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ELECTRICAL STIMULATION BASED ON PHASE RESPONSE MAPPING

TECHNICAL FIELD
The disclosure relates to medical devices and, more particularly, to medical

devices that deliver electrical stimulation therapy.

BACKGROUND

Medical devices may be used to treat a variety of medical conditions. Medical
electrical stimulation devices, for example, may deliver electrical stimulation therapy to a
patient via implanted electrodes. Electrical stimulation therapy may include stimulation of
nerve, muscle, or brain lissue, or other tissue within a patient.  An electrical stimulation
device may be fully implanted within the patient. For cxample, an clectrical stimulation
device may include an implantable electrical stimulation generator aud one or more
implantable leads carrying electrodes. Alternatively, the electrical stimulation device may
comprise a leadless stimulator, In some cases, mplantable clectrodes may be coupled to
an external electrical stimulation generator via one or more percutaneous leads or fully
implanted lcads,

Patients afflicted with moovement disorders or other neurodegenerative impairment,
whether by disease or trauma, may experience muscle control and movement problems,
such as rigidity, bradykinesia (i.¢., slow physical voovement), rhythrne hyperkinesia (¢.g.,
tremor), nonrhythmic hyperkinesia (e.g., tics) or akinesia {i.e., a loss of physical
movement), Movement disorders roay be found 1o patients with Parkinson’s disease,
multiple sclerosis, and cerebral palsy, among other conditions. Delivery of electrical
stimulation and/or a fluid {¢.g., a pharmaceutical drug} by a medical device 1o one or more
sites in a patient, sach as a brain, spinal cord, leg muscle or arm musele, in a patient may
help alleviate, and in some cases, climinate symptoms associated with movement

disorders.

SUMMARY
In general, the disclosure is directed toward techniques for delivering electrical
stimulation at one or more phases relative to an ongoing oscillating signal 1 the patient,

mapping the phase dependent or independent responses of the oscillating signal to the
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stimulation, and then delivering subsegquent electrical stimmlation therapy based on the
characterized respousiveness, The electrical stimulation may nclade, for example, single
pulses, pulse trains, or continuous waveforms. In some examples, delivering electrical
stimulation at a specific phase determined from the roapped responses may nduce a phase
reset of the oscillating signal, €.g., an advance or a delay in the oscillating signal and/or a
decrease mn the amplitude of the oscillating signal, and therchy improve or maintain the
patient’s movements and/or cognitive states.

In one exaruple, the disclosure s directed to a method comprising dehivering a set
of first electrical stimulation at a plurality of phases relative to an oscillating signal, afier
delivering the set of first clectrical stimulation at cach respective phase of the plurality of
phases, measuring a response in the oscillating signal to the set of first electrical
stimulation, deterniining a phase at which to deliver second electrical stimulation based on
the measured responses, delivering the second electrical stimoulation to the patient at the
determined phase to produce a therapeutic effect.

In another example, the disclosure 18 directed to a device comprising an
implantable housing, one or more leads coupled to the housing, one or more electrodes
carried by the one or more leads, and a processor, The processor 18 configured to control
delivery of a set of first electrical stimulation at a plurahity of phases relative 1o an
oscillating signal, after delivery of the set of first electrical stimulation at cach respective
phase of the plurality of phases, measure a response wn the oscillating signal to the first
electrical stimulation, determine a phase at which to deliver second electrical stimulation
based on the measured responses, and control delivery of the second electrical stimulation
to the patient at the determined phase to produce a therapeutic effect.

In another example, the disclosure 15 direcied to a computer-readable storage
medium comprising instructions that, when executed by a processor, cause the processor
to control delivery of a set of first elecirical stimulation at a plurality of phases relative to
an oscillating signal, after delivery of the set of first electrical stimulation at each
respective phase of the plurality of phascs, measure a response in the oscillating signal to
the set of first elecirical stimulation, determine a phase at which to deliver second
electrical stimulation based on the measured responses, and control delivery of the second

electrical stivnudation to the patient at the determined phase.
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In another example, the disclosure is directed to a device comprising means for
delivering first electrical stiroulation at a plurality of phases relative to an oscillating
signal, means for measuring a response in the oscillating signal to the set of first electrical
stimulation after delivering the first electrical stimulation at each respective phase of the
plurality of phases, means for determining a phase at which to deliver second electrical
stimulation based on the measured responses, and means for dehivering the sccond
slectrical stimulation to the patient at the determined phase to produce a therapeutic effect.

Various embodiments concern a method comprising: delivering a set of first
electrical stimulation at a plurality of phases relative to an oscillating signal; afier
delivering the set of first clectrical stimulation at cach respective phase of the plurality of
phases, measuring a response in the oscillating signal to the set of first electrical
stimulation; determining a phase at which to deliver second electrical stimulation based on
the measured respouses; and delivering the second electrical stimulation to the patient at
the determined phase to produce a therapeutic effect. In some cases, the set of first
clectrical stimulation 1s a first set of first clectrical stimulation, the method f{urther
comprising: after determining a phase at which to deliver second electrical stimulation
based on the measured response, delivering a second set of first clectrical stimulation at
the determined phase and at a plurality of amplitudes and durations; after delivering the
second set of first electrical stimulation at the determined phase and at each respective
amplitude of the plurality of amplitudes, measuring a response in the oscillating signal to
the second set of first clectrical stimmlation; determining an amplitude of the second
electrical stimulation based on the measured responses, wherein delivering second
clectrical stimulation 1o the patient at the determined phase further comprises delivering
second clectrical stimulation to the patient at the determined amplitude. In some cascs,
measuring a response to the set of first electrical stimulation comprises one or more of
measuring a change in a phase response map, measuring a phase, measuring a period, and
measuring an amplitude of the oscillating signal after delivering the first clectrical
stimulation at cach respective phase of the plurality of phases. In some cases, the method
further iocludes wapping cach measured respouse in the oscillating signal to the
corresponding first electrical stimulation; and storing the mapping in a2 memory device. In
some cases, determining a phase at which to deliver second electrical stiroulation based oun

the measured responses comprises: deternuning, from the mapping, a transition region
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between first clectrical stimulation that causes a delay in a phase of the oscillating signal
and first electrical stimulation that causes an advance in a phase of the oscillating signal;
and delivering the second electrical stimulation to the patient at a phase within the
ransition region. In some cases, determining a phase at which to deliver second electrical
stimulation based on the measured responses comprises: determining, from the mapping, a
transition region between first clectrical stimulation that causes a delay in a phase of the
oscillating signal and first electrical stimulation that causes an advance in a phase of the
oscillating signal; delivering a second set of first electrical stimulation to the patient at the
phase within the transition region and at a plurality of amplitudes; measuring a response 1o
the oscillating signal to the second set of first electrical stimulation; determining a phase
and an amplitude at which to deliver second clectrical stumulation based oun the measured
responses; and delivering the second electrical stimulation to the patient at the determined
phase and amplitude. In some cases, the second electrical stimulation 1s configured to
treat at least one of chronic pain, tremor, Parkinson’s discase, depression, epilepsy,
migraines, and Alzheimer’s discase.  In some cases, delivering a set of first clectrical
stinudation at a plurality of phases relative to the oscillating signal to the patient
comprises: delivering a set of first clectrical stimulation at a plurality of phases relative to
the oscillating signal to the patient 10 one of a linear manner or non-luear manuoer,

Various embodiments concern device comprising: an implantable housing; one or
more leads coupled to the housing; one or more electrodes carried by the one or more
leads; and a processor configured to: control delivery of a set of first electrical stimulation
at a plurality of phases relative to an oscillating signal; afier delivery of the set of first
clectrical stimulation at cach respective phase of the plurality of phases, measure a
response in the oscillating signal to the set of first clectrical stimulation; determine a
phase at which to deliver second electrical stimulation based on the measured responses;
and control delivery of the second electrical simulation to the patient at the determined
phase to produce a therapeutic effect. In some cases, the set of first electrical stimulation
is a first set of first clectrical stimulation, the processor further configured to: after
determining a phase at which to deliver secoud electrical stimulation based on the
measured response, control delivery of a second set of first electrical stimulation at the
determined phase and at a plurality of armplitudes and durations; after controlling delivery

of the second set of first electrical stinmlation at the determined phase and at cach
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respective amplitude of the plurality of amplitudes, measure a response in the oscillating
signal to the second set of first electnical stimulation; determine an amphitude of the
second electrical stimulation based on the measured responses, wherein controlling
delivery of secound clectrical stimulation to the patient at the determined phase further
comprises controlling delivery of second clectrical stimulation to the patient at the
determined amplitude. In some cases, the processor configured to measure a response 0
the set of first electrical stimmlation is further configured to one or more of measure a
change 1 a phase response map, measure a phase, measure a period, and measure an
amplitude of the oscillating signal after controlling delivery of the first electrical
stimulation at cach respective phase of the plurality of phases. In some cases, the
processor is further configured to: map each measured response in the osciliating signal to
the corresponding first electrical stimulation; and  store the map in 2 memory device. In
some cases, the processor configured to determine a phase at which to deliver second
electrical stimulation based on the measured responses ts further configured to: determine,
from the map, a transiiion region between first electrical stimulation that causes a delay in
a phase of the oscillating signal and first electrical stimulation that causes an advance in a
phase of the oscillating signal; and control delivery of the sccond electrical stimulation to
the paticut at a phase withiu the transition region. In some cases, the processor configured
to determine a phasc at which to deliver second electrical stimulation based on the
reasured responses 1s further configured to: determine, {rom the roap, a transition region
between first electrical stinulation that causes a delay in a phase of the oscillating signal
and {irst electrical stimulation that causes an advance in a phase of the oscillating signal;
control delivery of a second set of first electrical stimulation to the patient at the phase
within the transition region and at a plurality of amplitudes; measure a response in the
oscillating signal to the second set of first electrical stinulation; determine a phase and an
amplitude at which to deliver sccond clectrical stimulation based on the measured
responses; and control delivery of the second electrical stimulation to the patient at the
determined phase and amplitude. In some cases, the second clectrical stimulation is
configured to treat at least one of chronic pain, tremor, Padkinson’s discase, depression,
eptlepsy, migraines, and Alzheimer’s discase. In some cases, the processor configured to
control delivery of a set of first electrical stivaulation at a plurality of phases relative to the

oscillating signal to the patient 18 further configured to: control delivery of a set of first
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clectrical stimulation at a plurality of phases relative to the oscillating signal to the patient
in one of a hinear wanner or non-Huear manuer.

Various embodiments concern a computer-readable storage medium comprising
instructions that, when executed by a processor, cause the processor to: control delivery of
a set of first electrical stimulation at a plurality of phases relative to an oscillating signal;
atter delivery of the set of first clectrical stimulation at cach respective phase of the
plurality of phases, measure a response in the oscillating signal to the set of first electrical
stimulation; determine a phase at which o deliver second electrical stimulation based on
the measured responses; and control delivery of the second electrical stumulation to the
patient at the determined phase to produce a therapeutic offect. In some cases, the set of
first electrical stimulation is a {irst set of first electrical stimulation, the computer-readable
storage medium further comprising instructions that, when cxecuted by the processor,
cause the processor to: after determining a phase at which to deliver second electrical
stimulation based on the measured response, control delivery of a second set of first
clectrical stimulation at the determined phase and at a plurality of amplitudes and
durations; after delivering the second set of first electrical stimulation at the determined
phase and at cach respective amplitude of the plurality of amplitudes, measure a response
in the oscillating signal to the second set of furst electrical stimulation; determine an
amplitude of the second electrical stimulation based on the measured responses, wherein
countrolling delivery of secound electrical stimulation to the patient at the determined phase
further conprises controlling delivery of second electrical stimulation to the patient at the
determined amplitude. In some cases, the instructions that, when exccuied by the
processor, cause the processor to measure a response to the set of first electrical
stimulation comprise instructions that, when executed by the processor, cause the
processor to one or more of measure a change in a phase response map, measure a phase,
measuring a period, and measure an amplitude of the oscillating signal after delivering the
first electrical stimulation at each respective phase of the plurality of phases. In some
cases, the computer-readable storage medium further comprising instructions that, when
exccuted by the processor, cause the processor tor map each measured response in the
oscillating signal to the corresponding first clectrical stimulation; and store the map in a
memory device. In sorue cases, the instructions that, when executed by the processor,

cause the processor to determine a phase at which to deliver sccond electrical stimulation



W

20

WO 2011/115999 PCT/US2011/028533

based on the measured responses comprise instructions that, when executed by the
processor, cause the processor to: determine, from the map, a transition region between
first electrical stinmulation that causes a delay in a phase of the oscillating signal and first
elecirical stimmlation that causes an advance in a phase of the oscillating signal; and
control delivery of the second electrical stimulation to the patient at a phase within the
transition region. In some cases, the mstructions that, when exccuied by the processor,
cause the processor to determine a phase at which to deliver second electrical stimulation
based on the measured responses comprise instructions that, when executed by the
processor, cause the processor to: determine, from the map, a transition regioun between
first electrical stimulation that causes a delay in a phase of the oscillating signal and first
clectrical stimaulation that causes an advance in a phase of the oscillating signal; countrol
delivery of a second set of first electrical stimulation to the patient at the phase within the
transition region and at a plurality of amplitudes; measure a respounse in the oscillating
signal 1o the second set of first electrical stimulation; determine a phase and an amplitude
at which to deliver second clectrical stimulation based on the measured responses; and
control delivery of the second electrical stimulation to the patient at the determined phase
and amplitude.

The details of one or more aspects of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and
advauntages of the mwvention will be apparent from the descuiption and drawings, and from

the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 15 a conceptual diagram illustrating an cxample deep brain stinulation
(DBS) system that may be used to implement the techniques of this disclosure.

FIG 2 1s functional block diagram tllustrating components of an exarmple medical
device that may be used to implement the technigues of this disclosure.

FIG. 3 1s a functional block diagram tllustrating components of an example medical
device programuer that may be used to implement the technigques of this disclosure.

FIGS. 4A-4B are conceptual diagrams illustrating an example oscillating signal

and its response to delivered electrical stimulation.



W

20

WO 2011/115999 PCT/US2011/028533

FIGS. 5A and 5B are conceptual diagrams illustrating example phase response
Aps.
FIG ¢ is flow diagram illustrating an example method of delivering electrical

stimulation using the techuiques of this disclosure.

DETAILED DESCRIPTION

This disclosure describes techniques for reducing, eliminating or otherwise
modifying oscillating signals in the brain. Brain rhythms may be recorded, for example, in
the form of local field potentials (LFP) and/or electroencephalogram (EEG) or
clectrocorticogram {ECoG) signals sensed by an implantable or external medical device.
Brain LFP, EEG or ECoG rhythms may be associated with pathologics m various
neurological and psychological disorders. Using the techniques of this disclosure, these
brain rhythros may be reduced or climinated using electrical stivoulation.  In many
physiological systems that oscillate, a single specific electrical stinmlus or several stimuli
will induce phase resets of the rhythmicity, alter the period and/or amplitude of the
rhythmieity for extended time periods, or even eliminate rhythmicity. Precise timing of
the stirnulus onset, duration, and amplitude relative to a specific rhythmicity may achieve
a rapid reduction in the arophitude of an oscillating system or even climinate the oscillating
rhythm.

Using the technigues of this disclosure, the precise timing for delivery of electrical
stimulation therapy, as well as stimulation parameters that may be needed for rhythm
control, may be deterrmned. Test pulses can be delivered to an oscillating system at
random phases or specific phases relative to the ongoing oscillation, and the phase of each
test pulse relative to an ongoing oscillating signal n the oscillating system may be
determined. Additionally, the phase resctting responses of the oscillation to each test pulse
may be determined and recorded im order to generate a phase response map that
characterizes the responses of the oscillating signal to electrical stimmulation, Based on the
generated phase response map, the precise timing and specific parameter sets for delivery
of a single stimulus, e.g., a single therapeutic stirnulation pulse, or multiple therapeutic
stimulation pulses, e.g., a train of therapeutic stimulation pulses, can be determined for a

specific patient aund for a specific oscillating signal,
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Briet electrical stimulation test pulses may be delivered to the patient and the
resulfing changes in phase and amplitude of the oscillating sigual, or rhythro, may be
quantified and recorded for cach stimulation pulse. Stimulation amplitude {(current or
voltage), duration, and phase of test pulse delivery may each be adjusied, and their effects
on the ongoing oscillating signal may be recorded. Once a complete phase response map
is generated, the map may be used to caleulate the stumulation pararocters that may reduce
or eliminate the oscillating signal. For exanple, the timing of stimulus delivery and its
amplitude may be determined based on the phase response map. 1 the oscillating signal s
reduced in amplitude or altered in frequency by the stimulus delivery, a device and/or a
system may determine the stinmlation parameters and timing that caused the efficacy
observed o the oscillating signal in terms of reducing or elimipating the sigual, or may
initiate generation of a phase response map of the new oscillating signal and deternune the
parameters required for subseguent electrical stimulation for further reduction or
elimination.

FIG 1 is a conceptual diagram illustrating an example deep brain stimulation
(DBS) system that may be used to implement the techniques of this disclosure. In FIG 1,
exammple therapy systerm 10 may deliver electrical stirnulation therapy to conirol a patient
condition, such as a movement disorder or a neurodegenerative impatrment of patient 12,
Patient 12 ordinarily will be a human patient. In some cases, however, therapy system 10
may be applied to other mammalian or nov-mammalian nov-human patients,  While
movement disorders and neurodegenerative impairment are primarily referred to in this
disclosure, in other examples, therapy system 10 wmay provide therapy to manage
symptoms of other patient conditions, such as, but not limited to, scizure disorders or
psychological disorders.

A movement disorder or other neurodegenerative impairment may include
symptoms such as, for example, muscle control impairment, motion impairment or other
movement problems, such as nigidity, bradykinesia, rhythmic hyperkinesia, nonrhythmic
hyperkinesia, and akinesia. In some cases, the movement disorder may be a symptom of
Parkinson’s disease. However, the movement disorder may be attributable to other paticnt
conditions.  Although movement disorders arc primarily referred to throughout the

remainder of the disclosure, the therapy systerns and roethods described o this disclosure
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are also useful for controlling symptoms of other conditions, such as neurodegenerative
impairment.

In the example of FIG 1, therapy system 10 inclades medical device
programmer 14, implantable medical device (IMD) 16, lead extension 18, and leads 20A
and 208 with respective sets of electrodes 24, 26. In the example shown in FIG 1,
clectrodes 24, 26 of lcads 20A, 20B are positioned to deliver electrical stimulation to a
tissue stte within brain 2§, such as a deep brain site under the dura mater of brain Z8 of
patient 12. In some examples, delivery of stimulation to one or more regions of brain 28,
such as the subthalmic vuclens, globus pallidas nternus or thalamus, roay be an effective
treatment to manage movement disorders, such as Parkinson’s disease or essential tremor,
as well to manage chrounic pain, depression, epiepsy, migraines, and Alzhenuer’s disease,
for example.

IMD 16 includes a therapy module that includes a stimulation generator that
generates and delivers electrical stimuldation therapy to patient 12 via a subset of
clectrodes 24, 26 of leads 20A and 20B, respectively. The subset of electrodes 24, 26 that
are used to deliver electrical stimulation to patient 12, and, in some cases, the polarity of
the subset of electrodes 24, 26, may be reforred to as a stimulation electrode combination.
It should be noted that leads 204, 208 may be separate leads, or bifurcated segments on a
single lead. Some example configurations may comprise only a single lead. Two leads
support bilateral stimulation in both brain hermspheres while one lead supports unilateral
stimulation in one hemisphere.

Using the technigues descuibed in this disclosure, a subset of electrodes 24, 26 of
icads 20A and 208, respectively, may be used to deliver clectrical stimulation to patient 12
in order to reduce or eliminate osciilating signals within brain 28. As mentioned above,
brain LFP and EEG rhythms may be associated with pathologies i various neurological
and psychological disorders.  As such, it may be desirable to reduce or eliminate these
brain rhythms by delivering electrical stimulation with parameters and timing determined
from a previously generated phase response map.

In one example, an oscillating signal of a brain, or brain rhythm, of a patient
associated with a disorder may be measured and then a set of first elecirical stimulation,
{1.e., one or more test stimulation pulse(s), pulse trains, or contingous wavetorms), may be

delivered to the patient at some phase, or time, relative to a phase of the ongoing

10
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oscillating signal. The phase of the ongoing oscillating signal may be determined using a
phase refercuce poiont such as the peak, trough, half rise time of an LFP, or similar
rhythmic signal The response in the oscillating signal to a first electrical stimulation may
be measured and then recorded and stored in roemory, or the ke, Another first electrical
stimulation at another phase relative to the ongoing oscillating signal may then be
delivered to the patient, and the response in the oscillating signal to the first clectrical
stimulation may be measured and then recorded. The process of delivering first electrical
stimulation at different phases relative to the ongotng oscillation in the brain of the patient
{e.g., sweeping through different phases, phase delays 1o a systematic, step-wise manner)
and recording the responses in the oscillating signal to those different phases may be
repeated.  In this manner, a set of first electrical stimulation is delivered at a plurality of
phases relative to the ongoing oscillating signal. Then, a phase at which to deliver second
elecirical stimulation, 1.¢., therapeutic electrical stimulation pulses, pulse trains, or
continnous waveforms, based on the measured responses may be determined, and the
second electrical stimulation therapy may be delivered to the patient at the determined
phase.

In one ecxample, cach measured response in the oscillating signal may be mapped
to the corresponding first electrical stimulation that caused the response and stored in a
memory device. The mapping may be stored in memory in lookup tables, linked lists,
hash tables, trees, binary trees, or any other type of data structure, for future refercuce
and/or future therapy programming.

In some examples, a phase transition region such as the transition from phase delay
to phase advance or similar critical phase region, such as a specific time or phase within
the cycle, may be determined from the mapping, or phase response map. The phase(s)
within these transition regions may be used as one or more times, relative to the ongeing
oscillation, at which to deliver subsequent clectrical stimulation relative to the ongoing
oscillating signal. For example, a first group of phases, e.g., zero degrees through 85
degrees, at which electrical stimulation is delivered relative to an ongoing oscillating
signal may cause an advance in phase of the oscillating signal. A second group of phases,
e.g., 95 degrees through 180 degrees, at which electrical stimulation is delivered relative to
the ongoing oscillating signal may cause a delay in phase of the oscillating sigual. The

>

one or more phases between the first group of phases (the “delay” group) and the second

13
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group of phases {the “advance” group)} may correspond to a transition region between the
delay and the advance of the phases of the oscillating signal. The phase of a subsequent
beneficial electrical stimulation, t.e., therapeutic electrical stimulation, may, in some
examples, be determined from one or more phases within the transition region, ¢.g.,
86 degrees to 94 degrees. Subsequent delivery of possible therapeutic stimulation at
specific phases can then be used fo assess a therapeutic phase response map.

Continuing  the example above, the second electrical stimulation may be
deterruined to have a phase of 90 degrees, a value within the transition region between the
advance and the delay of the phases of the oscillating signal. Once the phase of the secound
electrical stimulation is determined, ¢.g., 90 degrees, the second electrical stimulation may
be delivered to the patient at the determined phase. [t should be noted that the determned
phase need 1ot be a phase within the transition region. Rather, the deternuned phase at
which secoud electrical stimulation s delivered may be a phase that produces an advance
in the oscillating signal or a phase that produces a delay in the oscillating signal.

In some examples, the phases at which the first electrical stimulation, 1.e., the test
phases for generating the phase respounse map, is delivered may be increased or decreased
from a starting phase w either a linear or non-linear manner. For example, it may be
deswrable to begin delivering the first electrical stimulation, 1., the test elecirical
stimulation used to generate a phase response map, at a phase of five degrees relative to
the ongotng oscillation, measure the response, increase the phase by five degrees, measure
the response, and so on, in a linear manner, Or, in another example, it may be desirable to
begin delivering the first electrical stimulation at a phase of five degrees relative fo the
ongoing oscillation, measure the response, increase the phase by ten degrees, measure the
response, incrcase the phase by twenty degrees, and so on in a non-linear manner. In other
examples, it may be desirable to deliver first electrical stimulation at a plurality of
particular phases that correspond to “cross-over” points, ie.., angles at which an
oscillating signal crosses an x-axis in a plot of the oscillating signal. Cross-over points
may include angles such as 45 degrees, 90 degrees, 135 degrees, and 180 degrees. After
delivery of the first electrical stimulation at one or more of cross~over points, a response 1o
the first clectrical stimulation at cach cross-over point may be measured. It should be
noted that it roay be desirable to include a “quiet period,” between successive delivery of

first test electrical stimulation puises (or waveforms), i1.e., a period during which no
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clectrical stimulation is delivered. A quiet period may allow the previously stimulated
tissue time to recover, thereby ensuring that the response to a subsequent test pulse (or
waveform) applied is independent of the response to an initial test pulse {or waveform).
An example range of a quiet period may be about 1 cycle to about 20 cycles, or about §
cycles to about 15 cycles, or about & cycles to about 12 cyeles. The duration of the
required quiet period can be determuned for a specific patient or brain oscillation by
characterizing a phase response curve map to a second test pulse and measuring the
duration of time following an mitial test stimulus for a stable phase response curve map to
redevelop, or by waiting for stable brain oscillation aruplitude or frequency to develop. In
other examples, the phases at which the first electrical stimulation, i.c., the test phases for
generating the phase response map, 18 dehivered way geverated in a pseudo-random
manner. For example, the phases at which the first clectrical stimulation is dehivered may
be randoroly geuerated between certain ranges, ¢.g., between 0 degrees and 45 degrees,
between O degrees and 30 degrees, or the like. In this manner, the range of phases may be
constrained, but the selection of phases within the range may be random.

In another example, after the phase of the second electrical stimulation is
deterruined from the measured responses to the sct of first clectrical stimulation {(e.g., &
first set of test electrical stimulation), an amplitude {current or voltage) of the second
clectrical stimulation may be determined. That is, if adjusting the phase of the first
electrical stiraulation has reduced but not elinunated the oscillating signal, increasing or
decreasing an amplitude of a second set of first electrical stimulation {¢.2., a second set of
test electrical stimulation) may further reduce or climinate the oscillating sigoal. In some
examples, the amplitudes (current or voltage) at which the second set of first electrical
stimulation s delivered may be increased or decreased {from a starting amplitude in either
a linear or non-linear maunner. For example, a voltage amplitude of the first electrical
stimulation may begin at about 0.1 volts (V) and be increased hnearly or non-linearly
through a plurality of amplitudes to about 15 V, with a response in the oscillating signal to
cach corresponding amplitude measured and stored. An amplitude that most reduces or
climinates the oscillating sigual may be determined {from the measured respounses. Then,
second clectrical stimulation with the previously determined phase and amplitude may be

delivered to the patient.

13



W

20

WO 2011/115999 PCT/US2011/028533

Continuing the cxample above, after determining that electrical stimulation
therapy, 1.e., second electrical stimmlation, at a phase of 90 degrees relative to the ongoing
oscillating signal should be delivered to the patient in order to reduce or eliminate the
oscillating signal, a carrent amplitude (for systems utiizing current-coutrolled stimulation)
or voitage amplitude (for systems utilizing voltage-controlied stimulation} may be
determined. For example, it may be determined from the mcasured responscs to the
second set of first electrical stimulation {e.g., a second set of test electrical stimulation)
that a voltage amplitude of 5 V essentially climinates an oscillating signal in the brain of
the patient. Thus, it may be desirable to deliver second electrical stimulation, 1.e.,
clectrical stimulation therapy, having an amplitude of 5 V at a phase of 90 degrees relative
to the ongoing oscillating signal 1u order to provide efficacious electrical stimulation
therapy for the treatment of one or more of chronic pain, tremor, Parkinson’s discase,
Alzheimer’s disease, depression, epilepsy, migraines, as well as other moverent disorders
or neurodegenerative impairment.

FIG. 2 15 a functional block diagram illustrating components of an examuple
medical device that may be used to implement the techniques of this disclosure. FIG. 2 is
a functional block diagrarn illustrating components of an example IMD 16, In the
example shown wn FIG. 2, IMD 16 includes processor 40, memory 42, stimulation
generator 44, sensing modnle 46, switch module 48, telemetry module 50, and power
source 52, Memory 42 may wnclude any volatile or non-volatile media, such as a random
access memory (RAM), read only memory (ROM}), non-volatile RAM (NVRAM},
electrically crasable programmable ROM (EEPROM), flash mewory, and the like.
Memory 42 may store computer-rcadable instructions that, when eoxecuted by
processor 40, cause IMD 16 to perform various functions.

in the example shown tn FIG. 2, memory 42 stores therapy programs 54, sense
electrode combinations and associated stimulation electrode combinations 356, and
operating instructions 58 in separate memories within memory 42, Each stored therapy
program 54 defines a particular program of therapy in terms of respective values for
slectrical stimulation parameters, such as a stimulation electrode combination, electrode
polarity, current or voltage amplitude, pulse width, and pulse rate. In some exampics, the
therapy programs way be stored as a therapy group, which defines a set of therapy

programs with which stimulation may be generated. The stimulation signals defined by
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the therapy programs of the therapy group may be delivered together on an overlapping or
non-~overlapping {(e.g., time-mterleaved) basis,

Sense and stimulation electrode combinations 56 in memory 42 stores sense
electrode combinations and associated stimmulation electrode combinations.  As described
above, in some examples, the sense and stimulation electrode combinations may include
the same subset of electrodes 24, 26, or may include different subsets of clectrodes.
Operating instructions 58 guide general operation of IMD 16 uander control of
processor 40, and may include imstructions for measuring the wmpedance of
electrodes 24, 26, for example. Processor 40 may map and store the measured responses,
e.g., phases and amplitudes, of the oscillating signal to the delivered first electrical
stimulation as phase respouse map 59, as will be discussed in more detail below,

Stimulation generator 44, under the control of processor 48, generates stimulation
signals for delivery to paticot 12 via selected combinations of electrodes 24, 26, An
example range of electrical stimulation parameters believed to be effective in DBS to
manage a movement disorder of patient include the following:

1. Frequency: between approximately 20 hertz (Hz) and approximately 500
Hz, such as approximately 130 Hz

2. Voltage Amplitude: between approximalely 0.1 volts and approximately
15 wvolts, such as between approximately 0.5 volts and approximately 10 volts, or
approximately 5 volts,

3. Current Amplitude: A current amplitude may be defined as the biological
load in which the volitage is delivered. lu a current-controlled system, the current
amplitude, assuming a lower level mmpedance of approximately 500 ohms, may be
between approximately 0.2 milliamps to approximately 100 milliamps, such as between
approximately 1 milliamps and approximately 40 wmilliamps, or approximately 10
milliamps. However, in some cxamples, the impedance may range between about 200
ohms and about 2 kili~-ohms.

4. Pulse Width: between approximately 10 microseconds and approximately
5000 microseconds, such as between approximately 100 microseconds and approximately
1600 microseconds, or between approximately 180 microseconds and approximately 450

microseconds. The pulse width may generally correspound to less than about 45 degrees of
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an entire 360 degree cycle of the ongoing oscillating signal, but in some cxamples may be
about 180 degrees.

5. Phase: The phase or timing of single therapeutic electrical stimulation
pulses may be determined froro the phase response map for the oscillating system. The
phases of therapeutic stinmulus delivery are generally those phases that produce large phase
delays of the systern or those phases near the phases that transition from phase delay to
phase advance. Based upon subsequent delivery of therapeutic pulses or pulse trains and
the bencficial responses to this stimulation, such as reduced amplitude of the unmwanted
oscillation or complete abolition of the oscillation, or observable clinical benefit, such as
reduction of unwanted behaviors, similar critical phases of the oscillation can be
determined.

6. Pulse Trains: A pulse train may be comprised of multiple single
stimulation pulses separated from one another by a time referred to as an “interpulse
interval.” The interpulse interval is the time from the trailing edge of one pulse to the
icading edge of the next pulse. The width of the entire pulse train (i.e., the ime from the
rising edge of the first pulse to the trailing edge of the last pulse, including all interpulse
intervals) may generally correspond to less than about 45 degrees of an entire 360 degree
cycle of the ongotng oscillating signal, but in some examples may be about 180 degrees.

7. Continuous waveforms: In addition to single pulses and pulse trains,
continuous waveforms roay be used to generate a phase respouse map i accordance with
the disclosure. For example, a sot of first electrical stimulation in the form of sinusoidal
wavetorms may be used Lo generate a phase response map. Generally, the duration of the
continnous waveform should be less than the duration of the ongoing oscillating signal,

Stimulation generator 60 may, for example, generate either constant current-based
or constant voltage-based stimulation in the form of pulses, pulse trains, or continuous
wavetorms.  In delivering constant current-based stimulation, stimulation generator 60
maintains the amplitude of the current at a constant level. In delivering constant voltage-
based stimulation, stimulation gencrator 60 maintains the amplitude of the voltage at a
constant level,

Accordingly, in some cxamples, stimulation generator 44 gencrates electrical
stimulation signals in accordance with the electrical stimulation parameters noted above.

Other ranges of therapy parameter values may also be useful, and may depend on the
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target stimulation site within patient 12, which may be within brain 28 or other portions of
the nervous system. While stinulation pulses are deseribed, stimulation signals may be of
any form, such as pulse trains, continuous-time signals {¢.g., sine waves} or the like.

Processor 40 way include any one or more of a microprocessor, a countroller, a
digital signal processor (DSP), an application specific integrated circuit (ASIC), a field-
programunable gate array (FPGA), diserete logic circuitry, and the functions attributed to
processor 480 in this disclosure may be embodied as firmware, hardware, software or any
combination thereof. Processor 40 controls stimulation generator 44 according to therapy
programs 32 stored o mewmory 42 to deliver, or apply, particular stimulation parameter
values specified by one or more of programs, such as amplitude, pulse width, and pulse
rate.

In the example shown in FIG. 2, the set of electrodes 24 includes clectrades 244,
248, 24C, and 24D, and the set of electrodes 26 includes electrodes 26A, 268, 26C,
and 26D, Processor 40 also controls switch module 48 to apply the stimulation signals
generated by stimulation generator 44 to selected combinations of electrodes 24, 26, In
particular, switch module 48 may couple stimulation signals to selected conductors within
icads 20, which, i turn, deliver the stimulation signals across sclocted electrodes 24, 26.
Switch module 48 may be a switch array, switch matrix, multiplexer, or any other type of
switching module configured to selectively couple stimulation encrgy to sclected
clectrodes 24, 26 and to sclectively seuse bioelectrical bramn signals with selected
electrodes 24, 26. Hence, stimulation generator 44 is coupled to clecirodes 24, 26 via
switch module 48 and couductors within leads 20, In some exaruples, however, IMD 16
dees not include switch module 48,

Stimulation gencrator 44 may be a single channel or multi-channel stimulation
generator. In particular, stimulation generator 44 may be capable of delivering a single
stimulation pulse, multiple stimulation pulses or continuous signal at a given time via &
single electrode combination, or multiple stimulation pulses or continuous signals at a
given time via multiple electrode combinations. In some examples, however, stimulation
generator 44 and switch module 48 may be configured to deliver multiple channels on 2
time-interleaved basis. For example, switch module 48 may serve to time divide the
output of stimulation generator 44 across different electrode combinations at different

times to deliver multiple programs or channels of stimulation energy to patient 12. Or, in
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other examples, stimulation generator 44 may gencrate different stimulation parameters
for different tume slots.

Sensing meodule 46, under the control of processor 40, may sense bioclectrical
brain siguals and provide the sensed bioelectrical brain signals to processor 40,
Processor 40 may control switch module 48 to couple sensing module 46 to selected
combinations of clectrodes 24, 26, ic¢., a sense clectrode combination.  In this way,
IMD 16 s configured such that sensing module 46 may sense biocelectrical brain signals
with a plurality of different sense clectrode combinations.  Switch module 48 may be
electrically coupled to the selected clectrodes 24, 26 wvia the counductors within the
respective leads 20, which, in turn, deliver the bioclectrical brain signals sensed across the
selected electrodes 24, 26 to sensing wodule 46, The bioelectrical brain signals may
include oscillating signals mdicative of clectrical activity within brain 28 of patient 12
and, tn particular, electrical activity within one or more frequency bands, e.g., gamma
frequency band {about 30 Hz and about 90 Hz), beta frequency band (about 12 Hz and
about 30 Hz), delta frequency band (about §.5 Hz and about 4 Hz), alpha frequency band
{about & Hz and about 12Hz), theta frequency band {about 4 Hz and about 8 Hz}, and other
frequency bands, of brain 28,

Although sensing module 46 1s incorporated into a comwmon housing with
stimulation generator 44 and processor 40 in FIG. 2, in other examples, sensing module 46
may be i a separate bousing frown IMD 16 and may communicate with processor 440 via
wired or wircless comnmunication technigues. Example bioclectrical brain signals inclade,
but are wot limited to, a signal generated from local field potentials within one or more
regions of brain 28. EEG and ECoG signals are examples of local ficld potentials (LFPs)
that may be measured from brain 28. However, local ficld potentials may include a
broader genus of electrical signals within brain 28 of patient 12,

As mentioned above, first electrical stimulation, i.¢., test electrical stimulation used
to generate the phase response map, may be delivered to an oscillating system at random
phases or specific phases relative to the ongeing oscillation, and the phase of cach test
pulse relative to an ongoing oscillating signal in the oscillating system may be determined.
in order to determine the phase of each test pulse relative to the ongoing oscillating signal,
processor 40 may analyze bioclectrical brain signals within bramn 28 of patient 12, For

example, sensing module 46 may sense via a subset of electrodes 24, 26 (or a different
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subset of clectrodes) bioelectrical brain signals of brain 28 and provide the sensed
bioelectrical brain signals to processor 40, Upou receiving the sensed bioelectrical brain
signals, processor 40 may analyze the received signals with respect to the delivered test
pulses to determine the phase of each test pulse relative to the ongoing oscillating signal.
Processor 40 may determine the phase of the ongoing oscillating signal using a phase
reforence point such as a peak, a trough, or a half rise time of an LFP or sirmilar rhythimic
signal. It should be noted that, in some example implementations, processor 60 (FIG. 3)
of programmer 14 {or a comaputer) may analyze the bioelectrical brain signals of patient 12
and theu transmit the analysis via telemetry module 64 to telemetry module 50 of IMD 16,

Sensing module 46 may include frequency monitoring module 49 capable of
rmonitoring bioelectrical brain signals associated with patient 12 0 selected frequency
bands, ¢.g., gamma frequency band, beta frequency band, delta frequency band, alpha
frequency band, theta frequency band, and other frequency bands of braim 28, Frequency
monitoring module 49 may include tunable filtering and amplification capabilities that
filter the bioelectrical brain signals into one or more signals and amplity the resulting
filtered signal for analysis by processor 43, That is, frequency monitoring module 49 may
be tuned, either by a clinician, patient, or without user intervention (i.¢., automatically), to
detect broelectrical brawn signals. Example civcutiry capable of filtering and amplifying
bioclectrical brain signals is described in U.S. Patent Publication No. 2009-0082691,
published March 26, 2009, to Denison et al., entitled, “FREQUENCY SELECTIVE
MONITORING OF PHYSIOLOGICAL SIGNALS”

In accordance with the technigues of this disclosure, processor 40 coutrols
stimulation generator 44 to deliver a set of first electrical stimulation, i.e., test clectrical
stimulation pulses, pulse trains, and continuous wavetorms, used to generate a phase
response map, at a plurality of different phases relative to the sensed ongoing oscillating
bioelectrical brain signal i the patient, Based on the sensed ongoing oscillating signal,
processor 40 may control stimulation generator 44 to deliver a set of first electrical
stimulation according to programs stored as therapy programs 54 in memory 42, or
according to programs transmitted to IMD 16 via programmer 14 (discussed in detail
below), Therapy programs 54 may store, for example, a sct of first clectrical stimulation
parameters such as current or voltage aroplitudes, a starting phase at which first electrical

stimulation should be delivered, an onding phase at which first electrical stimulation
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should be delivered, as well as step sizes that indicate the amount in degrees {or time)
between successive phases of the first electrical stimulation, e.g., five degrees. If the step
sizes are non-lincar, as described above, therapy programs 54 may also include
information that may be required to generate the plurality of phases, e.g., equations that
define the non-linear relationship between the phases of the first electrical stimulation.
Therapy programs 54 may also mchade parameters such as a duration of a first clectrical
stimulation pulse, pulse train, or continuous waveform as well as the frequency at which
first clectrical stimulation is delivered by stimulation generator 44,

After stimulation generator 44 delivers a first electrical stimulation pulse {or pulse
train or waveform} to the patient, processor 40 may analyze the oscillating signal within
brain 28 of patient 12, 1 the mannper described above, to determine a phase response.
Processor 40 stores in phase response map 59 of memory 42 the first electrical stimulation
parameters, ¢.g., phase and amplitude of the pulse {or waveform) used to generate the first
electrical stimulation pulse, and the phase and amplitude of the ongoing oscillating signal
in the patient. For example, if stimulation gencrator 44 delivered a first clectrical
stimulation pulse having an amplitude of 530 uV and a phase of 30 degrees relative {o the
ongoing signal, and the ongoing oscillating signal advanced in phase by five degrees with
no change n its amplitude, processor 40 would store these values as a first entry in phase
response map 59 of memory 42.

After waiting a sufficient number of cycles to allow the stinwlated tissue to
recover, 1.2, a quiet period, stiroulation generator 44 delivers another first electrical
stimulation pulse, i.c., another test pulse used to generate the phase response map, and
processor 40 analyzes the osciliating sigonal within brawn 28 of patient 12 to determuine a
phase response to this particular first electrical stimulation pulse. Processor 40 then stores
the first electrical stimulation paramcters associated with this particular stimulation pulse
along with the phase response of the ongoing oscilating signal.

For exaruple, if stimulation generator 44 delivered a first electrical stimulation
pulse having an amplitude of 50 pV and a phase of 60 degrees relative to the ongoing
signal, and the ongoing oscillating signal delayed in phase by five degrees with no change
in its amplitude, processor 40 stores these values as a second eniry in phase response
map 59 of memory 42, After again waiting for a guiet period to end, stimulation

generator 44 delivers another first electrical stinulation pulse and processor 40 analyzes
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the oscillating signal within brain 28 of patient 12 to determine a phase response to this
particalar first electrical stimulation pulse. For exawmple, if stimulation generator 44
delivered a first electrical stimulation pulse having an amplitude of 50 uV and a phase
of 90 degrees relative to the ongoing signal, and the ongoing oscillating signal neither
advanced nor delayed in phase with no change in s amplitude, processor 40 stores these
values as a third entry in phase response map 59 of memory 42, In this manner, a set of
first electrical stimulation is delivered at a plurality of phases relative to the ongoing
oscillating signal.

It should be noted that the ongoing oscillating signal may not respond {(e.g.,
advance or delay) to any of the pulses, pulse trains, or waveforms delivered by stimulation
generator 44 at any of the plurality of different phases relative to the ongoing signal
delivered at a particular amplitade. For example, in the examples above, the ongoing
signal may not respond to any of the first electrical stimulation pulses delivered with an
amplitude of 50 uV. If processor 40 analyzes the oscillating signals within brain 28 of
patient 12 and determines that there has been no phase respouse to these particular fivst
electrical stimulation pulses delivered with an amplitude of 50 pV, then, in some
examples, processor 40 may retrieve another therapy program 54 of memory 42 and
control stimulation generator 44 o deliver first electrical stimulation with a different set of
current or voltage amplitudes, for example. In the manner described above, processor 40
controls stimulation generator 44 to deliver first electrical stimulation, ¢.g., test clectrical
stinnfation pulses, pulse trains, and countinuocus waveforms, using the new curent or
voltage amplitudes 1 order to generate a phase response map, at a plurality of different
phases relative to the sensed ongoing oscillating bioelectrical brain signal in the patient.
Processor 40 may need to adjust the current or voltage amplitudes one or more times in
order to create first electrical stimulation that causes a response in the ongoing oscillating
signal.

In addition to determining the change in phase and/or change in amplitude of the
ongoing oscillating signal, processor 40 may measure a response to the first electrical
stimulation by analyzing the ongoing oscillating signal to determine a change i the period
of the ongoing oscillating signal. For example, processor 40 may determine whether the
period, te., the duration of one cyele of the ongoing oscillating signal, has increased,

decreased, or not changed.
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After stimulation generator 44 generates and delivers the first electrical stinulation
pulses {or waveforms), e.g., as determined by therapy programs 54, and after processor 40
stores the measured responses of the ongoing oscillating signal to cach of the first
electrical stimulation pulses, processor 40 analyzes the resulting phase response map 59
and determines a phase at which to deliver second electrical stimulation. In other words,
processor 40 determines a phase at which to deliver second electrical stimulation based on
the measured responses, ¢.g., a delay, an advance, or no change in a phase of the
oscillating signal, a change i amplitude, a change in peried, and a change i a phase
response map, stored as phase response map 59, In some examples, processor 40 may
periodically re-create phase response map 59 in order to calibrate the stimulation to
account for possible changes over time,

As mientioned above, therapy programs 54 may also include parameters such as a
duration of a first electrical stmulation pulse, pulse train, or coutinuous waveform as well
as the frequency at which first electrical stimulation i3 delivered by stimulation
gencrator 44, In some examples, stimulation generator 44 also gencrates and dehivers the
first electrical stimulation pulses {or waveforms) at a plurality of different stimulation
durations, ¢.g,, | millisecond, 2 miliscconds, 3 mulliseconds, and/or at a plurality of
different frequencies. Processor 40 way then analyze the oscillating signal within brain 28
of patient 12 after cach of the different stimulation durations and/or different frequencies
in order o determine a phase response. In this manner, multiple phase response maps may
be gencrated and second electrical stimulation, te., therapeutic electrical stimulation
pulses, pulse trains, or continuous waveforms, may be dehivered to produce a therapeutic
effect based on the phase response maps.

In some eoxamples, processor 40 may analyze phase response map 59 and
determine a transition region. A transition region, as described above, is one or more
phases between a {irst group of phases that advance (or delay) the ongoing oscillating
signal and a second group of phases that delay (or advance) the ongoing oscillating signal.
in the cxample above, a first electrical stimulation pulse having a phase of 30 degrees
relative to the ongoing oscillating signal advanced the ongoing oscillating signal by five
degrees, and a first electrical stimulation pulse having a phase of 60 degrees relative to the
ongotug oscillating signal delayed the ougoing oscillating signal by five degrees. Based

on this information stored in phase response map 59, processor 40 may determine that a
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transition region oxists between 30 degrees and 60 degrees. In the absence of additional
data to fine tune the analysis (in this simaple exaraple, ounly three data poiats were stored in
phase response map 59), processor 40 determines that electrical stimmlation should be
delivered at a phase of 45 degrees, a value between the endpoints of the transition region,
in order to reduce or eliminate the ongoing oscillating signal. Then, stimulation
generator 44 delivers the second electrical stimulation, ie., the clectrical stimulation
therapy, to the patient at the determined phase, i.e., 45 degrees.

In some examples, it may be desirable to speed up the oscillating signal. As such,
rather than selecting a phase within the transition region as described above, processor 40
may determine a phase within the advance region at which clectrical stimulation should be
delivered in order o speed up the oscillating signal. Or, it may be desirable Lo slow down
the oscillating signal. As such, rather than selecting a phase within the advance region,
processor 40 may determine a phase within the delay region at which electrical stimulation
should be delivered in order to slow down the oscillating signal.

In some examples, as mentioned above, if the determined phase, ¢.g., 45 degrees,
of the first electrical stimulation has reduced but not eliminated the oscillating signal,
processor 40 may then increase or decrease an amplitude of the first electrical stimulation
in au attempt to further reduce or eliminate the oscillating signal. In other words, after the
phase of the second electrical stimulation is determined from the measured responses 1o
the first electrical stimulation, processor 40 may determine an awplitude (current or
voltage} of the second eclectrical stimulation. In some cxamples, processor 40 may
increase or decrease the amphitudes {(current or voltage) at which the first electrical
stimulation is delivered from a starting amplitude in either a linear or non-hncar manner.
For example, stimulation generator 44 may deliver first electrical stimulation with a
voltage amplitude beginning at about 8.1 ¥V and increase the amplitude linearly or non-
iinearly through a plurality of amplitudes to about 15 V. Processor 40 stores a response,
e.g., an amplitude and a phase shift, of the osciliating signal to each corresponding
amplitude in phase response map 59, Processor 40 then determines from the measured
responses, 1.e., phase response map 39, an amphitude that most reduces or eliminates the
oscillating signal. Then, stimulation generator 44 delivers second electrical stimulation

with the previously determined phase and anmplitude to the patient.
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In some examples, the system and, in particular, processor 40 may continue to
reasure the response of the oscillating signal to the secound electrical stimulation at the
determined phase. Processor 40 may monitor whether the second electrical stimulation
contimues to provide efficacious therapy or whether it may be desirable to generate another
phase response map to determine another phase at which to deliver second electrical
stimulation. In this manner, the system may cmploy closed-loop techniques for reducing
or eliminating an ongoing oscillating signal.

Using the techniques of this disclosure, the system delivers a sct of test pulses (or
pulse trains or wavetorms) with ecach test pulse having a phase relative to an ongoing
oscillating signal in a patient’s brain, measures a response in the oscillating signal to cach
of the plurality of test pulses, and generates a phase response map that may be used to
deliver electrical stimulation therapy, 1.¢., second clectrical stimulation, to the patient. The
techuigques described 1u this disclosure may be performed by a system that has already
been implanted in a patient and programumed. The techniques may also be performed in
clinical settings in which a system is being implanted in a patient and programrmng 18
being turned on for the first time. In a clinical implant setting, a clinician may also
monitor the motor performance (e.g. clinical UPDRS, or similar clinical measure) of a
patient as the fiest electrical stimulation s dehivered. By monitoring the motor
performance of patient 12 in response to recetving the clectrical stimulation, a clinician
may determne efficacious electrical stimulation settings that may be programmed into
memory 42, including the phase and amplitude at which therapeutic electrical stimulation
should be delivered. The determined stimulation seftings may be programmed into
memory 42 as part of therapy programs 54 for later use.

Telemetry module 50 supports wireless communication between IMD 16 and an
external programmer 14 or another computing device under the control of processor 40.
Processor 40 of IMD 16 may receive, as updates to programs, values for various
stimulation  parameters such  as  amphitade and  electrode  combinations, from
programmer 14 via telemetry module 50, The updates to the therapy programs may be
stored within therapy programs 54 portion of memory 42, Telemetry meodule 50 i
IMD 16, as well as telemetry modules in other devices and systems described herein, such
as programmer 14, way accomplish  communication by radiofrequency  (RF)

communication techniques. In addition, felemetry module 30 may communicate with
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external medical device programumer 14 via proximal inductive interaction of IMD 16 with
programyuer 14, Accordingly, telemetry module 30 may send information to external
programmer 14 on a continuous basis, at periadic intervals, or upon request from IMD 16
or progranmer 14,

Power source 52 delivers operating power to various components of IMD 16,
Power source S2 may include a small rechargeable or non-rechargesble battery and a
power generation circuit to produce the operating power.  Recharging may be
accoruplished through proximal inductive interaction between an external charger and an
inductive charging coil within IMD 16, In some exawmples, power requireruents may be
small enough to allow IMD 16 to utilize patient motion and mmplement a kinetic energy-
scavenging device to trickle charge a rechargeable battery. In other examples, traditional
batteries may be used for a limited period of time.

FIG. 3 1s a functional block diagram dlusirating components of an example
medical device programmer that may be used to implement the techniques of this
disclosure.  Example external medical device programmer 14 of FIG., 3 ncludes
processor 60, memory 62, telemetry module 64, user interface 66, and power source 68,
Processor 60 controls user interface 66 and telemetry module 64, and stores and retrieves
information and nstructions o and from memory 62. Programuer 14 may be coufigured
for use as a clinician programimer or a patient programmer. Processor 60 may comprise
auny combination of one or more processors inchuding one or more wicroprocessors, DSPs,
ASICs, FPGAs, or other cquivalent integrated or discrete logic circuitry., Accordingly,
processor 60 may include any suitable structure, whether in hardware, sofiware, firmware,
or any combination thereof, to perform the functions ascribed herein to processor 60,

A wser, such as a clinician or patient 12, may interact with programamer 14 through
user interface 66. User interface 66 includes a display (not shown), such as a LCD or LED
display or other type of screen, to present information related to the therapy, such as
information related to bioelectrical signals sensed via a plurality of sense electrode
combinations. In addition, user interface 66 may include an input mechanism o receive
input from the yser. The inpul mechanisms may nclude, for example, butions, a keypad
{e.g., ann alphanumeric keypad}, a peripheral pointing device or another input mechanism
that allows the user to navigate though user mterfaces presented by processor 60 of

progranuner 14 and provide input.
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If programmer 14 includes buttons and a keypad, the buttons may be dedicated to
performing a certamn function, ¢.g., 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 display (not shown) of progravomer 14 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 finger, stylus, or other pointing medium to provide input
to the display. In other examples, user interface 66 also includes audio circuitry for
providing audible mnstructions or sounds to patient 12 and/or receiving voice commands
from patient 12, which may be useful if patient 12 has bnited motor functions. Patient 12,
a clinician or another user may also interact with programmer 14 to manually select
therapy programs, generate new therapy programs, modify therapy programs through
individual or global adjustments, and transmit the new programs to IMD 16,

In some examples, at least some of the control of therapy delivery by IMD 16 may
be implemented by processor 60 of programmer 14, For example, in some examples,
processor 60 may receive a bioelectrical brain signal from IMD 16 or from a sensing
module that is separate from IMD 16. The separate sensing module may, but need not be,
implanted within patient 12. In some examples, processor 60 may analyze onc or more
bioelecirical brain signals sensed with the one or wore sense electrode combinations
associated with at lcast one of the stimmlation clectrode combinations. Based on the
avalysis of the bioelectrical bram signals, processor 60 may determine a frequency of an
ongoing osciliating signal, gencrate a phase response map in a manner similar to that
described above, and determine a phase (and, in sore examples, av amplitude) at which
second electrical stimulation should be delivered to the patient in order to reduce or
climinate the ongoing oscillating signal. Iun some cases, processor 60 may transmif a
signal to IMD 16 to instruct IMD 16 to deliver second electrical stimulation, or alter
delivery of sccond electrical stimulation by selecting a new program or switching
stimulation electrode combinations.

Processor 40 of IMD 16 may receive the signal from programmer 14 via its
respective telemetry module 50 (FIG. 3). Processor 40 of IMD 16 may deliver second
electrical stimulation by selecting a stored therapy program from memory 42 based on the
signal from processor 60 of programmer 14, Alternatively, processor 60 of

programuner 14 may select a therapy program or a specific stimulation electrode
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combination and transmit a signal to IMD 16, where the signal indicates the therapy
parameter valoes to be implementied by IMD 16 to help iroprove the efficacy of the
stimulation to manage the patient’s movement disorder. The indication may be, for
example, an alphanomeric identifier or symbol that is associated with the therapy program
in memory 42 of IMI» 16

Mermory 62 may include instructions for operating user interface 66 and telemetry
module 64, and for managing power source 68, Memory 62 may also store any therapy
data retrieved from IMD 16 during the course of therapy. The clinician may use this
therapy data to deterruine the progression of the patient condition in order to predict future
treatment. Memory 62 may include any volatile or nonvolatiic memory, such as RAM,
ROM, EEPROM or flash memory. Memory 62 mway 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 14 is used by a different patient.

Wireless telemetry in programmer 14 may be accomplished by RF communication
or proximal inductive interaction of external programmer 14 with IMD 16, This wireless
conununication is possible through the use of telemetry module 64, Accordingly,
telemetry module 64 vay be sirotlar to the telemetry wodule contained within IMD 16, In
alternative examples, programmer 14 may be capable of mfrared communication or direct
commuunication through a wired connection. o this manuver, other extersal devices may be
capable of communicating with programmer 14 withouwt needing to establish a secure
wircless connection.

Power source 68 delivers operating power to the components of programmer 14.
Power source 68 may include a battery and a power generation circuit o produce the
operating power. In some examples, the battery (e.g., nickel cadmium or lithivm ion
batteries) may be rechargeable to allow extended operation.  Recharging may be
accomplished by eclectrically coupling power source 68 to a cradle or phag that is
commected to an alternating current {AC) outlet, In addition, recharging may be
accomplished through proximal inductive interaction between an external charger and an
inductive charging coil within programmer 14. In other cxamples, traditional batterics
may be used. lo addition, progravamer 14 may be directly coupled to an alternating

current outlet to operate. Power source 68 may include circuitry to monitor power
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remaining within a battery. In this manner, user interface 66 may provide a current battery
ievel indicator or low battery level indicator when the battery needs o be replaced or
recharged. In some cascs, power source 68 may be capable of cstimating the remaining
tirae of operation using the current battery.

FIGS. 4A-4B are conceptual diagrams illustrating an example oscillating signal
and its response to delivered clectrical stimulation, FIG. 4A, lefi panel, graphically
depicts ongoing oscillating signal 100 (solid line} in the brain of patient 6, as measured by
sensing module 46 under the control of processor 40, along with first elecirical stimulation
pulse 102 (dotted hue) apphied by stimulation generator 44 of IMD 16. The y-axis of
F1G. 4A represents the amplitude (in volts) of ongoing oscillating signal 100 and first
clectrical stirmulation waveform 102, As seen 1 FIG. 44, both ongomg oscillating
signal 100 and first clectrical stimulation pulse 102 have an amplitude of about 5 V. The
x-axis of FIG. 4A represents the phase (in degrees) of first electrical stimulation pulse 102
in relation to ongoing oscillating signal 100. In FIG. 4A stimulation generator 44 delivers
first electrical stimulation pulse 102 at a phase of about 45 degrees relative to ongoing
oscillating signal 100.  Although the pulse width of first electrical stimmlation may
generally correspond to less than about 45 degrees of an entire 360 degree cyele of the
ongoing oscillating signal, 1n some examples, the pulse width may correspond to about
180 degrees. As scen in FIG. 4A, the pulse width 103 of first electrical stimulation
pulse 102 corresponds to less than 10 degrees.

FIG. 4A, right panel, depicts the response of ongoing osciliating signal 100 to first
electrical stimulation pulse 102, First electrical stimulation pulse 102 of FIG. 4A s
applied at 45 degrees relative to ongoing oscillating signal 100 during the first cycle {ie.,
first 360 degrees) of oscillating signal 100, In response, ongoing oscillating signal 100
advances in another cycle by about 45 degrees, as shown at 104, Dashed line 106
represents ongoing oscillating signal 100 after if has advanced about 45 degrees {(ongoing
oscillating signal 100 would have crossed the x-axis at § degrees, but due to first
stimulation pulse 102, dashed line 106 representing the advanced signal crosses at
about 45 degrees). Processor 40 ruay determine the phase of the ongoing osciilating signal
by using a phasc reference point such as the peak, trough, half rise time of an LFP, or
stmilar rhythmic signal. It should be noted that in some examples, the response {e.g.,

phase advance) may measured in the cycles subsequent to cycle during which first
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clectrical stimulation pulse was applied. As described above, processor 40 determines the
phase shift (if any), e.g., an advance of about 45 degrees, and stores that phase shift along
with the parameters that describe first electrical stimulation waveform 102 as an entry in
phase response map 59,

FIG. 4B, left panel, graphically depicts ongoing oscillating signal 100 (solid line)
in the bramm of patient 6, as measured by sensing module 46 under the control of
processor 40, along with first electrical stimulation pulse 108 (dotted line) apphied by
stimulation gencrator 44 of IMD 16, The y-axis of FIG. 4B represents the amplitude (in
volis) of ongoing oscillating sigual 100 and first clectrical stimulation pulse 108, As seen
in FI1G. 4B, both ongoing oscillating signal 100 and first electrical stimulation pulse 108
have an amplitude of about 5 V. The x-axis of FIGG. 4B represents the phase (in degrees) of
first electrical stimulation pulse 108 in relation to ongoing oscillating signal 100, In
FIG. 4B stimulation generator 44 delivers first electrical stimulation pulse 108 at a phase
of 90 degrees relative to ongoing oscillating signal 100,

FIG. 4B, night panel, depicts the response of ongoing oscillating signal 100 to first
clectrical stimulation pulse 108, First electrical stimulation pulse 108 of FIG. 4B is
applied at 90 degrees relative to ongoing oscillating signal 100 during the first cycle (e,
first 360 degrees) of oscillating signal 100, In response, ongoing oscillating signal 100
delays in another cycle by about 40 degrees, as shown at 110, In FIG. 4B, dashed line 112
represents ongoing oscillating signal 102 afier it has been delayed about 40 degrees. As
described above, processor 40 determines the phase shift, e.g., a delay of about 40 degrees,
and stores that phase shifi along with the parameters that describe first clectrical
stimulation waveform 108 as an entry in phase response map 59, In this manner,
processor 40 continues to populate phase response map 59 with entries that include first
slectrical stimulation parameters and the phase response of an ongoing oscillating signal to
the first clectrical stimnulation. As scen in FIG. 48, the pulse width 109 of first clectrical
stimulation pulse 102 corresponds to less than 10 degrees.

FIGS. 5A and 5B are conceptual diagrams illustrating example phase response
maps. In FIGS. 5A and 3B, the y-axis represents the magnitude (in degrees) of the phase
shift of the ongoing oscillation in response to the applied first electrical stimulation, i.e.,
test clectrical stivaulation. The x-axis represeuts the phase (in degrees) of the ongolug

oscillating signal, ¢.g., ongoing oscillating signal 100 in FIGS 4A and 4B.
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FIG. 5A depicts phase response map 140. As seen in FIG. 5A, the phase shift in
the ongotng oscillating signal 1s negligible until about 105 degrees. At about 250 degrees,
the magnitude of the phase shift reaches about -150 degrees, as shown at 142. At about
315 degrees, the magnitude of the phase shift reaches about +90 degrees, as shown at 144,

FIG. 5B depicts phase response map 150 having a much larger response amplitude
than phase response map 140, As seen in FIG. 5B, a phase shift in the ongoing oscillating
signal begins at about 20 degrees relative to the ongoing oscillation, much sooner than in
FIG. 5A. At sbout 225 degrees, the magnitude of the phase shift reaches about -360
degrees, as shown at 152, At about 315 degrees, the magnitude of the phase shift reaches
about +360 degrees, as shown at 154.

Based on the response amplitude graphically depicted in phase respounse wap 150,
the ongoing oscillating signal was much more responsive to the first olectrical stinwlation,
i.e., test electrical stimulation, that was delivered to generale phase response map 150 of
FI1G. 5B than the first electrical stinmilation that was delivered to generate phase response
map 140 of FIG. SA.  As such, processor 40 may sclect the first clectrical stimulation
parameters used to generate phase response map 150 of FIG. 5B for delivery of second
elecirical stimulation, 1.¢., therapeutic clectrical stimulation pulses, pulse frains, or
continuous wavetorrs.

As mentioned above, measuring a response to the set of first electrical stinulation
may fnclude one or more of rucasuring a phase, measuring a period, and measuring an
amplitude of the oscillating signal afier delivering the first clectrical stimulation at cach
respective phase of the plurality of phases. In addition, changes in the phase response map
itself may be used to measure a response of the ongoing oscillating signal to the set of first
clectrical stimulation. The phase response map is a characteristic of the oscillating signal
and, as such, may also be used to determine the efficacy of the applied first electrical
stimulation., For example, in FIG. 5B, there 15 a large amphitude response to the delivered
first electrical stimulation at about 225 degrees {a phase shift magnitude of about -360
degrees, as shown at 152} and again at about 315 degrees (a phase shift magnitude of
about +360 degrees, as showu at 154). Stimulation generator 44 may deliver substantially
similar first electrical stimulation to the ongoing oscillating signal and processor 40 may
analyze phase response map 158 to determuine whether the phase response map changed.

For example, if the phase shift remain unchanged, processor 40 may determine that the
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first electrical stimulation should be used for therapeutic purposes, i.¢., for delivery of
second electrical stimulation. If, however, the phase shift was much swaller despite the
application of substantially similar first electrical stinmlation, processor 40 may determine
that the first electrical stimulation parameters should not be used for therapeutic purposes,
given that the ongoing oscillating signals response to those first electrical stimulation
parameters 18 not repeatable,  For other therapeutic reasomns, such as cutraining the
oscillation, choice of a particular stimulation may depend upon use of the smaller
amplitude phase response map.

FIG 6 is flow diagram illustrating an example roethod of delivering clectrical
stimulation using the techniques of this disclosure. In the example method shown in
FIG. 6, IMD 16 and in particalar, stimulation generator 44, delivers first electrical
stimulation at a plurality of phases relative to an oscillating signal to the patient (200}
After stivaulation generator 44 delivers the first electrical stimulation at each respective
phase of the phurality of phases, processor 40 measures a response in the oscillating signal
to the first elecirical stimulation (205), ¢.g., a delay, an advance, or no change in a phase
of the oscillating signal, a change in amplitude, a change in period, and a change in 2
phase response map. Based on the measured responscs, processor 40 determines a phase
at which to deliver second electrical stimulation (210). For example, processor 40 may
determine a phase from phase response map 59. Then, stimulation generator 44 delivers
the second electrical stimulation to the patient at the determined phase (215).

In some examples, after determining a phase at which to deliver second electrical
stimulation based ou the measured response, processor 40 determoines an amplitude of the
second clectrical stimulation and delivers the second electrical stimulation to the patient at
the determined amplitude and phase. In other examples, the method 1n FIG. 6 mcludes
processor 40 mapping each measured response in the oscillating signal to the
corresponding first electrical stimulation and storing the mapping 1n 4 memory device,
e.g., memory 42.

In some examples, processor 40 deternunes, from the mapping, a transition region
between first electrical stimulation that causes a delay 1 a phase of the oscillating signal
and first electrical stimulation that causes an advance in a phase of the oscillating signal,
and stimulation generator 44 dehivers the second electrical stimulation to the patient at a

phase within the transition region and at a first amplitude.

31



W

20

WO 2011/115999 PCT/US2011/028533

In one example, processor 40 determines from the mapping, a transition region
between first electrical stimulation that causes a delay 1 a phase of the oscillating signal
and first electrical stimulation that causes an advance in a phase of the oscillating signal.
Stunulation geverator 44 delivers the fivst electrical stimulation to the patient at a phase
within the transition region and at a plurality of stimulus amplitudes or stimulus duarations.
Processor 40 determines a phase and an arphitude at which to deliver second clectrical
stinulation based on the measured responses, and stimulation generator 44 delivering the
second electrical stimulation to the patient at the determined phase and amplhitude.
Responses of the ongoing oscillation o these stimulations at a plurality of stimulation
amplitudes and duration can be assessed and selected depending upon their effects on the
oscillation as well as therapeutic outcome.

The techniques described in this disclosure may be implemented, at least i part, in
hardware, software, firmware or any combination thereof. For example, various aspects of
the techniques may be implemented within one or more microprocessors, digital signal
processors {DSPs), application specific integrated circuits (ASICs), ficld programmable
gate arrays (FPGAs), or any other equivalent integrated or discrete logic circuitry, as well
as any combinations of such components, ernbodied in programmers, such as physician or
patient programuers, stirnulators, or other devices. The terms “processor,” “processing

B3

circuitry,” “controller” or “control module” may generally refer to any of the foregoing
logic circuilry, alone or in combination with other logic circuitry, or any other equivalent
circuitry, and alone or in combination with other digital or analog circuitry.

For aspects implewented 1u software, at least some of the functionality ascribed to
the systems and devices described in this disclosure may be embodicd as instructions on a
computer-readable medium such as random access memory (RAM), read-only memory
(ROM)}, non-volatile random access memory (NVRAM), electrically erasable
programmable read-only memory (EEPROM), FLASH memory, magnetic media, optical
media, or the Iike. The instructions may be executed to support one or more aspects of the
functionality described in this disclosure.

Various examples of the disclosure have been described.  These and other

examples are within the scope of the following claims.
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CLAIMS:
I. A device comprising:

an implantable housing;
one or more leads coupled to the housing;
one or more electrodes carricd by the one or more leads; and
a processor configured to:
control delivery of a set of first eloctrical stimulation at a plurality of phases
relative to an oscillating signal;
after delivery of the set of first clectrical stimulation at each respective
phase of the plurality of phases, weasure a respounse in the oscillating signal to the set of
first electrical stimulation;
determine a phase at which to deliver second electrical stimulation based on
the measured responses; and
control delivery of the second clectrical stimulation to the patient at the
determined phase to produce a therapeutic effect.
2. The device of claim 1, wherein the set of first electrical stimulation is a first set of
first electrical stimulation, the processor further configured fo:
after determining a phase at which to deliver second elecirical stimulation based on
the measured response, control delivery of a second set of first electrical stimulation at the
determined phase and at a plurality of amplitudes and durations;
after controlling delivery of the second set of first clectrical stimulation at the
determined phase and at cach respective amaplitude of the plurality of amplitudes, measure
a response 1 the oscillating signal to the second set of first electrical stimmlation;
determine an amplitude of the second clectrical stimulation based on the measured
fesponses,
wherein controlling delivery of second electrical stimulation to the patient at the
determined phase further comprises controlling delivery of second electrical stimnulation to

the patient at the deternined amplitude.
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3. The device of claim any preceding claim, wherein the processor configured to
rieasure a response to the set of first electrical stimulation s further configured to one or
more of measure a change in a phase response map, measure a phase, measure a period,
and wecasure an amplitude of the oscillating signal after controlling delivery of the first

electrical stimulation at each respective phase of the plurality of phases.

4. The device of any preceding claum, wherein the processor s further configured to:
map cach measured response in the oscillating signal to the corresponding fivst
electrical stimmudation; and

store the map in a memory device.

5. The device of claim 4, wherein the processor 18 configured to determine a phase at
which to deliver second elecirical stimulation based on the measured responses is further
configured to:

determine, from the map, a fransition region between first electrical stimulation
that causes a delay in a phase of the oscillating signal and first electrical stimnilation that
causes an advance 11 a phase of the oscillating signal; and

control delivery of the second electrical stimulation to the patient at a phase within

the transition region.
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6. The device of claim 4, wherein the processor configured to determine a phase at
which to deliver second electrical stimulation based on the measured responses is further
contigured to:

determine, from the map, a transition region between first electrical stimulation
that causes a delay in a phase of the oscillating signal and first electrical stimulation that
causes an advance in a phase of the oscillating signal;

control delivery of a second set of first electrical stimmulation 1o the patient at the
phase within the transition region and at a plurality of amplitudes;

measure a respounse n the oscillating signal to the second set of first electrical
stimulation;

determive a phase and an amplitude at which to deliver second electrical
stimulation based on the measured responses; and

control delivery of the second electrical stimulation to the patient at the determined

phase and amplitude.

7. The device of any preceding claim, wherein the second electrical stimulation s
configured to treat at least one of chronic pain, fremor, Parkinson’s discase, depression,

epilepsy, migraines, and Alzheuner’s disease.

3. The device of any preceding claim, wherein the processor configured to control
delivery of a set of first electrical stimulation at a plurality of phases relative to the
oscillating signal to the patient 1s further configured to:

control delivery of a set of first clectrical stimulation at a plurality of phases
relative to the oscillating signal to the paticnt in one of a linear manner or non-lincar

manuer.,

9. A computer-readable storage medium comprising instructions that, when executed
by a processor, cause the processor to:
control delivery of a set of first clectrical stimulation at a plurality of phases

relative to an oscillating signal;
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atter delivery of the set of first clectrical stimulation at each respective phase of the
plurality of phases, measure a response in the oscillating signal to the set of first electrical
stimulation;

determine a phase at which to deliver second electrical stimulation based on the
measured responses; and

control delivery of the second electrical stimulation to the patient at the determined

phase to produce a therapeutic effect.

10, The computer-readable storage medium of claim 9, wherein the set of first
electrical stimulation is a first set of first electrical stimulation, the computer-readable
storage wediam further coraprising iustructions that, when executed by the processor,
cause the processor to

after determining a phase at which to deliver second clectrical stimaulation based ou
the measured response, control delivery of a second set of first electrical stimmlation at the
determined phase and at a plurality of amplitudes and durations;

after delivering the second set of first electrical stimulation at the determined phase
and at cach respective amplitude of the plurality of amplitudes, measure a response in the
oscillating signal to the second set of {irst electrical stimulation;

determine an amplitude of the second electrical stimulation based on the measured
FESPONSEs,

wherein controlling delivery of second electrical stimulation to the patient at the
determined phase further comprises controlling delivery of second electrical stimulation to

the patient at the determined amplitude.

11, The computer-readable storage medium of either of claims 9 and 10, wherein the
instructions that, when cxecuted by the processor, cause the processor o measure a
response 1o the set of first electrical stimulation comprise instructions that, when executed
by the processor, cause the processor to one or more of measure a change i a phase
response map, measure a phase, measuring a period, and measure an amplitude of the
oscillating signal after delivering the first electrical stimmlation at cach respective phase of

the plarality of phases.
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12, The computer-readable storage medium of any of claims 9-11, further comprising
instructions that, when executed by the processor, cause the processor 1o

map cach measured response in the oscillating signal to the corresponding first
electrical stimmudation; and

store the map in a memory device.

13, The computer-readable storage medium of claim 12, wherein the instructions that,
when executed by the processor, cause the processor to determune a phase at which to
debiver second electrical stimulation based on the measured responses cowvaprise
instructions that, when executed by the processor, cause the processor fo:

determive, from the map, a transition region between fivst electrical stimulation
that causes a delay in a phasc of the oscillating signal and first clectrical stimulation that
causes an advance 1o a phase of the oscillating signal; and

control delivery of the second electrical stimulation to the patient at a phase within

the transition region.

14, The computer-readable storage medium of claim 12, wherein the nstructions that,
when executed by the processor, cause the processor to determine a phase at which to
deliver second eclectrical stimulation based on the measured responses comprise
instructions that, when executed by the processor, cause the processor 1o

determine, from the map, a transition region between first electrical stimulation
that causes a delay in a phase of the oscillating signal and first electrical stimulation that
causes an advance in a phase of the oscillating signal;

control delivery of a second set of first electrical stimulation fo the patient at the
phase within the transition region and at a plurality of amplitudes;

measure a respounse i the oscillating signal to the second set of first electrical
stimulation;

determiine a phase and an amplitude at which to deliver second electrical
stimulation based on the measured responses; and

control delivery of the second clectrical stimulation to the patient at the determined

phase and amplitude.
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15, The computer-readable storage medium of claim any of claims 9-14, wherein the
second electrical stimaulation 1s configured to treat at least one of chronic pain, trewor,

Parkinson’s discase, depression, epilepsy, migraines, and Alzheimer’s disease.

16.  The computer-readable storage medium of claim any of claims 9-15, wherein the
instructions that, when executed by the processor, cause the processor to control delivery
of a set of first electrical stimulation at a plurality of phases relative to the oscillating
signal to the patient comprises;

control delivery of a set of first electrical stimulation at a plurality of phases

relative to the oscillating signal to the patient in one of a linear manner or non-lincar

manner,
17. A device corprising:

means for delivering a set of first electrical stimulation at a plurality of phases
relative to an oscillating signal;

means for measuring a response in the oscillating signal to the set of first electrical
stimulation after delivering the set of first electrical stirnulation at each respective phase of
the plarality of phases;

means for determining a phase at which to deliver second electrical stimulation
based on the measured respounses; and

means for delivering the second electrical stimulation to the patient at the

deterroined phase to produce a therapeutic effect.
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