to adjust therapy delivered by
medical device 72. Medical device 72 may be implanted or
carried externally to patient 12. As shown in FIG. 5, medical
device 72 includes processor 74, memory 76, drug pump 78,
biosignal detection module 80, telemetry module 84, and
power source 86. Drug pump 78 delivers a specific quantity
of a pharmaceutical agent to a desired tissue within patient
12 via catheter 79 implanted within patient 12. In some
embodiments, medical device 72 may include stimulation
generator for producing electrical stimulation in addition to
delivering drug therapy.

[0128] Medical device 72 may be directed towards chronic
pain therapy, but medical device 72 may deliver a drug (i.e.,
a pharmaceutical agent) or another fluid to any location
within patient 12. Processor 74, memory 76, biosignal
detection module 80, telemetry module 84, and power
source 86 may all be similar to processor 60, memory 62,
biosignal detection module 66, telemetry module 68, and
power source 70, respectively, of FIG. 4. Processor 74
controls the operation of medical device 72 with the aid of
instructions that are stored in memory 76, which is similar
to the control of IMD 18. For example, the instructions may
dictate the bolus size of a drug that is delivered to patient 12
when biosignal detection module 80 detects the biosignal
indicative of volitional patient input relating to a therapy
adjustment action. When processor 74 receives an indication
from biosignal detection module 80 that patient 12 has
provided a volitional input that is associated with a drug
delivery adjustment action (e.g., initiation of drug delivery,
increase or decrease in bolus size or frequency or deactiva-
tion of drug delivery), processor 74 controls drug pump 78
to take the action associated with the biosignal. As men-
tioned above, the biosignal may be indicative of some kind
of volitional patient activity, such as eye movement, blink-
ing, facial movements, or other volitional thoughts.

[0129] Biosignal detection module 80 is substantially
similar to biosignal detection module 66 of FIG. 4. Biosignal
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detection module 80 may include an analog circuit that
amplifies and monitors a specific frequency band of the
electrical signal from brain 16. Memory 76 may store the
biosignal information that determines which frequency
bands of the EEG signal to monitor and what thresholds in
signal amplitude indicate a successful biosignal. Biosignal
detection module 80 may also be connected to an electrode
array, such as implanted array 25 (FIG. 1) or external array
44 (F1G. 2B), via lead 82 or via wireless telemetry.

[0130] In alternative embodiments of IMD 18 and medical
device 72, the respective biosignal detection modules 66, 80
may be disposed in a separate housing. For example, in FIG.
2A, therapy system 32 includes a separate IMD 36 and
biosignal detection module 39. In such embodiments, bio-
signal detection modules 66, 80 may communicate wire-
lessly with the medical device, thereby eliminating the lead
or other elongated member that couples the biosignal detec-
tion module to IMD 18 or medical device 72. In some
embodiments, biosignal detection module 66 may include an
amplifier circuit (e.g., the circuit shown in FIG. 15) for
monitoring and identifying biosignals within brain 16 with
a relatively minimal amount of battery power consumption.
[0131] FIG. 6 is a functional block diagram illustrating
components of an embodiment of therapy module 88, which
may be incorporated into an external cue device, such as
device 54 of FIG. 3. In addition, therapy module 88 may
have similar components to IMD 18. For example, processor
90, memory 92, telemetry module 98, and power source 100
may be similar to processor 60, memory 62, telemetry
module 68, and power source 70 of IMD 18.

[0132] As shown in FIG. 6, therapy module 88 includes
cue generator 94 coupled to output device 96. Upon receiv-
ing a control signal from biosignal detection module 42 that
indicates biosignal detection module 42 detected the biosig-
nal indicative of a volitional patient input, processor 90
controls cue generator 94 to generate a sensory cue and
deliver the cue to patient via output device 96. As previously
described, biosignal detection module 42 detects and iden-
tifies biosignals produced by patient 12 when the patient
provides an indication that a therapy adjustment is desired.
For example, patient 12 may create a volitional thought to
generate a biosignal when the patient needs a visual cue
from output device 96. Processor 90 acts upon the identifi-
cation of the biosignal and controls cue generator 94 to
generate a sensory cue in accordance with the type of
biosignal identified. In this manner, patient 12 may generate
multiple types of biosignals through volitional thought in
order to elicit multiple types of sensory cues from therapy
module 88.

[0133] Output device 96 may be any device configured to
create a stimulus. As previously described, example stimuli
may include light, sound, vibration, any combination thereof
or other visual, auditory or somatosensory cues. As
described in FIG. 3, output device 96 may be an LED
mounted on the inside of the frame of therapy device 18 or
an LCD screen. In some embodiments, therapy module 88
may include multiple output devices 96 that each deliver a
different stimuli.

[0134] As described above, wireless telemetry in therapy
module 88 may be needed to communicate with biosignal
detection module 42, programmer 30, or another device.
Wireless communication may be accomplished by RF com-
munication or proximal inductive interaction of therapy
module 88 with the other wireless device. Accordingly,
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telemetry module 98 may send or receive information from
biosignal detection module 42 and external programmer 56
on a continuous basis, at periodic intervals, or upon request
from the implantable stimulator or programmer. Processor
90 controls telemetry module 98 to send and receive infor-
mation.

[0135] Cue generator 94 includes the electrical circuitry
needed to generate the stimulus delivered by output device
96. For example, cue generator 94 may modulate the color
of light emitted by output device 96, the intensity of light
emitted by output device 96, the frequency of sound waved
delivered by output device 96, or any other therapy param-
eter of the output device. Processor 90 may interrogate
therapy parameter instructions stored in memory 92 before
controlling any specific stimulus generated by cue generator
94,

[0136] In some embodiments, output device 96 may be a
display that is capable of producing patterns of light, images,
or other representations on the output device itself or pro-
jected onto another surface for patient 12 to see. In this
manner, the visual cue, or stimulus, may be more complex
than a simple light or sound. For example, output device 96
may deliver a sequence of colored shapes that causes the
symptoms of the patient 12 condition to subside. Alterna-
tively, one or more words, numbers, symbols or other
graphics may produce a desired affect to treat patient 12.
When output device 96 is a display, the output device may
be embodied as a LCD, head-up display, LCD projection, or
any other display technology available to the manufacturer
of therapy module 88.

[0137] FIG. 7 is a functional block diagram illustrating
components of biosignal detection module 200 that is sepa-
rate from a therapy module. For example, biosignal detec-
tion module 200 may be an implanted biosignal detection
module 39 of FIG. 2A or an external biosignal detection
module 42 of therapy system 32 of FIGS. 2A and 3.
Biosignal detection module 200 provides feedback to con-
trol a medical device, such as IMD 36 or external cue device
54. Biosignal detection module 200 includes EEG sensing
module 202, processor 204, telemetry module 206, memory
208, and power source 210. Biosignal detection modules 66,
80 of IMD 18 and medical device 72, respectively, may also
include some components of biosignal detection module 200
shown in FIG. 7, such as EEG sensing module 202 and
processor 204.

[0138] EEG sensing module 202, processor 204, as well as
other components of biosignal detection module 200 that
require power may be coupled to power source 210. Power
source 210 may take the form of a rechargeable or non-
rechargeable battery. EEG sensing module 202 monitors an
EEG signal within brain 16 of patient 12 via electrodes
212A-E, which may be, for example, a part of electrode
array 25 (FIG. 2A) or electrode array 44 (FIG. 3). Electrodes
212A-E are coupled to EEG sensing module 202 via leads
214A-E, respectively. Two or more of leads 214A-E may be
bundled together (e.g., as separate conductors within a
common lead body) or may include separate lead bodies.
[0139] Processor 204 may include a microprocessor, a
controller, a DSP, an ASIC, a FPGA, discrete logic circuitry
or the like. Processor 204 controls telemetry module 206 to
exchange information with programmer 30 and/or a medical
device, such as IMD 36. Telemetry module 206 may include
the circuitry necessary for communicating with programmer
30 or an implanted or external medical device. Examples of
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wireless communication techniques that telemetry module
206 may employ include RF communication, infrared com-
munication, e.g., according to the IrDA standard, or other
standard or proprietary telemetry protocols.

[0140] In some embodiments, biosignal detection module
200 may include separate telemetry modules for communi-
cating with programmer 30 and the medical device. Telem-
etry module 206 may operate as a transceiver that receives
telemetry signals from programmer 30 or a medical device,
and transmits telemetry signals to the programmer 30 or
medical device. For example, processor 204 may control the
transmission of the EEG signals from EEG sensing module
202 to a medical device. As another example, processor 204
may determine whether the EEG signal monitored by EEG
sensing module 202 includes the biosignal, and upon detect-
ing the presence of the biosignal, processor 204 may trans-
mit a control signal to the medical device via telemetry
module 206, where the control signal indicates the type of
therapy adjustment indicated by the biosignal.

[0141] In some embodiments, processor 204 stores moni-
tored EEG signals in memory 208. Memory 208 may
include any volatile or non-volatile media, such as a RAM,
ROM. NVRAM, EEPROM, flash memory, and the like.
Memory 208 may also store program instructions that, when
executed by processor 204, cause EEG sensing module 202
to monitor the EEG signal of brain 16. Accordingly, com-
puter-readable media storing instructions may be provided
to cause processor 204 to provide functionality as described
herein.

[0142] EEG sensing module 202 includes circuitry that
measures the electrical activity of a particular region, e.g.,
motor cortex, within brain 16 via electrodes 212A-E. EEG
sensing module 202 may acquire the EEG signal substan-
tially continuously or at regular intervals, such as at a
frequency of about 1 Hz to about 100 Hz. EEG sensing
module 202 includes circuitry for determining a voltage
difference between two electrodes 212A-E, which generally
indicates the electrical activity within the particular region
of brain 16. One of the electrodes 212A-E may act as a
reference electrode. An example circuit that EEG sensing
module 40 may include is shown and described below with
reference to FIGS. 15-20. The EEG signals measured from
via external electrodes 212A-E may generate a voltage in a
range of about 5 microvolts (V) to about 100 pV.

[0143] The output of EEG sensing module 202 may be
received by processor 204. Processor 204 may apply addi-
tional processing to the EEG signals, e.g., convert the output
to digital values for processing and/or amplify the EEG
signal. In some cases, a gain of about 90 decibels (dB) is
desirable to amplify the EEG signals. In some embodiments,
EEG sensing module 202 or processor 204 may filter the
signal from electrodes 212A-E in order to remove undesir-
able artifacts from the signal, such as noise from electro-
cardiogram signals, electromyogram signals, and electro-
oculogram signals generated within the body of patient 12.
[0144] Processor 204 may determine whether the EEG
signal from EEG sensing module 202 includes the biosignal
indicative of a volitional patient input via any suitable
technique, such as the techniques described above with
respect to processor 60 (FIG. 4) of IMD 18. If processor 204
detects the biosignal from the EEG signal, processor 204
may generate a therapy adjustment indication. The therapy
adjustment indication may be a value, flag, or signal that is
stored or transmitted to indicate patient 12 provided a
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volitional thought indicative of a desired adjustment to
therapy. Processor 204 may transmit the therapy adjustment
indication to a medical device via telemetry module 206, and
the medical device may adjust therapy according to the
therapy adjustment action associated with the biosignal or
therapy adjustment indication. In this way, the biosignal
from an EEG signal may be a control signal for adjusting
therapy. In some embodiments, processor 204 may record
the therapy adjustment indication in memory 208 for later
retrieval and analysis by a clinician. For example, movement
indications may be recorded over time, e.g., in a loop
recorder, and may be accompanied by the relevant EEG
signal.

[0145] In other embodiments, rather than generating a
therapy adjustment indication, processor 204 may merely
control the transmission of the EEG signal from EEG
sensing module 202 to a medical device. The medical device
may then determine whether the EEG signal includes the
biosignal.

[0146] FIG. 8 is functional block diagram illustrating
components of an exemplary external programmer 30.
External programmer 30 includes processor 101, memory
102, user interface 103, telemetry module 104, and power
source 105. Processor 101 controls user interface 103 and
telemetry module 104, and stores and retrieves information
and instructions to and from memory 102. Programmer 30
may be configured for use as a clinician programmer or a
patient programmer.

[0147] Programmer 30 may be used to select therapy
programs (e.g., sets of stimulation parameters), generate
new therapy programs, modify therapy programs through
individual or global adjustments, transmit the new programs
to a medical device, such as IMD 18 or IMD 36, and
correlate biosignals with specific patient 12 activities and/or
therapy adjustments. In a learning mode, programmer 30
may allow patient 12 and/or the clinician to create a voli-
tional patient input and instruct IMD 18 to identify the
resulting biosignal in brain 16.

[0148] Programmer 30 may also be used to correlate
biosignals with desired therapy adjustments. Once the cor-
relation between biosignals and volitional patient thoughts,
as well as particular biosignals and particular therapy adjust-
ments is completed, the correlated biosignals may be
uploaded to a biosignal detection module for incorporation
into a closed loop therapy control system. The resulting
detection of the biosignal causes a therapy adjustment.
Example therapy adjustments that may be correlated to
biosignals include turning therapy on and off, increasing
therapy amplitude, decreasing therapy amplitude, and
changing therapy programs. While programmer 30 may be
most useful when initially programming IMD 18, program-
mer 30 may be continually used throughout therapy to
correct any problems with therapy.

[0149] The user, either a clinician or patient 12, may
interact with programmer 30 through user interface 103.
User interface 103 includes a display (not shown), such as
an LCD or other screen, to show information related to
stimulation therapy and input controls (not shown) to pro-
vide input to programmer 30. Input controls may include the
buttons described in FIG. 12. Processor 101 monitors activ-
ity from the input controls and controls the display or
stimulation function accordingly. In some embodiments, the
display may be a touch screen that enables the user to select
options directly from the display. In other embodiments,
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user interface 103 also includes audio circuitry for providing
audible instructions or sounds to patient 12 and/or receiving
voice commands from patient 12.

[0150] Memory 102 may include instructions for operat-
ing user interface 103, telemetry module 104 and managing
power source 105. Memory 102 also includes instructions
for managing biosignals and correlated therapy adjustments
executable by processor 101. In addition, memory 102 may
include instructions for guiding patient 12 through the
learning mode when correlating biosignals to therapy adjust-
ments and/or activities. Memory 102 may also store any
therapy data retrieved from therapy device 18 during the
course of therapy. The clinician may use this therapy data to
determine the progression of patient 12 disease in order to
predict future treatment.

[0151] Memory 102 may include any volatile or nonvola-
tile memory, such as RAM, ROM, EEPROM or flash
memory. Memory 102 may also include a removable
memory portion that may be used to provide memory
updates or increases in memory capacities. A removable
memory may also allow sensitive patient data to be removed
before programmer 30 is used by a different patient. Pro-
cessor 101 may comprise any combination of one or more
processors including one or more microprocessors, DSPs,
ASICs, FPGAs, or other equivalent integrated or discrete
logic circuitry. Accordingly, processor 101 may include any
suitable structure, whether in hardware, software, firmware,
or any combination thereof, to perform the functions
ascribed herein to processor 101.

[0152] Wireless telemetry in programmer 30 may be
accomplished by RF communication or proximal inductive
interaction of external programmer 30 with therapy device
18. This wireless communication is possible through the use
of telemetry module 104. Accordingly, telemetry module
104 may be similar to the telemetry module contained within
therapy device 18. In alternative embodiments, programmer
30 may be capable of infrared communication or direct
communication through a wired connection. In this manner,
other external devices may be capable of communicating
with programmer 30 without needing to establish a secure
wireless connection.

[0153] Power source 105 delivers operating power to the
components of programmer 30. Power source 105 may
include a battery and a power generation circuit to produce
the operating power. In some embodiments, the battery may
be rechargeable to allow extended operation. Recharging
may be accomplished electrically coupling power source
105 to a cradle or plug that is connected to an alternating
current (AC) outlet. In addition, recharging may be accom-
plished through proximal inductive interaction between an
external charger and an inductive charging coil within
programmer 30. In other embodiments, traditional batteries
(e.g., nickel cadmium or lithium ion batteries) may be used.
In addition, programmer 30 may be directly coupled to an
alternating current outlet to operate. Power source 105 may
include circuitry to monitor power remaining within a
battery. In this manner, user interface 103 may provide a
current battery level indicator or low battery level indicator
when the battery needs to be replaced or recharged. In some
cases, power source 105 may be capable of estimating the
remaining time of operation using the current battery.
[0154] FIG. 9A illustrates a flow diagram of a technique
for controlling a therapy device, such as IMD 18 (FIG. 1),
IMD 36 (FIG. 2A) or external cue device 54 (FIG. 3) based
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on a biosignal within brain 16 that results from a volitional
patient input. While FIGS. 9A and 10A-B and 14 are
primarily described with reference to biosignal detection
module 200 (FIG. 7) and IMD 36 (FIG. 2), in other
embodiments, the technique shown in FIG. 9A may be
employed by any therapy system that includes a biosignal
detection module and a therapy delivery device, such as
IMD 18, which includes both a biosignal detection module
66 and a stimulation generator 64.

[0155] EEG sensing module 202 (FIG. 7) of biosignal
detection module 200 monitors the EEG signal within the
motor cortex of brain 16 via electrodes 212A-E continuously
or at regular intervals (220). In other embodiments, EEG
sensing module 202 may monitor the EEG signal within
another part of brain 16, such as the sensory motor strip or
occipital cortex. Processor 204 (FIG. 7) of biosignal detec-
tion module 200 receives the EEG signals from EEG sensing
module 202 and processes the EEG signals to determine
whether the EEG signals indicate patient 12 has generated
the volitional patient input indicative of a desired therapy
adjustment action, i.e., whether the biosignal is detected
(222). A signal processor within processor 202 may deter-
mine whether the EEG signals include the biosignal using
any suitable technique, such as the techniques described
above (e.g., voltage, amplitude, temporal correlation or
frequency correlation with a template signal, or combina-
tions thereof).

[0156] Ifthe biosignal is not present in the monitored EEG
signals, EEG sensing module 202 may continue monitoring
the EEG signal under the control of processor 204 (220). If
the biosignal is detected, processor 204 may implement
control of a therapy device (224). For example, in the case
of external cue device 54 (FIG. 3), processor 204 may
generate a therapy adjustment indication and transmit the
indication to processor 90 (FIG. 6) of external cue device 54
via telemetry module 206, and processor 90 may cause cue
generator 94 to deliver a visual cue to patient 12. As another
example, in the case of IMD 36 of FIG. 2A, upon detecting
the presence of the biosignal in the EEG signals, processor
204 of biosignal detection module 200 may provide a signal
to a processor of IMD 36 via the respective telemetry
modules. The processor of IMD 36 may then initiate therapy
delivery via the stimulation generator or adjust therapy (e.g.,
increase the amplitude of stimulation in order to help patient
12 initiate muscle movement). After controlling a therapy
device, the processor 204 may continue monitoring the EEG
signal for a biosignal.

[0157] FIG. 9B is a flow diagram illustrating another
embodiment of a technique for initiating therapy delivery
based on a biosignal indicative of a volitional patient input
relating to a desired therapy adjustment action. While FIG.
9B is described primarily with reference to IMD 18, which
includes biosignal detection module 66, in other embodi-
ments, other devices or combination of devices, such as
IMD 36 and biosignal detection module 42, may implement
the technique shown in FIG. 9B. As shown in FIG. 9B, IMD
18 may be in standby mode as patient 12, during which
patient 12 is not currently receiving therapy or is receiving
a minimal amount of therapy (106). Biosignal detection
module 66 monitors an EEG signal to determine whether the
EEG signal includes a biosignal that indicates patient 12
provided a volitional input, such as a thought relating to a
particular muscle movement, to initiate therapy (107). If
biosignal detection module 66 does not detect the biosignal,
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IMD 18 remains in standby mode. If biosignal detection
module 66 detects the biosignal within the monitored EEG
processor 60 may control stimulation generator 64 (FIG. 4)
to deliver therapy to patient 12 (108).

[0158] Stimulation generator 64 may continue delivering
therapy to patient 12 for a predetermined amount of time or
until processor 60 detects a signal that indicates therapy
should be adjusted (e.g., stopped). The signal may take the
form of a patient input (e.g., via programmer 30, an
implanted accelerometer or via a biosignal generated in
response to a volitional patient though). Using the latter
signal as an example, if biosignal detection module 66 does
not detect a biosignal that indicates patient 12 provided an
input to stop therapy (109), therapy continues (108). How-
ever, if detection module 66 detects another “adjust therapy”
biosignal (109), processor 60 controls stimulation generator
64 to take the associated therapy adjustment (110). For
example, if the biosignal is indicative of a patient input to
stop therapy delivery, processor 60 controls stimulation
generator 64 to stop delivery of electrical stimulation to
patient 12. For example, if IMD 18 determines that the
biosignal directs the therapy module to stop therapy (110),
IMD 18 stops therapy, and may return to a standby mode.
[0159] FIG. 10A is a flow diagram of an embodiment of a
technique for determining whether an EEG signal includes
a biosignal indicative of a volitional patient thought relating
to a desired therapy adjustment action. EEG sensing module
202 (FIG. 7) of biosignal detection module 200 monitors the
EEG signal within the motor cortex of brain 16 via elec-
trodes 212A-E continuously or at regular intervals (220),
such as at a measurement frequency of about one hertz (Hz)
to about 100 Hz. In other embodiments, EEG sensing
module 202 may monitor the EEG signal within another part
of brain 16, such as the sensory motor strip or occipital
cortex. Processor 204 of biosignal detection module 200
compares the amplitude of the EEG signal waveform to a
stored threshold value (226). The relevant amplitude may
be, for example, the instantaneous amplitude of an incoming
EEG signal or an average amplitude of the EEG signal over
period of time. In one embodiment, the threshold value is
determined during the trial phase that precedes implantation
of a chronic therapy delivery device within patient 12.
[0160] In one embodiment, if the monitored EEG signal
waveform comprises an amplitude that is less than the
threshold value (228), processor 204 does not generate any
control signal to adjust therapy delivery. On the other hand,
if the monitored EEG signal waveform comprises an ampli-
tude that is greater than or equal to the threshold value (228),
the EEG signal includes the biosignal indicative of the
volitional patient input, and processor 204 may implement
control of a therapy device (224). In other embodiments,
depending on the type of volitional patient input as well as
the region of brain 16 in which the EEG signals are
monitored, processor 204 may implement control of a
therapy device if the amplitude of the EEG signal falls below
a threshold value. A trial phase may be useful for determin-
ing the appropriate relationship between the threshold of the
EEG signal and the threshold value.

[0161] FIG.10B is a flow diagram of another embodiment
of a technique for determining whether an EEG signal
includes a biosignal indicative of a volitional patient input
associated with a desired therapy adjustment action. EEG
sensing module 202 (FIG. 7) of biosignal detection module
200 monitors the EEG signal within the motor cortex of
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brain 16 via electrodes 212A-E continuously or at regular
intervals (220), such as at a measurement frequency of about
one hertz (Hz) to about 100 Hz. In other embodiments, EEG
sensing module 202 may monitor the EEG signal within
another part of brain 16, such as the sensory motor strip or
occipital cortex.

[0162] A signal processor within processor 204 of biosig-
nal detection module 200 extracts one or more frequency
band components of the monitored EEG signal (230) in
order to determine whether the biosignal is detected. In the
embodiment shown in FIG. 10B, processor 204 compares
the pattern in the EEG signal strength (i.e., the power level)
within one frequency bands with a template (232). In this
way, processor 204 may use signal analysis techniques, such
as correlation, to implement a closed-looped system for
adjusting therapy.

[0163] Ifthe pattern of the EEG signal correlates well, i.e.,
matches, with a pattern template (232), processor 204 of
biosignal detection module 200 controls a medical device
(e.g., initiates therapy, deactivates therapy or increases or
decreases a therapy parameter) (224). In some embodiments,
the template matching algorithm that is employed to deter-
mine whether the pattern in the EEG signal matches the
template may not require a one hundred percent (100%)
correlation match, but rather may only match some percent-
age of the pattern. For example, if the monitored EEG signal
exhibit a pattern that matches about 75% or more of the
template, the algorithm may determine that there is a sub-
stantial match between the pattern and the template, and the
biosignal is detected. In other embodiments, processor 204
may compare a pattern in the amplitude waveform of the
EEG signal (i.e., in the time domain) with a template. The
pattern template for either the template matching techniques
employed in either the frequency domain or the time domain
may be generated in a trial phase, an example of which is
shown in FIG. 14 and described below.

[0164] FIG. 11 is an example EEG signal within an
occipital cortex of brain 16 of patient 12, where the EEG
signal is received by biosignal detection module 200 and is
indicative of when patient 12 closes and opens the eyelids.
Biosignal detection module 200 may be incorporated into
any of IMDs 16, 36, biosignal detection module 42, external
cue device 54 or other devices that are capable of detecting
the EEG signal shown in FIG. 11 when electrodes are
positioned over the occipital cortex of brain 16. As shown in
FIG. 11, the EEG signal has been tuned to the alpha
frequency band, and in particular, approximately 10 Hz. In
FIG. 11, the 10 Hz frequency band component of the EEG
signal is plotted as voltage/power (uV?) versus time (sec-
onds). The resulting amplitude changes in the EEG signal
are identifiable between moments when the eyes of patient
12 are closed and open. Thus, FIG. 11 illustrates an example
of a pattern in the EEG signal strength within the alpha
frequency band, where the pattern shown indicates the
monitored EEG signal included the biosignal.

[0165] When the eyes of patient 12 are open, the biosignal
oscillates between (0.005 uV)* and -(0.005 uV)>. However,
the signal changes in amplitude when the eyes of patient 12
are closed, as indicated by “EC” in FIG. 11. Volitional
thought created by patient 12 that resulted in closing the eyes
generated a biosignal with amplitudes approaching (0.015
uV)? and -(0.015 uV)> The increase in the amplitude of the
alpha band component of the EEG signal for a certain
duration of time, such as two seconds, may be selected as a
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biosignal for used in a closed loop therapy system. For
example, biosignal detection module 42 may monitor the
alpha band component of the EEG signal, tuned to about 10
Hz, and upon detecting a power level that exceeds a thresh-
old window of —(0.01 uV)? to (0.01 uV)? for a duration of
two or more seconds, biosignal detection module 42 may
generate a control signal for adjusting therapy delivery to
patient 12. Thus, the biosignal is indicative of a volitional
patient input in the form of the patient closing his eyes for
a certain period of time. Alternatively, therapy module may
identify absolute amplitude values greater than (0.02 uV)>.
[0166] In order to minimize the possibility that patient 12
may inadvertently activate the therapy adjustment by closing
his eyes, biosignal detection module 42 may be configured
to identify a particular pattern in the signal strength (mea-
sured in voltage/power) in the 10 Hz frequency band.
Therefore, patient 12 may set up a pattern in closing eyes
that must be detected before therapy changes are performed.
For example, patient 12 may program IMD 18 to detect five
separate eyes closed events within a 10 second period before
therapy is to be delivered. As another example, the pattern
in the signal strength shown in FIG. 11 is generated when
patient 12 closes his eyes for about two seconds, opens his
eyes for about four seconds, closes his eyes for about two
seconds, opens his eyes for about ten seconds, and closes his
eyes again for about two seconds. Biosignal detection mod-
ule 42 may use this biosignal to recognize a volitional
patient input from patient 12. Other patterns are also con-
templated.

[0167] Another technique for minimizing the possibility
that patient 12 may inadvertently provide a volitional
thought that activates the therapy adjustment may be com-
bining the biosignal detection with another input mecha-
nism. In one embodiment, for example, patient 12 may tap
an external or implanted accelerometer, which is coupled to
biosignal detection module 42 via a wired connection or a
wireless connection. Biosignal detection module 42 may
recognize the tapping (e.g., tapping in a particular pattern) as
a confirmation that patient 12 purposefully generated the
biosignal to adjust therapy.

[0168] The 10 Hz component of an EEG signal shown in
FIG. 11 is an example of one biosignal that biosignal
detection module 200 may identify in order to initiate an
adjustment to therapy delivery. Biosignal detection module
200 may monitor multiple different biosignals of different
frequency bands and/or at different locations within brain
16. Patient 12 may utilize any of these biosignals in creating
a pattern of volitional inputs necessary for IMD 18 (or
another device) to adjust therapy. Biosignal detection mod-
ule 200 may be configured to detect more than one type of
biosignal indicative of a volitional patient thought. For
example, one biosignal may increase an amplitude of stimu-
lation, while another biosignal may turn therapy off or into
a safe mode.

[0169] FIG. 12 illustrates an embodiment of programmer
30, which includes user interface 116 for receiving input
from a user, such as patient 12 or a clinician, and displaying
information to the user. Programmer 30 is a handheld
computing device that is useful for learning and matching
EEG signals to volitional patient thoughts in order to define
biosignals for implementation into a closed loop therapy
system. Programmer 30 includes outer housing 113, which
encloses circuitry necessary for programmer 30 to operate.
Housing 113 may be constructed of a polymer, metal alloy,
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composite, or combination material suitable to protect and
contain components of programmer 30. In addition, housing
113 may be partially or completely sealed such that fluids,
gases, or other elements may not penetrate the housing and
affect components therein.

[0170] Programmer 30 also includes display 114, select
button 118, control pad 120 with directional buttons 122,
124, 126 and 128, increase button 132, decrease button 130,
contrast buttons 134 and 136, and power button 138. Power
button 138 turns programmer 30 on or off. Programmer 30
may include safety features to prevent programmer 30 from
shutting down during a telemetry session with IMD 18 or
another device in order to prevent the loss of transmitted
data or the stalling of normal operation. Alternatively, pro-
grammer 30 and IMD 18 may include instructions which
handle possible unplanned telemetry interruption, such as
battery failure or inadvertent device shutdown. While IMD
18 is primarily referred to throughout the discussion of FIG.
12, in other embodiments, programmer 30 may be config-
ured to communicate with other medical devices, such as
IMD 36 (FIG. 2) or external cue device 54 (FIG. 3).
Furthermore, while patient 12 is primarily referred to
throughout the discussion of FIG. 12, in other embodiments,
other users may use programmer 30.

[0171] Display 114 may be an LCD or another type of
monochrome or color display capable of presenting infor-
mation to patient 12. Contrast buttons 134 and 136 may be
used to control the contrast of display 114. Display 114 may
provide information regarding the current mode, selections
for patient 12, and operational status of programmer 30.
Control pad 120 allows patient 12 to navigate through items
presented on display 114. Patient 12 may press control pad
120 on any of arrows 122, 124, 126 and 128 in order to move
between items presented on display 114 or move to another
screen not currently shown by display 114. For example,
patient 12 may depress or otherwise activate arrows 122 and
126 to navigate between screens of user interface 116.
Patient 12 may press select button 118 to select any high-
lighted element in user interface 116. In some embodiments,
the middle portion of control pad 120 may provide a “select”
button that enables patient 12 to select a particular item
presented on display 114, such as an item that is highlighted
on display 114. In other embodiments, scroll bars, a touch
pad, scroll wheel, individual buttons, or a joystick may
perform the complete or partial function of control pad 120.
[0172] Decrease button 130 and increase button 132 pro-
vide input mechanisms for patient 12. In general, depressing
decrease button 130 one or more times may decrease the
value of a highlighted therapy parameter and depressing
increase button 132 one or more times may increase the
value of a highlighted therapy parameter. While buttons 130
and 132 may be used to control the value of any therapy
parameter, patient 12 may also utilize buttons 130 and 132
to select particular programs during a therapy session.
Buttons 130 and 132 may alternatively decrease or increase
the thresholds required for identifying biosignals. For
example, patient 12 may enter learning mode 146 of pro-
grammer 30 and decrease the sensitivity of the biosignal
detection if therapy adjustments are occurring at a greater
frequency than desired. In other embodiments, control pad
120 may be the only input that patient 12 may use to
navigate through the screens and menus of programmer 30.
[0173] Programmer 30 may take other shapes or sizes not
described herein. For example, programmer 30 may take the
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form of a clam-shell shape, similar to cellular phone designs.
When programmer 30 is closed, some or all elements of the
user interface may be protected within the programmer.
When programmer 30 is oper, one side of the programmer
may contain a display while the other side may contain input
mechanisms. In any shape, programmer 30 may be capable
of performing the requirements described herein.

[0174] In alternative embodiments, the buttons of pro-
grammer 30 may perform different functions than the func-
tions provided in FIG. 12 as an example. In addition, other
embodiments of programmer 30 may include different but-
ton layouts or number of buttons. For example, display 114
may be a touch screen that incorporates all user interface
functionality.

[0175] In FIG. 12, learning mode 146 is presented on user
interface 116. In the learning mode 146, programmer 30
correlates an EEG signal with the volitional input. For
example, patient 12 may move his index finger in a particu-
lar pattern, and programmer 30 may correlate the monitored
EEG signal at the time the patient 12 moved his index finger
with the movement. A clinician, with the aid of a computing
device, may extract a biosignal (e.g., a particular frequency
component of the EEG signal) from the correlated EEG
signal. The frequency band in which the EEG signal exhibits
a noticeable change or characteristic may be selected at this
stage. Biosignal icon 140 indicates whether biosignal detec-
tion module 42 is currently active and monitoring EEG
signals, either as a part of learning mode 146 or during
implementation of a chronic therapy system. In the embodi-
ment shown in FIG. 12, biosignal icon 140 indicates that
biosignal detection module 200 (or another biosignal detec-
tion module) is currently active and monitoring EEG signals
because icon 140 is darkened with lines extending from the
head in icon 140. In contrast, when biosignal icon 140 is
merely an outline and not filled in, biosignal icon 140
indicates that biosignal detection module 200 is not moni-
toring EEG signals.

[0176] Stimulation icon 142 indicates whether therapy is
being delivered to patient 12. In the embodiment shown in
FIG. 12, the lightning bolt of stimulation icon 142 is not
highlighted, thereby indicating that that therapy is not cur-
rently being delivered. In embodiments in which a therapy
system delivers a therapy other than electrical stimulation,
stimulation icon 142 may have a different configuration.
[0177] Activity field 148 of the learning mode 146 user
interface 116 is populated with possible activities for gen-
erating the volitional patient input. Scroll bar 150 indicates
that more activates are available lower in the field. The
activities may include physical activities (e.g., muscle
movement) as well as mental activities (e.g., a focused task,
such as performing a mathematical calculation, spelling a
word, reciting any combination of letters, words, numbers,
symbols, sounds, and so forth). Patient 12 may use control
pad 120 to select an activity from activity field 148. As
shown, “Eyes Open” is highlighted. Patient 12 may volun-
tarily keep his eyes open while pressing select button 118. In
response, programmer 30 may provide a signal to biosignal
detection module 200 via telemetry module 104, and bio-
signal detection module 42 may monitor the EEG signal that
corresponds to the patient’s volitional thought relating to
keeping his eyes open. Biosignal detection module 200 may
record the corresponding EEG signal or may transmit the
EEG signal to programmer 30, which may store the EEG
signal in memory 102 (FIG. 8).
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[0178] As previously described, programmer 30 or a cli-
nician, with the aid of programmer 30 or another computing
device, may extract a biosignal (e.g., a particular frequency
component of the EEG signal, the amplitude of the EEG
signal, a pattern in the amplitude waveform of the EEG
signal, and so forth) from the EEG signal that corresponds
to the selected activity from activity field 148. Programmer
30 may store the biosignal within memory 102 and upload
the biosignal to biosignal detection module 200, IMD 18 or
another medical device for future use. Patient 12 may
subsequently select “Eyes Closed” from activity field 148
when closing his eyes to allow biosignal detection module
42 to extract the contrasting biosignal from the FEG signal
associated with the “eyes closed” state. If desired, patient 12
may complete each of the activities in the activity field 148
in this manner until all the desired activities have been
correlated with detected biosignals.

[0179] Programmer 30 may deliver a warning message to
patient 12 if the correlation between an EEG signal and
activity was unsuccessful. Programmer 30 may then prompt
patient 12 to provide the input relating to the selected
activity or select another activity to correlate with a biosig-
nal. Additionally, programmer 30 may request that patient
12 repeat the correlation at least one time before the corre-
lation between the activity and biosignal is stored. In some
embodiments, programmer 30 may guide patient 12 through
the learning mode 146. Programmer 30 may prompt patient
12 for each activity and automate the process to the most
common activities used in controlling therapy adjustments
with volitional cues.

[0180] Patient 12 may also navigate to another screen to
review the biosignals that have been identified. Programmer
30 may also allow patient 12 to return to learning mode 146
to repeat certain activities or regenerate certain biosignals if
desired. In some cases, patient 12 may be able to enter new
activities not populated in activity field 148. For example,
patient 12 may desire to use a volitional cue not normally
desired by other patients. The clinician may enable or
disable any of these custom applications of programmer 30,
depending upon the ability of patient 12 to utilize the
features without hindering effective therapy.

[0181] After determining one or more biosignals indica-
tive of a volitional patient thought, programmer 30 or the
clinician with the aid of programmer 30 or another comput-
ing device, may associate the one or more biosignals to one
or more therapy adjustments. For example, using the “eyes
open” and “eyes closed” biosignals, the clinician may asso-
ciate a particular pattern of the patient’s “eyes open” bio-
signal and “eyes closed” biosignal with turning therapy on
(e.g., initiating the delivery of electrical stimulation). As
other examples, the clinician may associate a particular
pattern of the patient’s “eyes open” biosignal and “eyes
closed” biosignal with an increase or decrease in amplitude
of stimulation or a switch to another stimulation program.

[0182] FIG. 13 is a flow diagram illustrating an embodi-
ment of a technique that may be employed by programmer
30 to correlate one or more biosignals with a volitional
patient thought related to a patient activity. While the
technique shown in FIG. 13 is primarily described with
respect to therapy system 10, the technique may be
employed with the other therapy systems described herein.
Upon implantation of therapy system 10, biosignal detection
module 66 of IMD 18 is programmed to detect relevant
biosignal and provide a signal to processor 60, which
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controls the adjustment of therapy indicated by the biosig-
nal. The relevant biosignals are determined via learning
mode 146 of programmer 30. Patient 12 or the clinician may
utilize the learning mode 146 of programmer 30 at times
other than the initial programming of biosignal detection
module 66, e.g., during the patient’s follow-up visit to the
clinician’s office.

[0183] As shown in FIG. 13, the clinician accesses learn-
ing mode 146 of programmer 30 (or another computing
device) (160). Programmer 30 prompts patient 12 or the
clinician to select an activity input from activity field 148
and perform the selected activity (162). By performing the
selected activity, patient 12 generates the volitional thoughts
and provides the volitional input that result in the detectable
biosignal within brain 16. Biosignal detection module 66 of
IMD 18 monitors the EEG signal within brain 16 that results
from the volitional patient thought during the undertaking of
the action. The clinician may then extract the relevant
biosignal from the EEG signal associated with the volitional
patient thought with the aid of processor 60 of IMD 18,
processor 101 of programmer 30 or a processor of another
device,

[0184] Programmer 30 may display activity field 148,
which includes a plurality of activities that patient 12 may
undertake to generate the volitional thought (164) and awaits
the selection of another activity from activity field 148 by
patient 12 or the clinician (166). If programmer 30 does not
receive the selection of activity inputs (166), programmer 30
continues to display the list of activity inputs (164).

[0185] Once programmer 30 receives the activity input
selection from patient 12 (166), processor 60 of programmer
30 correlates the activity input with the detected EEG signal
(168). Processor 60 then stores the activity and associated
EEG signal in memory 62 (170). If the clinician desires to
continue the learning mode (172), programmer again
prompts patient 12 to select another activity input (162). If
the clinician does not desire to continue the learning mode
(172), programmer 30 exits the learning mode and enters the
normal operating mode of IMD 18 (174). In the normal
operating mode, IMD 18 may remain in a standby mode or
deliver therapy according to a program until patient 12
creates the volitional cue that generates a detectable biosig-
nal for adjusting therapy.

[0186] FIG. 14 is a flow diagram of a technique for
determining the biosignal that indicates patient 12 generated
a volitional thought indicative of a desired therapy adjust-
ment. In the embodiment shown in FIG. 14, the biosignal
includes an EEG signal characteristic (in the time domain or
frequency domain). However, in other embodiments, the
biosignal may include other neural-based signals, such as
deep brain electrical signals. Factors that may affect the
relevant EEG signal characteristic may include factors such
as the age, size, and relative health of the patient. The
relevant EEG signal characteristic may even vary for a
single patient, depending on fluctuating factors such as the
state of hydration, which may affect the fluid levels within
the brain of the patient. Accordingly, it may be desirable in
some cases to measure the EEG signal of a particular patient
over a finite trial period of time that may be anywhere for
less than one week to one or more months in order to tune
the trending data or threshold values of an EEG signal that
is associated with a particular volitional patient input to the
particular patient.
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[0187] Ttis also believed that it is possible for the relevant
EEG signal characteristic for a particular volitional patient
input to be the same for two or more patients. In such a case,
one or more previously determined EEG signal character-
istic may be a starting point for a clinician, who may adapt
(or “calibrate” or “tune”) the EEG signal characteristic value
(e.g., a threshold amplitude or power value) to a particular
patient. The previously generated EEG signal characteristic
value may be, for example, an average of threshold values
for a large number (e.g., hundreds, or even thousands) of
patients.

[0188] Processor 204 of biosignal detection module 200
monitors the EEG signal acquired by EEG sensing module
202 from the relevant region of brain 16 of patient 12 (220).
EEG sensing module 202 may acquire the EEG signal
substantially continuously or at regular intervals, such as at
a frequency of about 1 Hz to about 100 Hz. In addition, the
EEG signal for more than one region of brain 16 may also
be generated to determine which region of brain 16 provides
the most relevant indication of the volitional patient input.
The region of brain 16 that provides the most relevant
indication of the movement state may influence where
electrodes 212A-E are positioned.

[0189] During the same trial period of time, patient 12 is
prompted to provide the input that is indicative of the desired
therapy adjustment action (240). For example, in one
embodiment, the volitional patient thought includes moving
an index finger in a particular pattern, and the pattern of the
index finger movement may be indicative of desired increase
in stimulation amplitude.

[0190] An EEG signal is associated with the volitional
patient input (242). In one embodiment, programmer 30 may
provide an indication to biosignal detection device 200 that
patient 12 is generating the volitional patient thought, and
processor 204 of biosignal detection device 200 may asso-
ciate the EEG signal with the patient input. In another
embodiment, biosignal detection module 200 may provide
the monitored EEG signal to programmer 30, and processor
90 of programmer 30 may associate the EEG signal with the
patient input. The EEG signal may be matched to the
volitional patient thought any suitable way. e.g., based on
the time of occurrence. For example, prior to, during or after
the time in which patient 12 provide the volitional thought,
patient 12 may depress a button on programmer 30 to cause
programmer 30 to record the date and time, or alternatively,
cause biosignal detection module 200 to record the date and
time the volitional thought was executed.

[0191] Processor 204 of biosignal detection device 200,
processor 90 of programmer 30 or a processor of another
computing device may record a characteristic of the corre-
lated EEG signal i.e., the biosignal, within memory (244).
The biosignal may include the amplitude or a pattern in the
amplitude waveform of the EEG signal, the signal strength
or a pattern in the signal strength of the EEG signal within
one or more frequency bands, or other EEG signal charac-
teristics. In one embodiment, a clinician or computing
device may review the data relating to the volitional patient
input, and associate the EEG signal within a certain time
range prior to, e.g., 1 millisecond (ms) to about 3 seconds,
and during the volitional patient input. The clinician or
computing device may compare the EEG signals for two or
more times in which patient 12 generates the volitional
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thought in order to confirm that the particular EEG signal
characteristic, i.e., the biosignal, is indicative of a desired
therapy adjustment action.

[0192] After correlating the EEG signal with a volitional
patient thought indicative of a desired therapy adjustment
action, the clinician may record the EEG signal character-
istic (244) for later use by processor 204 of biosignal
detection module 200, processor 90 of programmer 30 or a
processor of a medical device. Alternatively, a computing
device may automatically determine the relevant EEG signal
characteristic.

[0193] FIG. 15 is a block diagram illustrating an exem-
plary frequency selective signal monitor 270 that includes a
chopper-stabilized superheterodyne instrumentation ampli-
fier 272 and a signal analysis unit 273. Signal monitor 270
may utilize a heterodyning, chopper-stabilized amplifier
architecture to convert a selected frequency band of a
physiological signal to a baseband for analysis. The physi-
ological signal may be analyzed in one or more selected
frequency bands to trigger delivery of patient therapy and/or
recording of diagnostic information. In some cases, signal
monitor 270 may be utilized within a medical device. For
example, signal monitor 270 may be utilized within a
biosignal detection module included in IMD 18 implanted
within patient 12 from FIG. 1. In other cases, signal monitor
270 may be utilized within a separate sensor that commu-
nicates with a medical device. For example, signal monitor
270 may be utilized within biosignal detection module 39
implanted within patient 12 and coupled to IMD 36 from
FIG. 2A or external cue device 54 from FIG. 3. As another
example, signal monitor 270 may be utilized within biosig-
nal detection module 42 positioned external to patient 12
and coupled to IMD 36 from FIG. 2B or external cue device
54 from FIG. 3.

[0194] In general, frequency selective signal monitor 270
provides a physiological signal monitoring device compris-
ing a physiological sensing element that receives a physi-
ological signal, an instrumentation amplifier 272 comprising
a modulator 282 that modulates the signal at a first fre-
quency, an amplifier that amplifies the modulated signal, and
a demodulator 288 that demodulates the amplified signal at
a second frequency different from the first frequency. A
signal analysis unit 273 that analyzes a characteristic of the
signal in the selected frequency band. The second frequency
is selected such that the demodulator substantially centers a
selected frequency band of the signal at a baseband.
[0195] The signal analysis unit 273 may comprise a low-
pass filter 274 that filters the demodulated signal to extract
the selected frequency band of the signal at the baseband.
The second frequency may differ from the first frequency by
an offset that is approximately equal to a center frequency of
the selected frequency band. In one embodiment, the physi-
ological signal is an electrical signal, such as an EEG signal,
ECoG signal, EMG signal, field potential, and the selected
frequency band is one of an alpha, beta, gamma or high
gamma frequency band of the electrical signal. The charac-
teristic of the demodulated signal is power fluctuation of the
signal in the selected frequency band. The signal analysis
unit 273 may generate a signal triggering at least one of
control of therapy to the patient or recording of diagnostic
information when the power fluctuation exceeds a threshold.
[0196] Insome embodiments, the selected frequency band
comprises a first selected frequency band and the charac-
teristic comprises a first power. The demodulator 288
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demodulates the amplified signal at a third frequency dif-
ferent from the first and second frequencies. The third
frequency being selected such that the demodulator 288
substantially centers a second selected frequency band of the
signal at a baseband. The signal analysis unit 273 analyzes
a second power of the signal in the second selected fre-
quency band, and calculates a power ratio between the first
power and the second power. The signal analysis unit 273
generates a signal triggering at least one of control of
therapy to the patient or recording of diagnostic information
based on the power ratio.

[0197] In the example of FIG. 15, chopper-stabilized,
superheterodyne amplifier 272 modulates the physiological
signal with a first carrier frequency f, amplifies the modu-
lated signal, and demodulates the amplified signal to base-
band with a second frequency equivalent to the first fre-
quency f_ plus (or minus) an offset d. Signal analysis unit
273 measures a characteristic of the demodulated signal in
a selected frequency band.

[0198] The second frequency is different from the first
frequency f_ and is selected, via the offset d, to position the
demodulated signal in the selected frequency band at the
baseband. In particular, the offset may be selected based on
the selected frequency band. For example, the frequency
band may be a frequency within the selected frequency
band, such as a center frequency of the band.

[0199] If the selected frequency band is 5 to 15 Hz, for
example, the offset & may be the center frequency of this
band, i.e., 10 Hz. In some embodiments, the offset § may be
a frequency elsewhere in the selected frequency band.
However, the center frequency generally will be preferred.
The second frequency may be generated by shifting the first
frequency by the offset amount. Alternatively, the second
frequency may be generated independently of the first
frequency such that the difference between the first and
second frequencies is the offset.

[0200] In either case, the second frequency may be equiva-
lent to the first frequency £ plus or minus the offset §. If the
first frequency f is 4000 Hz, for example, and the selected
frequency band is 5 to 15 Hz (the alpha band for EEG
signals), the offset 8 may be selected as the center frequency
of that band, i.e., 10 Hz. In this case, the second frequency
is the first frequency of 4000 Hz plus or minus 10 Hz. Using
the superheterodyne structure, the signal is modulated at
4000 Hz by modulator 282, amplified by amplifier 286 and
then demodulated by demodulator 288 at 3990 or 4010 Hz
(the first frequency f. of 4000 Hz plus or minus the offset 8
of 10 Hz) to position the 5 to 15 Hz band centered at 10 Hz
at baseband, e.g., DC. In this manner the 5 to 15 Hz band can
be directly downconverted such that it is substantially cen-
tered at DC.

[0201] As illustrated in FIG. 15, superheterodyne instru-
mentation amplifier 272 receives a physiological signal
(e.g., V,,) from sensing elements positioned at a desired
location within a patient or external to a patient to detect the
physiological signal. For example, the physiological signal
may comprise one of an EEG, EcoG, electromyogram EMG,
ECG, pressure, temperature, impedance or motion signal.
Again, an EEG signal will be described for purposes of
illustration. Superheterodyne instrumentation amplifier 272
may be configured to receive the physiological signal (V,,)
as either a differential or signal-ended input. Superhetero-
dyne instrumentation amplifier 272 includes first modulator
282 for modulating the physiological signal from baseband
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at the carrier frequency (f.). In the example of FIG. 15, an
input capacitance (C,,) 283 couples the output of first
modulator 282 to feedback adder 284. Feedback adder 284
will be described below in conjunction with the feedback
paths.

[0202] Adder 285 represents the inclusion of a noise signal
with the modulated signal. Adder 285 represents the addition
of low frequency noise, but does not form an actual com-
ponent of superheterodyne instrumentation amplifier 272.
Adder 285 models the noise that comes into superhetero-
dyne instrumentation amplifier 272 from non-ideal transistor
characteristics. At adder 285, the original baseband compo-
nents of the signal are located at the carrier frequency f.. As
an example, the baseband components of the signal may
have a frequency within a range of 0 to approximately 1000
Hz and the carrier frequency f. may be approximately 4 kHz
to approximately 10 kHz. The noise signal enters the signal
pathway, as represented by adder 285, to produce a noisy
modulated signal. The noise signal may include 1/f noise,
popcorn noise, offset, and any other external signals that
may enter the signal pathway at low (baseband) frequency.
At adder 285, however, the original baseband components of
the signal have already been chopped to a higher frequency
band, e.g., 4000 Hz, by first modulator 282. Thus, the
low-frequency noise signal is segregated from the original
baseband components of the signal.

[0203] Amplifier 286 receives the noisy modulated input
signal from adder 285. Amplifier 286 amplifies the noisy
modulated signal and outputs the amplified signal to a
second modulator 288. Offset () 287 may be tuned such that
it is approximately equal to a frequency within the selected
frequency band, and preferably the center frequency of the
selected frequency band. The resulting modulation fre-
quency (f +3) used by demodulator 288 is then different
from the first carrier frequency f. by the offset amount 8. In
some cases, offset & 287 may be manually tuned according
to the selected frequency band by a physician, technician, or
the patient. In other cases, the offset d 287 may by dynami-
cally tuned to the selected frequency band in accordance
with stored frequency band values. For example, different
frequency bands may be scanned by automatically or manu-
ally tuning the offset d according to center frequencies of the
desired bands. As an example, when monitoring a patient’s
intent to move, the selected frequency band may be the alpha
frequency band (5 Hz to 15 Hz). In this case, the offset § may
be approximately the center frequency of the alpha band,
i.e., 10 Hz. As another example, when monitoring tremor,
the selected frequency band may be the beta frequency band
(15 Hz-35 Hz). In this case, the offset 6 may be approxi-
mately the center frequency of the beta band, i.e., 25 Hz. As
another example, when monitoring intent in the cortex, the
selected frequency band may be the high gamma frequency
band (150 Hz-200 Hz). In this case, the offset & may be
approximately the center frequency of the high gamma
band, i.e., 175 Hz. When monitoring pre-seizure biomarkers
in epilepsy, the selected frequency may be fast ripples (500
Hz), in which case the offset & may be approximately 500
Hz. As another illustration, the selected frequency band
passed by filter 234 may be the gamma band (30 Hz-80 Hz),
in which case the offset d may be tuned to approximately the
center frequency of the gamma band, i.e., 55 Hz.

[0204] Hence, the signal in the selected frequency band
may be produced by selecting the offset (3) 287 such that the
carrier frequency plus or minus the offset frequency (f +3)
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is equal to a frequency within the selected frequency band,
such as the center frequency of the selected frequency band.
In each case, as explained above, the offset may be selected
to correspond to the desired band. For example, an offset of
5 Hz would place the alpha band at the baseband frequency,
e.g., DC, upon downconversion by the demodulator. Simi-
larly, an offset of 15 Hz would place the beta band at DC
upon downconversion, and an offset of 30 Hz would place
the gamma band at DC upon downconversion. In this
manner, the pertinent frequency band is centered at the
baseband. Then, passive low pass filtering may be applied to
select the frequency band. In this manner, the superhetero-
dyne architecture serves to position the desired frequency
band at baseband as a function of the selected offset fre-
quency used to produce the second frequency for demodu-
lation. In general, in the example of FIG. 15, powered
bandpass filtering is not required. Likewise, the selected
frequency band can be obtained without the need for over-
sampling and digitization of the wideband signal.

[0205] With further reference to FIG. 15, second modu-
lator 288 demodulates the amplified signal at the second
frequency f.+d, which is separated from the carrier fre-
quency f_ by the offset 8. That is, second modulator 288
modulates the noise signal up to the f +d frequency and
demodulates the components of the signal in the selected
frequency band directly to baseband. Integrator 289 operates
on the demodulated signal to pass the components of the
signal in the selected frequency band positioned at baseband
and substantially eliminate the components of the noise
signal at higher frequencies. In this manner, integrator 289
provides compensation and filtering to the amplified signal
to produce an output signal (V). In other embodiments,
compensation and filtering may be provided by other cir-
cuitry.

[0206] As shown in FIG. 15, superheterodyne instrumen-
tation amplifier 272 may include two negative feedback
paths to feedback adder 284 to reduce glitching in the output
signal (V). In particular, the first feedback path includes a
third modulator 290, which modulates the output signal at
the carrier frequency plus or minus the offset 8, and a
feedback capacitance (Cj,) 291 that is selected to produce
desired gain given the value of the input capacitance (C,,,)
283. The first feedback path produces a feedback signal that
is added to the original modulated signal at feedback adder
284 to produce attenuation and thereby generate gain at the
output of amplifier 286.

[0207] The second feedback path may be optional, and
may include an integrator 292, a fourth modulator 293,
which modulates the output signal at the carrier frequency
plus or minus the offset 9, and high pass filter capacitance
(C,,) 294. Integrator 292 integrates the output signal and
modulator 293 modulates the output of integrator 292 at the
carrier frequency. High pass filter capacitance (C,,,) 294 is
selected to substantially eliminate components of the signal
that have a frequency below the corner frequency of the high
pass filter. For example, the second feedback path may set a
corner frequency of approximately equal to 2.5 Hz, 0.5 Hz,
or 0.05 Hz. The second feedback path produces a feedback
signal that is added to the original modulated signal at
feedback adder 284 to increase input impedance at the
output of amplifier 286.

[0208] As described above, chopper-stabilized, superhet-
erodyne instrumentation amplifier 272 can be used to
achieve direct downconversion of a selected frequency band



US 2019/0240491 Al

centered at a frequency that is offset from baseband by an
amount d. Again, if the alpha band is centered at 10 Hz, then
the offset amount d used to produce the demodulation
frequency f_+3 may be 10 Hz. As illustrated in FIG. 15, first
modulator 282 is run at the carrier frequency (f), which is
specified by the 1/f comer and other constraints, while
second modulator 288 is run at the selected frequency band
(f.£3). Multiplication of the physiological signal by the
carrier frequency convolves the signal in the frequency
domain. The net effect of upmodulation is to place the signal
at the carrier frequency (f.). By then running second modu-
lator 288 at a different frequency (f.+3), the convolution of
the signal sends the signal in the selected frequency band to
baseband and 29. Integrator 289 may be provided to filter
out the 28 component and passes the baseband component of
the signal in the selected frequency band.

[0209] As illustrated in FIG. 15, signal analysis unit 273
receives the output signal from instrumentation amplifier. In
the example of FIG. 15, signal analysis unit 273 includes a
passive lowpass filter 274, a power measurement module
276, a lowpass filter 277, a threshold tracker 278 and a
comparator 280. Passive lowpass filter 274 extracts the
signal in the selected frequency band positioned at base-
band. For example, lowpass filter 274 may be configured to
reject frequencies above a desired frequency, thereby pre-
serving the signal in the selected frequency band. Power
measurement module 276 then measures power of the
extracted signal. In some cases, power measurement module
276 may extract the net power in the desired band by full
wave rectification. In other cases, power measurement mod-
ule 276 may extract the net power in the desired band by a
squaring power calculation, which may be provided by a
squaring power circuit. As the signal has sine and cosine
phases, summing of the squares yields a net of 1 and the total
power. The measured power is then filtered by lowpass filter
277 and applied to comparator 280. Threshold tracker 278
tracks fluctuations in power measurements of the selected
frequency band over a period of time in order to generate a
baseline power threshold of the selected frequency band for
the patient. Threshold tracker 278 applies the baseline power
threshold to comparator 280 in response to receiving the
measured power from power measurement module 276.

[0210] Comparator 280 compares the measured power
from lowpass filter 277 with the baseline power threshold
from threshold tracker 278. If the measured power is greater
than the baseline power threshold, comparator 280 may
output a trigger signal to a processor of a medical device to
control therapy and/or recording of diagnostic information.
If the measured power is equal to or less than the baseline
power threshold, comparator 280 outputs a power tracking
measurement to threshold tracker 278, as indicated by the
line from comparator 280 to threshold tracker 278. Thresh-
old tracker 278 may include a median filter that creates the
baseline threshold level after filtering the power of the signal
in the selected frequency band for several minutes. In this
way, the measured power of the signal in the selected
frequency band may be used by the threshold tracker 278 to
update and generate the baseline power threshold of the
selected frequency band for the patient. Hence, the baseline
power threshold may be dynamically adjusted as the sensed
signal changes over time. A signal above or below the
baseline power threshold may signify an event that may
support generation of a trigger signal.
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[0211] In some cases, frequency selective signal monitor
270 may be limited to monitoring a single frequency band of
the wide band physiological signal at any specific instant.
Alternatively, frequency selective signal monitor 270 may
be capable of efficiently hopping frequency bands in order to
monitor the signal in a first frequency band, monitor the
signal in a second frequency band, and then determine
whether to trigger therapy and/or diagnostic recording based
on some combination of the monitored signals. For example,
different frequency bands may be monitored on an alternat-
ing basis to support signal analysis techniques that rely on
comparison or processing of characteristics associated with
multiple frequency bands.

[0212] FIG. 16 is a block diagram illustrating a portion of
an exemplary chopper-stabilized superheterodyne instru-
mentation amplifier 272A for use within frequency selective
signal monitor 270 from FIG. 15. Superheterodyne instru-
mentation amplifier 272A illustrated in FIG. 16 may operate
substantially similar to superheterodyne instrumentation
amplifier 272 from FIG. 15. Superheterodyne instrumenta-
tion amplifier 272A includes a first modulator 295, an
amplifier 297, a frequency offset 298, a second modulator
299, and a lowpass filter 300. In some embodiments, low-
pass filter 300 may be an integrator, such as integrator 289
of FIG. 15. Adder 296 represents addition of noise to the
chopped signal. However, adder 296 does not form an actual
component of superheterodyne instrumentation amplifier
272A. Adder 296 models the noise that comes into supet-
heterodyne instrumentation amplifier 272A from non-ideal
transistor characteristics.

[0213] Superheterodyne instrumentation amplifier 272A
receives a physiological signal (V,,) associated with a
patient from sensing elements, such as electrodes, positioned
within or external to the patient to detect the physiological
signal. First modulator 295 modulates the signal from base-
band at the carrier frequency (f.). A noise signal is added to
the modulated signal, as represented by adder 296. Amplifier
297 amplifies the noisy modulated signal. Frequency offset
298 is tuned such that the carrier frequency plus or minus
frequency offset 298 (f +9) is equal to the selected frequency
band. Hence, the offset § may be selected to target a desired
frequency band. Second modulator 299 modulates the noisy
amplified signal at offset frequency 98 from the carrier
frequency f.. In this way, the amplified signal in the selected
frequency band is demodulated directly to baseband and the
noise signal is modulated to the selected frequency band.

[0214] Lowpass filter 300 may filter the majority of the
modulated noise signal out of the demodulated signal and set
the effective bandwidth of its passband around the center
frequency of the selected frequency band. As illustrated in
the detail associated with lowpass filter 300 in FIG. 16, a
passband 303 of lowpass filter 300 may be positioned at a
center frequency of the selected frequency band. In some
cases, the offset & may be equal to this center frequency.
Lowpass filter 300 may then set the effective bandwidth
(BW/2) of the passband around the center frequency such
that the passband encompasses the entire selected frequency
band. In this way, lowpass filter 300 passes a signal 301
positioned anywhere within the selected frequency band.
For example, if the selected frequency band is 5 to 15 Hz,
for example, the offset  may be the center frequency of this
band, i.e., 10 Hz, and the effective bandwidth may be half
the full bandwidth of the selected frequency band, i.e., 5 Hz.
In this case, lowpass filter 300 rejects or at least attenuates
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signals above 5 Hz, thereby limiting the passband signal to
the alpha band, which is centered at 0 Hz as a result of the
superheterodyne process. Hence, the center frequency of the
selected frequency band can be specified with the offset 3,
and the bandwidth BW of the passband can be obtained
independently with the lowpass filter 300, with BW/2 about
each side of the center frequency.

[0215] Lowpass filter 300 then outputs a low-noise physi-
ological signal (V,,,). The low-noise physiological signal
may then be input to signal analysis unit 273 from FIG. 15.
As described above, signal analysis unit 273 may extract the
signal in the selected frequency band positioned at base-
band, measure power of the extracted signal, and compare
the measured power to a baseline power threshold of the
selected frequency band to determine whether to trigger
patient therapy.

[0216] FIGS. 17A-17D are graphs illustrating the fre-
quency components of a signal at various stages within
superheterodyne instrumentation amplifier 272A of FIG. 16.
In particular, FIG. 17A illustrates the frequency components
in a selected frequency band within the physiological signal
received by frequency selective signal monitor 270. The
frequency components of the physiological signal are rep-
resented by line 302 and located at offset 6 from baseband
in FIG. 17A.

[0217] FIG. 17B illustrates the frequency components of
the noisy modulated signal produced by modulator 295 and
amplifier 297. In FIG. 17B, the original offset frequency
components of the physiological signal have been up-modu-
lated at carrier frequency £, and are represented by lines 304
at the odd harmonics. The frequency components of the
noise signal added to the modulated signal are represented
by dotted line 305. In FIG. 17B, the energy of the frequency
components of the noise signal is located substantially at
baseband and energy of the frequency components of the
desired signal is located at the carrier frequency (f.) plus and
minus frequency offset (8) 298 and its odd harmonics.

[0218] FIG. 17C illustrates the frequency components of
the demodulated signal produced by demodulator 299. In
particular, the frequency components of the demodulated
signal are located at baseband and at twice the frequency
offset (26), represented by lines 306. The frequency com-
ponents of the noise signal are modulated and represented by
dotted line 307. The frequency components of the noise
signal are located at the carrier frequency plus or minus the
offset frequency (8) 298 and its odd harmonics in FIG. 17C.
FIG. 17C also illustrates the effect of lowpass filter 300 that
may be applied to the demodulated signal. The passband of
lowpass filter 300 is represented by dashed line 308.

[0219] FIG. 17D is a graph that illustrates the frequency
components of the output signal. In FIG. 17D, the frequency
components of the output signal are represented by line 310
and the frequency components of the noise signal are
represented by dotted line 311. FIG. 17D illustrates that
lowpass filter 300 removes the frequency components of the
demodulated signal located at twice the offset frequency
(26). In this way, lowpass filter 300 positions the frequency
components of the signal at the desired frequency band
within the physiological signal at baseband. In addition,
lowpass filter 300 removes the frequency components from
the noise signal that were located outside of the passband of
lowpass filter 300 shown in FIG. 17C. The energy from the
noise signal is substantially eliminated from the output
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signal, or at least substantially reduced relative to the
original noise signal that otherwise would be introduced.
[0220] FIG. 18 is a block diagram illustrating a portion of
an exemplary chopper-stabilized superheterodyne instru-
mentation amplifier 272B with in-phase and quadrature
signal paths for use within frequency selective signal moni-
tor 270 from FIG. 15. The in-phase and quadrature signal
paths substantially reduce phase sensitivity within superhet-
erodyne instrumentation amplifier 272B. Because the signal
obtained from the patient and the clocks used to produce the
modulation frequencies are uncorrelated, the phase of the
signal should be taken into account. To address the phasing
issue, two parallel heterodyning amplifiers may be driven
with in-phase (I) and quadrature (Q) clocks created with
on-chip distribution circuits. Net power extraction then can
be achieved with superposition of the in-phase and quadra-
ture signals.

[0221] An analog implementation may use an on-chip
self-cascoded Gilbert mixer to calculate the sum of squares.
Alternatively, a digital approach may take advantage of the
low bandwidth of the I and Q channels after lowpass
filtering, and digitize at that point in the signal chain for
digital power computation. Digital computation at the I/Q
stage has advantages. For example, power extraction is more
linear than a tanh function. In addition, digital computation
simplifies offset calibration to suppress distortion, and pre-
serves the phase information for cross-channel coherence
analysis. With either technique, a sum of squares in the two
channels can eliminate the phase sensitivity between the
physiological signal and the modulation clock frequency.
The power output signal can lowpass filtered to the order of
1 Hz to track the essential dynamics of a desired biomarker.
[0222] Superheterodyne instrumentation amplifier 272B
illustrated in FIG. 18 may operate substantially similar to
superheterodyne instrumentation amplifier 272 from FIG.
15. Superheterodyne instrumentation amplifier 272B
includes an in-phase (I) signal path with a first modulator
320, an amplifier 322, an in-phase frequency offset () 323,
a second modulator 324, a lowpass filter 325, and a squaring
unit 326. Adder 321 represents addition of noise. Adder 321
models the noise from non-ideal transistor characteristics.
Superheterodyne instrumentation amplifier 272B includes a
quadrature phase (Q) signal path with a third modulator 328,
an adder 329, an amplifier 330, a quadrature frequency offset
(8) 331, a fourth modulator 332, a lowpass filter 333, and a
squaring unit 334. Adder 329 represents addition of noise.
Adder 329 models the noise from non-ideal transistor char-
acteristics.

[0223] Superheterodyne instrumentation amplifier 272B
receives a physiological signal (V,,) associated with a
patient from one or more sensing elements. The in-phase (I)
signal path modulates the signal from baseband at the carrier
frequency (f), permits addition of a noise signal to the
modulated signal, and amplifies the noisy modulated signal.
In-phase frequency offset 323 may be tuned such that it is
substantially equivalent to a center frequency of a selected
frequency band. For the alpha band (5 to 15 Hz), for
example, the offset 323 may be approximately 10 Hz. In this
example, if the modulation carrier frequency f, applied by
modulator 320 is 4000 Hz, then the demodulation frequency
f 3 may be 3990 Hz or 4010 Hz.

[0224] Second modulator 324 modulates the noisy ampli-
fied signal at a frequency (f.+d) offset from the carrier
frequency f. by the offset amount S. In this way, the
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amplified signal in the selected frequency band may be
demodulated directly to baseband and the noise signal may
be modulated up to the second frequency f +d. The selected
frequency band of the physiological signal is then substan-
tially centered at baseband, e.g., DC. For the alpha band (5
to 15 Hz), for example, the center frequency of 10 Hz is
centered at 0 Hz at baseband. Lowpass filter 325 filters the
majority of the modulated noise signal out of the demodu-
lated signal and outputs a low-noise physiological signal.
The low-noise physiological signal may then be squared
with squaring unit 326 and input to adder 336. In some
cases, squaring unit 326 may comprise a self-cascoded
Gilbert mixer. The output of squaring unit 126 represents the
spectral power of the in-phase signal.

[0225] In a similar fashion, the quadrature (Q) signal path
modulates the signal from baseband at the carrier frequency
(f.). However, the carrier frequency applied by modulator
328 in the Q signal path is 90 degrees out of phase with the
carrier frequency applied by modulator 320 in the I signal
path. The Q signal path permits addition of a noise signal to
the modulated signal, as represented by adder 329, and
amplifies the noisy modulated signal via amplifier 330.
Again, quadrature offset frequency (8) 331 may be tuned
such it is approximately equal to the center frequency of the
selected frequency band. As a result, the demodulation
frequency applied to demodulator 332 is (f.x0). In the
quadrature signal path, however, an additional phase shift of
90 degrees is added to the demodulation frequency for
demodulator 332. Hence, the demodulation frequency for
demodulator 332, like demodulator 324, is £ +8. However,
the demodulation frequency for demodulator 332 is phase
shifted by 90 degrees relative to the demodulation frequency
for demodulator 324 of the in-phase signal path.

[0226] Fourth modulator 332 modulates the noisy ampli-
fied signal at the quadrature frequency 331 from the carrier
frequency. In this way, the amplified signal in the selected
frequency band is demodulated directly to baseband and the
noise signal is modulated at the demodulation frequency
f.£d. Lowpass filter 333 filters the majority of the modulated
noise signal out of the demodulated signal and outputs a
low-noise physiological signal. The low-noise physiological
signal may then be squared and input to adder 336. Like
squaring unit 326, squaring unit 334 may comprise a self-
cascoded Gilbert mixer. The output of squaring unit 334
represents the spectral power of the quadrature signal.

[0227] Adder 336 combines the signals output from squar-
ing unit 326 in the in-phase signal path and squaring unit 334
in the quadrature signal path. The output of adder 336 may
be input to a lowpass filter 337 that generates a low-noise,
phase-insensitive output signal (V). As described above,
the signal may be input to signal analysis unit 273 from FIG.
15. As described above, signal analysis unit 273 may extract
the signal in the selected frequency band positioned at
baseband, measure power of the extracted signal, and com-
pare the measured power to a baseline power threshold of
the selected frequency band to determine whether to trigger
patient therapy. Alternatively, signal analysis unit 273 may
analyze other characteristics of the signal. The signal Vout
may be applied to the signal analysis unit 273 as an analog
signal. Alternatively, an analog-to-digital converter (ADC)
may be provided to convert the signal Vout to a digital signal
for application to signal analysis unit 273. Hence, signal
analysis unit 273 may include one or more analog compo-
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nents, one or more digital components, or a combination of
analog and digital components.

[0228] FIG. 19 is a circuit diagram illustrating an example
mixer amplifier circuit 400 for use in superheterodyne
instrumentation amplifier 272 of FIG. 15. For example,
circuit 400 represents an example of amplifier 286, demodu-
lator 288 and integrator 289 in FIG. 15. Although the
example of FIG. 19 illustrates a differential input, circuit 400
may be constructed with a single-ended input. Accordingly,
circuit 400 of FIG. 19 is provided for purposes of illustra-
tion, without limitation as to other embodiments. In FIG. 19,
VDD and VSS indicate power and ground potentials, respec-
tively.

[0229] Mixer amplifier circuit 400 amplifies a noisy
modulated input signal to produce an amplified signal and
demodulates the amplified signal. Mixer amplifier circuit
400 also substantially eliminates noise from the demodu-
lated signal to generate the output signal. In the example of
FIG. 19, mixer amplifier circuit 400 is a modified folded-
cascode amplifier with switching at low impedance nodes.
The modified folded-cascode architecture allows currents to
be partitioned to maximize noise efficiency. In general, the
folded cascode architecture is modified in FIG. 19 by adding
two sets of switches. One set of switches is illustrated in
FIG. 19 as switches 402A and 402B (collectively referred to
as “switches 402”) and the other set of switches includes
switches 404A and 404B (collectively referred to as
“switches 404”).

[0230] Switches 402 are driven by chop logic to support
the chopping of the amplified signal for demodulation at the
chop frequency. In particular, switches 402 demodulate the
amplified signal and modulate front-end offsets and 1/f
noise. Switches 404 are embedded within a self-biased
cascode mirror formed by transistors M6, M7, M8 and M9,
and are driven by chop logic to up-modulate the low
frequency errors from transistors M8 and M9. Low fre-
quency errors in transistors M6 and M7 are attenuated by
source degeneration from transistors M8 and M9. The output
of mixer amplifier circuit 400 is at baseband, allowing an
integrator formed by transistor M10 and capacitor 406
(Ccomp) to stabilize a feedback path (not shown in FIG. 19)
between the output and input and filter modulated offsets.
[0231] In the example of FIG. 19, mixer amplifier circuit
400 has three main blocks: a transconductor, a demodulator,
and an integrator. The core is similar to a folded cascode. In
the transconductor section, transistor M5 is a current source
for the differential pair of input transistors M1 and M2. In
some embodiments, transistor M5 may pass approximately
800 nA, which is split between transistors M1 and M2, e.g,,
400 nA each. Transistors M1 and M2 are the inputs to
amplifier 286. Small voltage differences steer differential
current into the drains of transistors M1 and M2 in a typical
differential pair way. Transistors M3 and M4 serve as low
side current sinks, and may each sink roughly 500 nA, which
is a fixed, generally nonvarying current. Transistors M1, M2,
M3, M4 and M5 together form a differential transconductor.
[0232] In this example, approximately 100 nA of current
is pulled through each leg of the demodulator section. The
AC current at the chop frequency from transistors M1 and
M2 also flows through the legs of the demodulator. Switches
402 alternate the current back and forth between the legs of
the demodulator to demodulate the measurement signal back
to baseband, while the offsets from the transconductor are
up-modulated to the chopper frequency. As discussed pre-
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viously, transistors M6, M7, M8 and M9 form a self-biased
cascode mirror, and make the signal single-ended before
passing into the output integrator formed by transistor M10
and capacitor 406 (Ccomp). Switches 404 placed within the
cascode (M6-M9) upmodulate the low frequency errors
from transistors M8 and M9, while the low frequency errors
of transistor M6 and transistor M7 are suppressed by the
source degeneration they see from transistors M8 and M9.
Source degeneration also keeps errors from Bias N2 tran-
sistors 408 suppressed. Bias N2 transistors M12 and M13
form a common gate amplifier that presents a low imped-
ance to the chopper switching and passes the signal current
to transistors M6 and M7 with immunity to the voltage on
the drains.

[0233] The output DC signal current and the upmodulated
error current pass to the integrator, which is formed by
transistor M10, capacitor 406, and the bottom NFET current
source transistor M11. Again, this integrator serves to both
stabilize the feedback path and filter out the upmodulated
error sources. The bias for transistor M10 may be approxi-
mately 100 nA, and is scaled compared to transistor M§. The
bias for lowside NFET M11 may also be approximately 100
nA (sink). As a result, the integrator is balanced with no
signal. If more current drive is desired, current in the
integration tail can be increased appropriately using standard
integrate circuit design techniques. Various transistors in the
example of FIG. 19 may be field effect transistors (FETs),
and more particularly CMOS transistors.

[0234] FIG. 20 is a circuit diagram illustrating an instru-
mentation amplifier 410 with differential inputs V,,+ and
V,,,— Instrumentation amplifier 410 is an example embodi-
ment of superheterodyne instrumentation amplifier 272 pre-
viously described in this disclosure with reference to FIG.
15. FIG. 20 uses several reference numerals from F1G. 15 to
refer to like components. However, the optional high pass
filter feedback path comprising components 292, 293 and
294 is omitted from the example of FIG. 20. In general,
instrumentation amplifier 410 may be constructed as a
single-ended or differentia amplifier. The example of FIG.
20 illustrates example circuitry for implementing a differ-
ential amplifier. The circuitry of FIG. 20 may be configured
for use in each of the I and Q signal paths of FIG. 18.
[0235] In the example of FIG. 20, instrumentation ampli-
fier 410 includes an interface to one or more sensing
elements that produce a differential input signal providing
voltage signals V,, +, V,,,-. The differential input signal may
be provided by a sensor comprising any of a variety of
sensing elements, such as a set of one or more electrodes, an
accelerometer, a pressure sensor, a force sensor, a gyro-
scope, a humidity sensor, a chemical sensor, or the like. For
brain sensing, the differential signal V,, +, V,, - may be, for
example, an EEG or EcoG signal.

[0236] The differential input voltage signals are connected
to respective capacitors 283A and 283B (collectively
referred to as “capacitors 283”) through switches 412A and
412B, respectively. Switches 412A and 412B may collec-
tively form modulator 282 of FIG. 15. Switches 412A, 412B
are driven by a clock signal provided by a system clock (not
shown) at the carrier frequency f.. Switches 4124, 412B
may be cross-coupled to each other, as shown in FIG. 20, to
reject common-mode signals. Capacitors 283 are coupled at
one end to a corresponding one of switches 412A, 412B and
to a corresponding input of amplifier 286 at the other end. In
particular, capacitor 283A is coupled to the positive input of

in
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amplifier 286, and capacitor 283B is coupled to the negative
input of amplifier 286, providing a differential input. Ampli-
fier 286, modulator 288 and integrator 289 together may
form a mixer amplifier, which may be constructed similar to
mixer amplifier 400 of FIG. 19.

[0237] In FIG. 20, switches 412A, 412B and capacitors
283A, 283B form a front end of instrumentation amplifier
410. In particular, the front end may operate as a continuous
time switched capacitor network. Switches 412A, 412B
toggle between an open state and a closed state in which
inputs signals V, +, V, — are coupled to capacitors 283A,
283B at a clock frequency f. to modulate (chop) the input
signal to the carrier (clock) frequency. As mentioned previ-
ously, the input signal may be a low frequency signal within
a range of approximately 0 Hz to approximately 1000 Hz
and, more particularly, approximately 0 Hz to 500 Hz, and
still more particularly less than or equal to approximately
100 Hz. The carrier frequency may be within a range of
approximately 4 kHz to approximately 10 kHz. Hence, the
low frequency signal is chopped to the higher chop fre-
quency band.

[0238] Switches 412A, 412B toggle in-phase with one
another to provide a differential input signal to amplifier
286. During one phase of the clock signal f., switch 412A
connects Vin+ to capacitor 283 A and switch 412B connects
Vin- to capacitor 283B. During another phase, switches
412A, 412B change state such that switch 412A decouples
Vin+ from capacitor 283 A and switch 412B decouples Vin-
from capacitor 283B. Switches 412A, 412B synchronously
alternate between the first and second phases to modulate the
differential voltage at the carrier frequency. The resulting
chopped differential signal is applied across capacitors
283A, 283B, which couple the differential signal across the
positive and negative inputs of amplifier 286.

[0239] Resistors 414A and 414B (collectively referred to
as “resistors 414”) may be included to provide a DC
conduction path that controls the voltage bias at the input of
amplifier 286. In other words, resistors 414 may be selected
to provide an equivalent resistance that is used to keep the
bias impedance high. Resistors 414 may, for example, be
selected to provide a 5 GQ equivalent resistor, but the
absolute size of the equivalent resistor is not critical to the
performance of instrumentation amplifier 410. In general,
increasing the impedance improves the noise performance
and rejection of harmonics, but extends the recovery time
from an overload. To provide a frame of reference, a 5 GQ
equivalent resistor results in a referred-to-input (RTI) noise
of approximately 20 nV/rt Hz with an input capacitance
(Cin) of approximately 25 pF. In light of this, a stronger
motivation for keeping the impedance high is the rejection
of high frequency harmonics which can alias into the signal
chain due to settling at the input nodes of amplifier 286
during each half of a clock cycle.

[0240] Resistors 414 are merely exemplary and serve to
illustrate one of many different biasing schemes for control-
ling the signal input to amplifier 286. In fact, the biasing
scheme 1s flexible because the absolute value of the resulting
equivalent resistance is not critical. In general, the time
constant of resistor 414 and input capacitor 283 may be
selected to be approximately 100 times longer than the
reciprocal of the chopping frequency.

[0241] Amplifier 286 may produce noise and offset in the
differential signal applied to its inputs. For this reason, the
differential input signal is chopped via switches 412A, 412B
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and capacitors 283 A, 283B to place the signal of interest in
a different frequency band from the noise and offset. Then,
instrumentation amplifier 410 chops the amplified signal at
modulator 88 a second time to demodulate the signal of
interest down to baseband while modulating the noise and
offset up to the chop frequency band. In this manner,
instrumentation amplifier 410 maintains substantial separa-
tion between the noise and offset and the signal of interest.
[0242] Modulator 288 may support direct downconversion
of the selected frequency band using a superheterodyne
process. In particular, modulator 288 may demodulate the
output of amplifier 86 at a frequency equal to the carrier
frequency f_ used by switches 412A, 412B plus or minus an
offset d that is substantially equal to the center frequency of
the selected frequency band. In other words, modulator 88
demodulates the amplified signal at a frequency of f +9.
Integrator 289 may be provided to integrate the output of
modulator 288 to produce output signal Vout. Amplifier 286
and differential feedback path branches 416 A, 416B process
the noisy modulated input signal to achieve a stable mea-
surement of the low frequency input signal output while
operating at low power.

[0243] Operating at low power tends to limit the band-
width of amplifier 286 and creates distortion (ripple) in the
output signal. Amplifier 286, modulator 288, integrator 289
and feedback paths 416A, 416B may substantially eliminate
dynamic limitations of chopper stabilization through a com-
bination of chopping at low-impedance nodes and AC
feedback, respectively.

[0244] In FIG. 20, amplifier 286, modulator 288 and
integrator 289 are represented with appropriate circuit sym-
bols in the interest of simplicity. However, it should be
understood that such components may be implemented in
accordance with the circuit diagram of mixer amplifier
circuit 400 provided in FIG. 19. Instrumentation amplifier
410 may provide synchronous demodulation with respect to
the input signal and substantially eliminate 1/f noise, pop-
corn noise, and offset from the signal to output a signal that
is an amplified representation of the differential voltage
Vin+, Vin-.

[0245] Without the negative feedback provided by feed-
back path 416A, 416B, the output of amplifier 286, modu-
lator 288 and integrator 289 could include spikes superim-
posed on the desired signal because of the limited bandwidth
of the amplifier at low power. However, the negative feed-
back provided by feedback path 416A, 416B suppresses
these spikes so that the output of instrumentation amplifier
410 in steady state is an amplified representation of the
differential voltage produced across the inputs of amplifier
286 with very little noise.

[0246] Feedback paths 416A, 216B, as shown in FIG. 20,
include two feedback path branches that provide a differen-
tial-to-single ended interface. Amplifier 286, modulator 288
and integrator 289 may be referred to collectively as a mixer
amplifier. The top feedback path branch 416 A modulates the
output of this mixer amplifier to provide negative feedback
to the positive input terminal of amplifier 286. The top
feedback path branch 416A includes capacitor 418A and
switch 420A. Similarly, the bottom feedback path branch
416B includes capacitor 418B and switch 420B that modu-
late the output of the mixer amplifier to provide negative
feedback to the negative input terminal of the mixer ampli-
fier. Capacitors 418A, 418B are connected at one end to
switches 420A, 420B, respectively, and at the other end to
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the positive and negative input terminals of the mixer
amplifier, respectively. Capacitors 418A, 418B may corre-
spond to capacitor 291 in FIG. 15. Likewise, switches 4204,
420B may correspond to modulator 290 of FIG. 15.

[0247] Switches 420A and 420B toggle between a refer-
ence voltage (Vref) and the output of the mixer amplifier 400
to place a charge on capacitors 418A and 418B, respectively.
The reference voltage may be, for example, a mid-rail
voltage between a maximum rail voltage of amplifier 286
and ground. For example, if the amplifier circuit is powered
with a source of 0 to 2 volts, then the mid-rail Vref voltage
may be on the order of 1 volt. Switches 420A and 420B
should be 180 degrees out of phase with each other to ensure
that a negative feedback path exists during each half of the
clock cycle. One of switches 420A, 420B should also be
synchronized with the mixer amplifier 400 so that the
negative feedback suppresses the amplitude of the input
signal to the mixer amplifier to keep the signal change small
in steady state. Hence, a first one ofthe switches 420A, 420B
may modulate at a frequency of f_+0, while a second switch
420A, 420B modulates at a frequency of £+d, but 180
degrees out of phase with the first switch. By keeping the
signal change small and switching at low impedance nodes
of the mixer amplifier, e.g., as shown in the circuit diagram
of FIG. 19, the only significant voltage transitions occur at
switching nodes. Consequently, glitching (ripples) is sub-
stantially eliminated or reduced at the output of the mixer
amplifier.

[0248] Switches 412 and 420, as well as the switches at
low impedance nodes of the mixer amplifier, may be CMOS
SPDT switches. CMOS switches provide fast switching
dynamics that enables switching to be viewed as a continu-
ous process. The transfer function of instrumentation ampli-
fier 210 may be defined by the transfer function provided in
equation (1) below, where Vout is the voltage of the output
of mixer amplifier 400, Cin is the capacitance of input
capacitors 283, AVin is the differential voltage at the inputs
to amplifier 286, Cfb is the capacitance of feedback capaci-
tors 418A, 418B, and Vref is the reference voltage that
switches 420A, 420B mix with the output of mixer amplifier
400.

Vout=Cin(AVin)/Cfb+Vref o))

From equation (1), it is clear that the gain of instrumentation
amplifier 410 is set by the ratio of input capacitors Cin and
feedback capacitors Ctb, i.e., capacitors 283 and capacitors
418. The ratio of Cin/Cfb may be selected to be on the order
of 100. Capacitors 418 may be poly-poly, on-chip capacitors
or other types of MOS capacitors and should be well
matched, i.e., symmetrical.

[0249] Although not shown in FIG. 20, instrumentation
amplifier 410 may include shunt feedback paths for auto-
zeroing amplifier 410. The shunt feedback paths may be
used to quickly reset amplifier 410. An emergency recharge
switch also may be provided to shunt the biasing node to
help reset the amplifier quickly. The function of input
capacitors 283 is to up-modulate the low-frequency differ-
ential voltage and reject common-mode signals. As dis-
cussed above, to achieve up-modulation, the differential
inputs are connected to sensing capacitors 283A, 283B
through SPDT switches 412A, 412B, respectively. The
phasing of the switches provides for a differential input to
amplifier 286. These switches 412A, 412B operate at the
clock frequency, e.g., 4 kHz. Because capacitors 283A,
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283B toggle between the two inputs, the differential voltage
is up-modulated to the carrier frequency while the low-
frequency common-mode signals are suppressed by a zero in
the charge transfer function. The rejection of higher-band-
width common signals relies on this differential architecture
and good matching of the capacitors.

[0250] Blanking circuitry may be provided in some
embodiments for applications in which measurements are
taken in conjunction with stimulation pulses delivered by a
cardiac pacemaker, cardiac defibrillator, or neurostimulator.
Such blanking circuitry may be added between the inputs of
amplifier 286 and coupling capacitors 283A, 283B to ensure
that the input signal settles before reconnecting amplifier 86
to the input signal. For example, the blanking circuitry may
be a blanking multiplexer (MUX) that selectively couples
and decouples amplifier 286 from the input signal. This
blanking circuitry may selectively decouple the amplifier
286 from the differential input signal and selectively disable
the first and second modulators, i.e., switches 412, 420, e.g.,
during delivery of a stimulation pulse.

[0251] A blanking MUX is optional but may be desirable.
The clocks driving switches 412, 420 to function as modu-
lators cannot be simply shut off because the residual offset
voltage on the mixer amplifier would saturate the amplifier
in a few milliseconds. For this reason, a blanking MUX may
be provided to decouple amplifier 86 from the input signal
for a specified period of time during and following appli-
cation of a stimulation by a cardiac pacemaker or defibril-
lator, or by a neurostimulator.

[0252] To achieve suitable blanking, the input and feed-
back switches 412, 420 should be disabled while the mixer
amplifier continues to demodulate the input signal. This
holds the state of integrator 289 within the mixer amplifier
because the modulated signal is not present at the inputs of
the integrator, while the demodulator continues to chop the
DC offsets. Accordingly, a blanking MUX may further
include circuitry or be associated with circuitry configured
to selectively disable switches 412, 420 during a blanking
interval. Post blanking, the mixer amplifier may require
additional time to resettle because some perturbations may
remain. Thus, the total blanking time includes time for
demodulating the input signal while the input switches 412,
420 are disabled and time for settling of any remaining
perturbations. An example blanking time following appli-
cation of a stimulation pulse may be approximately 8 ms
with 5 ms for the mixer amplifier and 3 ms for the AC
coupling components.

[0253] Examples of various additional chopper amplifier
circuits that may be suitable for or adapted to the techniques,
circuits and devices of this disclosure are described in U.S.
Pat. No. 7,385,443 to Timothy J. Denison, which is entitled
“Chopper Stabilized Instrumentation Amplifier” and was
issued on Jun. 10, 2008. The entire content of U.S. Pat. No.
7,385,443 is incorporated herein by reference.

[0254] Various embodiments of the described invention
may include processors that are realized by microprocessors,
ASICs, FPGA, or other equivalent integrated logic circuitry.
The processor may also utilize several different types of
storage methods to hold computer-readable instructions for
the device operation and data storage. These memory and
storage media types may include a type of hard disk, RAM,
or flash memory, e.g. CompactFlash, SmartMedia, or Secure
Digital (SD). Each storage option may be chosen depending
on the embodiment of the invention. While IMD 14 may
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contain permanent memory, external programmer 20 may
contain a more portable removable memory type to enable
easy data transfer or offline data analysis.

[0255] Many embodiments of the disclosure have been
described. Various modifications may be made without
departing from the scope of the claims. For example, while
an EEG signal is used in many of the examples herein to
detect volitional patient input, in other embodiments, other
bioelectrical signals may also be useful. As other examples
of bioelectrical signals that may be indicative of volitional
patient input, an EMG signal may be used to detect specific
muscle movement (e.g., eye winks, movement of a limb,
etc.) or a specific pattern of muscle movement, or an ECoG
signal that measures electrical signals on a surface of brain
16 may also indicate a particular volitional patient input. As
another example, electrodes placed within the motor cortex
or other regions of brain 16 may detect field potentials
within the particular region of the brain, and the field
potential may be indicative of a particular patient input. The
particular bioelectrical signal that is indicative of the voli-
tional patient input related to the therapy adjustment may be
determined during a trial stage, as described above with
respect to the EEG signal.

[0256] In addition, a processor may employ any suitable
signal processing technique to determine whether the bio-
electrical signal includes the biosignal. For example, as
described above with respect to EEG signals, an EMG,
ECoG or field potential signal may be analyzed for a
relationship between a voltage or amplitude of the signal and
a threshold value, temporal correlation or frequency corre-
lation with a template signal, power levels within one or
more frequency bands, ratios of power levels within two or
more frequency bands, or combinations thereof.

[0257] These and other embodiments are within the scope
of the following claims.

What is claimed is:
1. A method comprising:
receiving an electrical signal sensed from a patient;

receiving an indication of an input indicative of a patient
activity;

associating at least one biosignal with the input indicative
of the patient activity, wherein the at least one biosignal
is based on the electrical signal;

detecting, from the patient, the at least one biosignal that
results from a volitional patient input corresponding to
the input indicative of the patient activity; and

controlling, by a processor and based on the detection of
the at least one biosignal, adjustment of a parameter
that at least partially defines therapy delivery to the
patient.

2. The method of claim 1, further comprising controlling
a therapy module to deliver therapy to the patient according
to at least the adjusted parameter.

3. The method of claim 1, wherein detecting the at least
one biosignal comprises detecting the at least one biosignal
from a brain of the patient.

4. The method of claim 3, wherein the electrical signal is
a first electrical signal, and wherein the biosignal is extracted
from a second electrical signal comprising at least one of an
electroencephalogram (EEG) signal, electromyogram
(EMQ) signal, electrocorticogram (ECoG) signal or a field
potential within the brain of the patient.
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5. The method of claim 1, wherein detecting the at least
one biosignal comprises detecting the at least one biosignal
from one or more muscles of the patient.

6. The method of claim 1, wherein the biosignal com-
prises at least one of a frequency component of the electrical
signal, an amplitude of the electrical signal, or a pattern in
an amplitude waveform of the electrical signal.

7. The method of claim 1, wherein controlling the adjust-
ment of the parameter comprises adjusting the parameter of
therapy by at least one of increasing or decreasing a therapy
parameter value, shifting between stored therapy programs,
or modifying a sensory cue.

8. The method of claim 1, further comprising controlling
a feedback mechanism to indicate that the biosignal was
detected.

9. The method of claim 1, wherein associating the at least
one biosignal with the input indicative of the patient activity
comprises associating, by an implantable medical device,
the at least one biosignal with the input indicative of the
patient activity.

10. The method of claim 1, wherein associating the at
least one biosignal with the input indicative of the patient
activity comprises associating, by an external programmer,
the at least one biosignal with the input indicative of the
patient activity.

11. A system comprising:

a processor configured to:

receive an electrical signal sensed from a patient;

receive an indication of an input indicative of a patient
activity;

associate at least one biosignal with the input indicative
of the patient activity,

wherein the at least one biosignal is based on the electrical

signal; and

a biosignal detection module configured to detect, from

the patient, the at least one biosignal that results from
a volitional patient input corresponding to the input
indicative of the patient activity; and

a therapy module configured to deliver therapy to the

patient, wherein the therapy is at least partially defined
by a parameter adjusted based on the detection of the at
least one biosignal.

12. The system of claim 11, wherein the biosignal detec-
tion module is configured to detect the at least one biosignal
from a brain of the patient.

13. The system of claim 12, wherein the electrical signal
is a first electrical signal, and wherein the biosignal detection
module is configured to extract the biosignal from a second
electrical signal comprising at least one of an electroen-

Aug. 8,2019

cephalogram (EEG) signal, electromyogram (EMG) signal,
electrocorticogram (ECoG) signal or a field potential within
the brain of the patient.

14. The system of claim 11, wherein the biosignal detec-
tion module is configured to detect the at least one biosignal
from one or more muscles of the patient.

15. The system of claim 11, wherein the biosignal com-
prises at least one of a frequency component of the electrical
signal, an amplitude of the electrical signal, or a pattern in
an amplitude waveform of the electrical signal.

16. The system of claim 11, further comprising a feedback
mechanism separate from the therapy module, wherein the
processor is configured to control the feedback mechanism
to indicate that the biosignal was detected.

17. The system of claim 11, further comprising an
implantable medical device that comprises the processor,
and wherein the processor is configured to control, based on
the detection of the at least one biosignal, adjustment of the
parameter that at least partially defines therapy delivered by
the therapy module.

18. The system of claim 11, wherein the processor is a first
processor, and wherein the system further comprises:

an external programmer that comprises the first processor;

and

an implantable medical device comprising a second pro-

cessor configured to control, based on the detection of
the at least one biosignal, adjustment of the parameter
that at least partially defines therapy delivered by the
therapy module.

19. A computer-readable storage medium comprising one
or more instructions that, when executed, cause one or more
processors to:

receive an electrical signal sensed from a patient;

receive an indication of an input indicative of a patient

activity;

associate at least one biosignal with the input indicative of

the patient activity, wherein the at least one biosignal is
based on the electrical signal;
detect, from the patient, the at least one biosignal that
results from a volitional patient input corresponding to
the input indicative of the patient activity; and

control, based on the detection of the at least one biosig-
nal, adjustment of a parameter that at least partially
defines therapy delivered to the patient.

20. The computer-readable storage medium of claim 19,
further comprising instructions that cause the one or more
processors to control a feedback mechanism to indicate that
the biosignal was detected.
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