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Figure 21

(57) Abstract: A method for monitoring neural activity responsive to a stimulus in a brain, the method comprising: a. applying a
first stimulus to one or more of at least one electrode implanted in the brain, the first stimulus comprising a first plurality of bursts of
stimulation, b. detecting high frequency oscillations (HFOs) between about 200 Hz and about 500 Hz due to neuronal activity at one or
more of the at least one electrode implanted in the brain at least partially during application of the first stimulus; ¢. determining one or
more waveform characteristics of the HFOs; and d. generating a second stimulus comprising a second plurality of bursts of stimulation,
wherein one or more waveform characteristics of the second stimulus is dependent on the one of more waveform characteristics of the
HFOs; and e. applying the second stimulus to one or more of the at least one electrode implanted in the brain.

[Continued on next page]



WO 2018/213872 A1 { NI /0P OO0 0 T O

CA,CH, CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KI, KN, KP,
KR,KW,KZ,LA,LC,LK, LR, LS, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

—  with international search report (Art. 21(3))

—  before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))



WO 2018/213872 PCT/AU2018/050486

"Systems and Methods for Monitoring Neural Activity"

Related applications

[0001] The present application claims priority from Australian provisional patent application
number 2017901934 filed 22 May 2017, and International patent application number
PCT/AU2017/0508009, filed 2 August 2017.

Technical Field

[0002] The present disclosure relates to deep brain stimulation (DBS) and, in particular, methods

and systems of monitoring neural activity during DBS.

Background

[0003] Deep brain stimulation (DBS) is an established therapy for movement disorders as well as
other neurological disorders, including epilepsy, obsessive compulsive disorder, and depression. DBS
is typically administered to patients whose symptoms cannot be adequately controlled by medication
alone. DBS involves surgically implanting electrodes in or near to specific neural structures of the
brain, typically in the subthalamic nucleus (STN), the globus pallidus interna (GPi), and/or the
thalamus. Electrodes are connected to a neurostimulator usually implanted within the body and
configured to deliver electrical pulses into target areas. It is believed that this electrical stimulation
disrupts abnormal brain activity causally linked to a patient’s symptoms. Stimulation parameters can
be adjusted using a controller external to the body, remotely connected to the neurostimulator.

[0004] Whilst established DBS technology has proven to be effective in alleviating movement
disorder symptoms, there are several limitations to state of the art devices. In particular, established
techniques for intraoperative testing of DBS electrodes to ensure correct positioning in the brain, such
as x-ray imaging, microelectrode recordings, and clinical assessment can be inaccurate. Consequently,
clectrodes are often implanted in suboptimal locations, resulting in diminished therapeutic outcomes
and unwanted side-effects. After implantation, DBS devices require manual adjustment by a clinician.
This typically involves the clinician adjusting parameters of the stimulus based on a largely subjective
assessment of immediate or short-term improvement of the patient’s symptoms. Since therapeutic
effects can be slow to emerge and because the DBS parameter space is large, the task of finding a
preferred set of parameters is time- and cost-inefficient, and can lead to suboptimal therapeutic
outcomes. In addition, the constant, non-varying application of electrical stimulation using
conventional DBS can also lead to suboptimal therapeutic outcomes, including unwanted side effects,

as well as reduced battery life of DBS stimulators.
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Summary

[0005] According to a first aspect of the disclosure, there is provided a method for monitoring
neural activity responsive to a stimulus in a brain, the method comprising:

a. applying a first stimulus to one or more of at least one electrode implanted in the
brain, the first stimulus comprising a first plurality of bursts of stimulation,

b. detecting high frequency oscillations (HFOs) due to neuronal activity at one or more
of the at least one clectrode implanted in the brain at least partially during application of the first
stimulus;

c. determining one or more waveform characteristics of the HFOs; and

d. generating a second stimulus comprising a second plurality of bursts of stimulation,
wherein one or more waveform characteristics of the second stimulus is dependent on the one of more
waveform characteristics of the HFOs; and

e. applying the second stimulus to one or more of the at least one electrode implanted in
the brain.

[0006] The first plurality of bursts may comprise a first burst applied for a first time period and
having a first waveform characteristic and at least a second burst applied for a second time period
following the first time period and having a second waveform characteristic.

[0007] Detecting HFOs due to neuronal activity at one or more of the at least one electrode
implanted in the brain may further comprise: detecting a first high frequency oscillation (HFO) during
the first time period and at least a second HFO during the second time period at one or more of the at
least one electrode implanted in the brain.

[0008] The one or more waveform characteristics of the HFOs may comprise one or more
waveform characteristics of the first and at least second HFOs.

[0009] The one or more waveform characteristics of the HFOs may comprise one or more of the
following:

a) a frequency;

b) an amplitude;

¢) arate of change of frequency;

d) a rate of change of amplitude; and

e) a bandwidth.

[0010] The first and second waveform characteristics may comprise one or more of the following:

a) a frequency;

b) an amplitude;

¢) a pulse width;

d) an interphase gap.

[0011]  One or more of the plurality of bursts may comprise one of: a) a symmetric waveform
having a first phase and a second phase of opposite polarity to the first phase; and b) a biphasic

waveform having a first phase at a first amplitude for a first duration and a second phase of opposite
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polarity to the first phase, the second phase having a second amplitude and a second duration, the
product of the first amplitude and the first duration being substantially equal to the product of the
second amplitude and the second duration.

[0012] The first stimulus and/or the second stimulus may be a therapeutic stimulus or a non-
therapeutic stimulus.

[0013] The first plurality of bursts may be separated by a first pattern time period, each of the first
plurality of bursts comprising a plurality of pulses separated by a second pattern time period. The first
pattern time period may be greater than the second pattern time period.

[0014] Equally, the second plurality of bursts may be separated by a first pattern time period, each
of the first plurality of bursts comprising a plurality of pulses separated by a second pattern time
period. The first pattern time period may be greater than the second pattern time period.

[0015] Alternatively, the first pattern time period may equal to the second pattern time period.
[0016] Two or more of pulses within at least one of the first plurality of bursts may have different
amplitudes.

[0017] Two or more of pulses within at least one of the second plurality of bursts may have different
amplitudes.

[0018] The different amplitudes may be selected to produce a ramp in amplitude of sequential
pulses in the at least one of the bursts of the first plurality of bursts or the second plurality of bursts.
[0019] The amplitude of a final pulse in each of the first plurality of bursts may be substantially
identical. Equally, the amplitude of a final pulse in each of the second plurality of bursts may be
substantially identical.

[0020] The one or more waveform characteristics of the second stimulus may comprise a frequency
which is configured in dependence of a characteristic of the detected HFOs.

[0021] The frequency may be configured to be equal to the frequency of the HFO divided by 1, 2, 3
or 4.

[0022] The one or more waveform characteristics of the HFOs may comprise a rate of change of
frequency.

[0023] The one or more characteristics of the second stimulus may be configured to maximise the
rate of change of the frequency of the HFOs.

[0024] The frequency of the HFOs being detected is preferably between 200 Hz and 500 Hz.

[0025] The method may further comprise: determining a correlation between the detected HFOs and
a HFO template; and generating the second stimulus based on the correlation.

[0026] The method may further comprise: determining a correlation betweenthe one or more
determined waveform characteristics of the HFOs with one or more predetermined threshold values;
and generating the second stimulus based on the correlation.

[0027] The method may further comprise: estimating a patient state of a patient based on the

determined one or more waveform characteristics of the HFOs.
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[0028] The method may further comprise: diagnosing the patient based on the estimate of the
patient’s state.

[0029] The method may further comprise: generating one or more alerts associated with the
estimated patient state; and outputting the one or more alerts.

[0030] The method may further comprise: whilst applying the second stimulus, simultaneously
detecting high frequency oscillations (HFOs) due to neuronal activity at one or more of the at least one
clectrode implanted in the brain; and determining one or more second waveform characteristics of the
detected second resonant response.

[0031] The method may further comprise: estimating a degree of progression of a disease associated
with the patient based on the one or more first waveform characteristics of the HFOs and the one or
more second waveform characteristics of the HFOs.

[0032] The method may further comprise: determining the effect of a therapy provided to the patient
based on the one or more first waveform characteristics of the HFOs and the one or more second
waveform characteristics of the HFOs.

[0033] The therapy may comprise one or more of medication and deep brain stimulation.

[0034] The at least one electrode may comprise two or more electrodes located within different
neural structures in the brain.

[0035] The at least one electrode may comprise two or more electrodes located within different
hemispheres of the brain.

[0036] The method may further comprise: whilst applying the second stimulus, simultaneously
determining one or more second waveform characteristics of the HFOs.

[0037] The method may further comprise: comparing a common waveform characteristic between
the one or more waveform characteristics and the one or more second waveform characteristics.
[0038] The method may further comprise: comparing a degree of change of a common waveform
characteristic between the one or more waveform characteristics and the one or more second
waveform characteristics.

[0039] The method may further comprise: comparing a rate of change of a common waveform
characteristic between the one or more waveform characteristics and the one or more second
waveform characteristics.

[0040] The steps of applying the second stimulus whilst simultaneously determining one or more
second waveform characteristics of the HFOs may be repeated until it is determined that one or more
of the at least one clectrode is positioned in a target neural structure in the brain.

[0041] The method may further comprise: selecting one or more of the at least one electrode to use
for therapeutic stimulation of a target neural structure in the brain based on the one or more waveform
characteristics or the one or more second waveform characteristics; and applying a therapeutic
stimulus to the target neural structure via the selected one or more of the at least one electrode.

[0042] The method may further comprise: inserting the at least one electrode into the brain along a

predefined trajectory; wherein the steps of applying the second stimulus whilst simultaneously
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determining one or more second waveform characteristics of the HFOs are repeated while the at least
one electrode is being inserted to generate a profile of HFO activity with respect to the predefined
trajectory and a target neural structure in the brain

[0043] The profile of HFO activity may be used to determine a position of the one or more
clectrodes relative to the target neural structure.

[0044] The at least one electrode may comprise a plurality of electrodes. In which case, the steps of
applying the second stimulus whilst simultancously determining one or more second waveform
characteristics of the HFOs may be repeated using different combinations of the at least one electrode
to generate a profile of HFO activity for the different combinations of the at least one electrode.
[0045] The method may further comprise: selecting one or more of the at least one electrode based
on the profile of HFO activity; and applying a therapeutic stimulus to the selected one or more of the
at least one electrode.

[0046] The selected one or more of the at least one electrode may comprises a plurality of
electrodes.

[0047] The method may further comprise:

e. detecting a resonant response from the target neural structure evoked by the stimulus
at one or more of the at least one electrode in or near a target neural structure of the brain; and

f. determining one or more waveform characteristics of the detected resonant response.
[0048] According to a further aspect of the disclosure, there is provided ,a neuromodulation system,
comprising:

a lead having at least one electrode adapted for implantation in or near a target neural
structure in the brain;

a signal generator selectively coupled to one or more of the at least one electrode and
configured to:

generate and apply a first stimulus to one or more of the at least one electrode, the first
stimulus comprising a first plurality of bursts of stimulation; and

generate and apply a second stimulus to one or more of the at least one electrode, the
second stimulus comprising a second plurality of bursts of stimulation;

a measurement device selectively coupled to one or more of the at least one electrode and
configured to detect high frequency oscillations (HFOs) generated from neural activity at one or more
of the at least one clectrode when implanted in the brain at least partially during application of the first
stimulus; and

a processing unit coupled to the measurement device and configured to determine one or
more waveform characteristics of the detected HFOs,

wherein one or more waveform characteristics of the second stimulus is dependent on the

one of more waveform characteristics of the HFOs.
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[0049]  The first plurality of bursts may comprise a first burst applied for a first time period and
having a first waveform characteristic and at least a second burst applied for a second time period
following the first time period and having a second waveform characteristic.
[0050] The measurement device may be configured to: detect a first high frequency oscillation
(HFO) during the first time period and at least a second HFO during the second time period at one or
more of the at least one electrode implanted in the brain.
[0051] The one or more waveform characteristics of the HFOs may comprise one or more
waveform characteristics of the first and at least second HFOs.
[0052] The one or more waveform characteristics of the HFOs may comprise one or more of the
following:

a) a frequency;

b) an amplitude;

c) arate of change of frequency;

d) a rate of change of amplitude

e) a bandwidth.
[0053] The first and second waveform characteristics may comprise one or more of the following:

a) a frequency;

b) an amplitude;

¢) a pulse width;

d) an interphase gap.
[0054] One or more of the plurality of bursts may comprise one of: a) a symmetric waveform
having a first phase and a second phase of opposite polarity to the first phase; and b) a biphasic
waveform having a first phase at a first amplitude for a first duration and a second phase of opposite
polarity to the first phase, the second phase having a second amplitude and a second duration, the
product of the first amplitude and the first duration being substantially equal to the product of the
second amplitude and the second duration.
[0055] The first stimulus and/or the second stimulus may be a therapeutic stimulus or a non-
therapeutic stimulus.
[0056] The first plurality of bursts may be separated by a first pattern time period, each burst
comprising a plurality of pulses separated by a second pattern time period. Additionally or
alternatively, the first plurality of bursts may be separated by a first pattern time period, each burst
comprising a plurality of pulses separated by a second pattern time period.
[0057] In either case, the first pattern time period may greater than the second pattern time period.
Alternatively, the first pattern time period may be greater than or equal to the second pattern time
period.
[0058] Two or more pulses within at least one of the first plurality of bursts may have different
amplitudes. Additionally or alternatively, two or more of pulses within at least one of the second

plurality of bursts may have different amplitudes.
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[0059] The different amplitudes may be selected to produce a ramp in amplitude of sequential
pulses in the at least one of the bursts of the first plurality of bursts or the second plurality of bursts.
[0060] The amplitude of a final pulse in each of the first plurality of bursts may be substantially
identical. Additionally or alternatively, the amplitude of a final pulse in each of the second plurality of
bursts may be substantially identical.

[0061] The one or more waveform characteristics of the second stimulus may comprise a frequency
which is configured in dependence of the frequency the detected HFOs.

[0062] The frequency may be configured to be equal to the frequency of the first and/or second
HFO divided by 1, 2, 3 or 4.

[0063] The one or more waveform characteristics of the HFOs may comprise a rate of change of
frequency. The one or more characteristics of the one or more waveform characteristics of the second
stimulus may be configured to maximise the rate of change of the frequency of the HFOs.

[0064] The frequency of the HFOs being detected is preferably between 200 Hz and 500 Hz.

[0065] The system may further correlating the detected HFOs with an HFO template; and
generating the second stimulus based on the correlation.

[0066] The processing unit may be further configured to: determine a correlation between the
detected HFOs and an HFO template; and generating the second stimulus based on the correlation.
[0067] The processing unit may be further configured to: determine a correlation between the one or
more determined waveform characteristics of the HFOs and one or more predetermined threshold
values; and generate the second stimulus based on the correlation.

[0068] The processing unit may be further configured to: estimate a patient state of a patient based
on the determined one or more waveform characteristics of the HFOs.

[0069] The processing unit may be further configured to: diagnose the patient based on the estimate
of the patient’s state.

[0070] The processing unit may be further configured to: generate one or more alerts associated
with the estimated patient state; and outputting the one or more alerts.

[0071] The processing unit may be further configured to: whilst applying the second stimulus,
simultaneously detect high frequency oscillations (HFOs) due to neuronal activity at one or more of
the at least one electrode implanted in the brain; and determine one or more second waveform
characteristics of the detected HFOs during application of the second stimulus.

[0072] The processing unit may be further configured to: estimate a degree of progression of a
disease associated with the patient based on the one or more first waveform characteristics of the
HFOs and the one or more second waveform characteristics of the HFOs.

[0073] The processing unit may be further configured to: determine the effect of a therapy provided
to the patient based on the one or more first waveform characteristics of the HFOs and the one or more
second waveform characteristics of the HFOs.

[0074] The therapy may be medication or deep brain stimulation.
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[0075] The at least one electrode may comprise two or more electrodes located within different
neural structures in the brain.

[0076] The at least one electrode may comprise two or more electrodes located within different
hemispheres of the brain.

[0077] The processing unit may be further configured to: whilst applying the second stimulus,
simultaneously determine one or more second waveform characteristics of the HFOs.

[0078] The processing unit may be further configured to: compare a common waveform
characteristic between the one or more waveform characteristics and the one or more second
waveform characteristics.

[0079] The processing unit may be further configured to: compare a degree of change of a common
waveform characteristic between the one or more waveform characteristics and the one or more
second waveform characteristics.

[0080] The processing unit may be further configured to: compare a rate of change of a common
waveform characteristic between the one or more waveform characteristics and the one or more
second waveform characteristics.

[0081] The steps of applying the second stimulus whilst simultaneously determining one or more
second waveform characteristics of the HFOs may be repeated until it is determined that one or more
of the at least one clectrode is positioned in a target neural structure in the brain.

[0082] The processing unit may be further configured to: select one or more of the at least one
clectrode to use for therapeutic stimulation of a target neural structure in the brain based on the one or
more waveform characteristics or the one or more second waveform characteristics; and apply a
therapeutic stimulus to the target neural structure via the selected one or more of the at least one
electrode.

[0083] The processing unit may be further configured to: insert the at least one electrode into the
brain along a predefined trajectory; wherein the steps of applying the second stimulus whilst
simultaneously determining one or more second waveform characteristics of the HFOs are repeated
while the at least one electrode is being inserted to generate a profile of HFO activity with respect to
the predefined trajectory and a target neural structure in the brain

[0084] The profile of HFO activity may be used to determine a position of the one or more
clectrodes relative to the target neural structure.

[0085] The at least one electrode may comprise a plurality of electrodes. In which case, the steps
of applying the second stimulus whilst simultaneously determining one or more second waveform
characteristics of the HFOs may be repeated using different combinations of the at least one electrode
to generate a profile of HFO activity for the different combinations of the at least one electrode.
[0086] The processing unit may be further configured to: select one or more of the at least one
electrode based on the profile of HFO activity; and apply a therapeutic stimulus to the selected one or
more of the at least one electrode.

[0087] The selected one or more of the at least one electrode may comprise a plurality of electrodes.
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[0088] The processing unit may be further configured to:

e. detect a resonant response from the target neural structure evoked by the stimulus at
one or more of the at least one clectrode in or near a target neural structure of the brain; and

f. determine one or more waveform characteristics of the detected resonant response.
[0089] According to a further aspect of the disclosure, there is provided a method for monitoring
neural activity responsive to a stimulus in a brain, the method comprising:

a. applying a first stimulus to one or more of at least one electrode implanted in the
brain, the first stimulus comprising a first plurality of bursts of stimulation,

b. detecting high frequency oscillations (HFOs) due to neuronal activity at one or more
of the at least one clectrode implanted in the brain at least partially during application of the first
stimulus;

c. determining one or more waveform characteristics of the HFOs; and

d. generating a second stimulus comprising a second plurality of bursts of stimulation,
wherein one or more waveform characteristics of the second stimulus is dependent on the one of more
waveform characteristics of the HFOs; and

e. applying the second stimulus to one or more of the at least one electrode implanted in
the brain,

wherein the first plurality of bursts and/or the second plurality of bursts are separated by a
first pattern time period, each burst comprising a plurality of pulses separated by a second pattern time
period, wherein the first pattern time period is greater than the second pattern time period.

[0090] In some embodiments, two or more of pulses within at least one of the first plurality of
bursts have different amplitudes. Additionally or alternatively, two or more of pulses within at least
one of the second plurality of bursts have different amplitudes.

[0091] The different amplitudes may be selected to produce a ramp in amplitude of sequential
pulses in the at least one of the bursts of the first plurality of bursts or the second plurality of bursts.
[0092] The amplitude of a final pulse in each of the first plurality of bursts may be substantially
identical. Additionally or alternatively, the amplitude of a final pulse in each of the second plurality of
bursts may be substantially identical.

[0093]  According to a further aspect of the disclosure, there is provided a neuromodulation system,
comprising:

a lead having at least one electrode adapted for implantation in or near a target neural
structure in the brain;

a signal generator selectively coupled to one or more of the at least one electrode and
configured to:

generate and apply a first stimulus to one or more of the at least one electrode, the first
stimulus comprising a first plurality of bursts of stimulation; and
generate and apply a second stimulus to one or more of the at least one electrode, the

second stimulus comprising a second plurality of bursts of stimulation;
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a measurement device selectively coupled to one or more of the at least one electrode and
configured to detect high frequency oscillations (HFOs) generated from neural activity at one or more
of the at least one clectrode when implanted in the brain at least partially during application of the first
stimulus; and

a processing unit coupled to the measurement device and configured to determine one or
more waveform characteristics of the detected HFOs,

wherein one or more waveform characteristics of the second stimulus is dependent on the
one of more waveform characteristics of the HFOs,

wherein the first plurality of bursts and/or the second plurality of bursts are separated by a
first pattern time period, each burst comprising a plurality of pulses separated by a second pattern time
period, wherein the first pattern time period is greater than the second pattern time period.

[0094] In some embodiments, two or more pulses within at least one of the first plurality of bursts
have different amplitudes. Additionally or alternatively, two or more of pulses within at least one of
the second plurality of bursts may have different amplitudes.

[0095] The different amplitudes may be selected to produce a ramp in amplitude of sequential
pulses in the at least one of the bursts of the first plurality of bursts or the second plurality of bursts.
[0096] The amplitude of a final pulse in each of the first plurality of bursts may be substantially
identical. The amplitude of a final pulse in each of the second plurality of bursts may be substantially
identical.

[0097] In some embodiments, the HFOs being detected may have a frequency of between about 200
Hz and about 350 Hz.

[0098] In some embodiments, the HFOs being detected may have a frequency of between about 230
Hz and about 330 Hz.

[0099] In some embodiments, the HFOs may have a frequency of between about 250 Hz and about
300 Hz.

Brief Description of Drawings

[0100] Embodiments of the present disclosure will now be described by way of non-limiting
examples with reference to the drawings, in which:

[0101] Figure 1 is a graph illustrating resonance from a neural structure responsive to a deep brain
stimulation (DBS) signal;

[0102] Figure 2 is a graph illustrating resonance from a neural structure responsive to a patterned
DBS signal;

[0103] Figure 3 is a graph illustrating evoked resonance responsive to 10 consecutive pulses of a
DBS signal;

[0104] Figure 4 is a graph illustrating the range and variance of peak amplitude of a resonant

response to continuous and patterned DBS;
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[0105] Figure 5ais a graphical illustration showing neural resonance evoked by a continuous non-
therapeutic patterned DBS signal;

[0106] Figure 5b is a graphical illustration showing neural resonance evoked by a continuous
therapeutic patterned DBS signal;

[0107] Figure 5c is a graphical illustration showing neural resonance after a transition from a
continuous therapeutic DBS signal to a non-therapeutic DBS signal;

[0108] Figure 5d is a graph illustrating the estimated frequency of evoked resonance responsive to a
non-therapeutic DBS signal;

[0109] Figure 5Se is a graph illustrating the estimated frequency of evoked resonance responsive to a
therapeutic DBS signal;

[0110] Figure 5f is a graph illustrating the estimated frequency of evoked resonance responsive to a
transition between a therapeutic DBS signal and a non-therapeutic DBS signal;

[0111] Figure 6ais a graphical illustration showing neural resonance evoked by a continuous non-
therapeutic patterned DBS signal;

[0112] Figure 6b is a graphical illustration showing neural resonance evoked by a continuous
therapeutic patterned DBS signal;

[0113] Figure 6¢ is a graphical illustration showing neural resonance after a transition from a
continuous therapeutic DBS signal to a non-therapeutic DBS signal;

[0114] Figure 6d is a graph illustrating the estimated frequency of evoked resonance responsive to a
non-therapeutic DBS signal;

[0115] Figure 6e is a graph illustrating the estimated frequency of evoked resonance responsive to a
therapeutic DBS signal;

[0116] Figure 6f is a graph illustrating the estimated frequency of evoked resonance responsive to a
transition between a therapeutic DBS signal and a non-therapeutic DBS signal;

[0117] Figure 7ais a graph illustrating evoked resonances beginning to diverge into two peaks in
response to patterned DBS with an amplitude of 1.5mA;

[0118] Figure 7b is a graph illustrating evoked resonances diverging into two peaks in response to
patterned DBS with an amplitude of 2.25mA;

[0119] Figure 7c is a graph illustrating two separate evoked resonant peaks in response to patterned
DBS with an amplitude of 3.375mA;

[0120] Figures 8a to 8h are spectrograms of high frequency oscillations recorded in a brain during
deep brain stimulation;

[0121] Figures 9a to 9h are spectrograms of high frequency oscillations recorded in a brain during
deep brain stimulation;

[0122] Figures 10a to 10h are spectrograms of high frequency oscillations recorded in a brain during
deep brain stimulation;

[0123] Figure 11 is a schematic illustration of an electrode lead tip for implantation in a brain;
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[0124] Figure 12 is a schematic illustration of an electrode lead implanted in the subthalamic
nucleus of a brain;

[0125] Figure 13 is a schematic illustration of a system for administering DBS;

[0126] Figure 14 is a flow diagram illustrating a process for locating a DBS electrode in the brain;
[0127] Figure 15 is a flow diagram illustrating a process for monitoring and processing resonant
responses at multiple electrodes in response to stimulation at multiple electrodes;

[0128] Figure 16 is a graphical illustration of resonant responses measured at different electrodes
implanted in a brain responsive to a stimulation signal in accordance with the process shown in Figure
12;

[0129] Figure 17 is a graphical illustration of resonant responses measured at different electrodes
implanted in a brain responsive to stimulation signals applied at different electrodes in accordance
with the process shown in Figure 12;

[0130] Figure 18 is a flow diagram illustrating a process for determining parameters for a DBS
stimulation signal based on medicating the patient;

[0131] Figure 19 is a flow diagram illustrating a process for determining parameters for a DBS
stimulation signal based on medicating the patient;

[0132]  Figure 20 is a flow diagram illustrating a process for generating a stimulation signal with
closed-loop feedback based on evoked resonance at a target neural structure;

[0133] Figure 21 is a flow diagram illustrating a process for generating a stimulation signal with
closed-loop feedback based on HFOs from neuronal activity in the brain;

[0134] Figure 22 is a flow diagram illustrating another process for generating a stimulation signal
with closed-loop feedback based on evoked resonance at a target neural structure;

[0135] Figure 23 graphically illustrates switching between periods of therapeutic and non-
therapeutic stimulation relative to a resonant activity feature of an evoked response in accordance with
the process of Figure 17;

[0136] Figure 24a illustrates a patterned stimulation signal according to an embodiment of the
present disclosure;

[0137] Figure 24b illustrates another patterned stimulation signal according to an embodiment of the
present disclosure;

[0138] Figure 25 is a flow diagram illustrating another process for generating a stimulation signal
with closed-loop feedback based on HFOs from neuronal activity in the brain; and

[0139] Figure 26 graphically illustrates Washout in the 200-400 Hz washout over consecutive 15 s
periods post-DBS and in the last 15 s pre-DBS for 19 brain hemispheres.

Description of Embodiments

[0140] Embodiments of the present disclosure relate to improvements in neuro-stimulation in the
brain. DBS devices typically apply a constant amplitude stimulus to a target area of the brain at a

constant frequency of 130 Hz. The inventors have determined not only that application of such a
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stimulus evokes a neural response from the target area of the brain, but that the neural response
comprises a resonant component {evoked resonant neural activity (ERNA)) which has not previously
been recognised. Continuous DBS at conventional frequencies does not allow a long enough time
window to observe the resonant activity. However, by monitoring the neural response after
stimulation has ceased (by patterning the stimulation signal or otherwise), the resonant activity can be
monitored. The inventors have realised that embodiments of the present invention have applications
both for reducing the physical effects associated with motor diseases, and also the detrimental effects
of other neurological conditions, neuropsychiatric disorders, sensory disorders, and pain. Figures 1 to
7c illustrate the effects of patterned and non-patterned stimuli on measured ERNA.

[0141] In addition to the above, the inventors have realised that neuronal oscillations, as reflected in
local field potentials measured by EEG and MEG signals, are also affected by DBS. In particular, the
inventors have found that high frequency neural oscillations (HFOs) in the range of 200 to 500 Hz,
measured in local field potentials by DBS electrodes implanted in the brain, appear to be affected by
DBS. This realisation has led the inventors to develop novel techniques of selecting optimal DBS
treatment parameters based on characteristics of measured HFOs. Figure 1 graphically illustrates a
response from a neural circuit stimulated by a 130 Hz signal delivered from a neurostimulator via an
electrode lead, such as the 3387 electrode lead manufactured by Medtronic (RTM), implanted in the
subthalamic nucleus (STN) of a Parkinson’s disease (PD) patient. Each response to a stimulus pulse
comprises an evoked compound action potential (ECAP) component together with a component of
evoked resonant neural activity (ERNA) occurring after the ECAP. The ECAP typically occurs within
1-2 milliseconds of the stimulus pulse. The graph shows the response to the last three consecutive
pulses of a 60 second period of continuous stimulation followed by a period of no stimulation. It
can be seen that the evoked resonant response to each of the first two stimulus pulses shown in Figure
1 is cut short by the onset of the next stimulus pulse, such that only a single secondary peak is
detected. However, the evoked resonant response to the third (and final) pulse is able to resonate for
longer and so can be clearly seen in the form of a decaying oscillation with at least seven peaks for a
post-stimulus period of about 30 milliseconds.

[0142] As mentioned above, it is known for clinicians to control and adjust DBS parameters to elicit
therapeutic effects in a patient. The inventors have realised that by controlling the DBS parameters in
certain ways, a non-therapeutic stimulus can be administered which evokes a resonant neural response
(ERNA) in a patient without having any therapeutic impact or causing undesirable side effects. Such
non-therapeutic stimuli can be used to reliably measure ERNA without causing sustained changes to
the resonant neural circuit or the patient’s symptomatic state. Non-therapeutic stimulation is
preferably achieved by administering a stimulus comprising a short burst of pulses followed by a
period of no stimulation, and the ERNA is measured during this period of no stimulation. By doing
s0, the total charge or energy provided to the patient is below a therapeutic threshold, and the
measured ERNA provides information concerning the patient’s natural state (without therapy). In an

alternative embodiment, the overall charge or energy provided to the patient may be reduced by
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reducing the amplitude of the stimulation signal below a therapeutic threshold. However, doing so
may also reduce the amplitude of peaks in the ERNA making it more difficult to observe.

[0143] In addition to the above, the inventors have determined that patterned stimulation can be
used to monitor and analyse evoked resonant neural activity during therapeutic stimulation of a
patient. By patterning the stimulation signal, therapeutic stimulation can be maintained whilst
providing time windows in which to monitor resonant responses past that of the first resonant peak or
more preferably past two or more resonant peaks.

[0144] Figure 2 graphically illustrates an example therapeutic patterned DBS stimulus 20 and the
associated evoked resonant response according to an embodiment of the present disclosure. The
patterned stimulus 20 is shown above the graph to illustrate the correlation between stimulus and
response. In the patterned stimulus, a single pulse has been omitted from an otherwise continuous 130
Hz pulse train. The pulse train therefore includes a plurality of bursts of pulses of continuous
stimulation, each burst separated by a first time period t;, each of the plurality of pulses separated by a
second time period t,. Continuation of the stimulus before and after omission of a pulse (or more than
one pulse) maintains the therapeutic nature of the DBS, whilst the omission of a pulse allows for
resonance of the ERNA to be monitored over several (3 in this example) resonant cycles before the
next stimulation pulse interrupts this resonance.

[0145] In summary, by patterning non-therapeutic and therapeutic stimuli, an evoked response can
be monitored over a longer period of time than with conventional non-patterned stimulation.
Accordingly, stimuli are preferably applied in bursts of multiple pulses, each burst separated by a first
time period t; of no stimulation, each pulse separated by a second time period t,. For example, a
stimulus signal may comprise a series of 10-pulse bursts at 130 Hz. To increase repeatability of
results, the multi-pulse burst may be repeated after a predetermined period of no stimulation. For
example, the multi-pulse burst may be repeated each second. The duration of the first time period t; is
greater than that of the second time period t,. The ratio between the duration of the burst and the
duration between bursts may be chosen so as to ensure that relevant properties of the ERNA can be
monitored easily and efficiently. In some embodiments, the duration of each burst is chosen to be
between 1% and 20% of the duration of no stimulation between bursts.

[0146] In other embodiments, the duration of each burst may be chosen to minimise the effects of
stimulation on the measured ERNA or to accentuate particular features of the measured ERNA.
Figure 3 graphically illustrates how the application of 10 pulses at 130Hz can affect ERNA. The
response to the first pulse has a broad, low amplitude first peak. The first peak becomes larger and
sharper for subsequent pulses, whilst also shifting to an earlier time. In some embodiments, the
optimum number of pulses comprised in a burst may be chosen to maximise the amplitude of the
resonance, whilst minimizing the time shift of a peak in ERNA across the burst (e.g., the fourth pulse).
In other embodiments, the rate of change in ERNA features (e.g. amplitude, onset delay) across

consecutive pulses in a burst may be used as a defining characteristic. For example the rate of change
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across a burst may be used to determine electrode position, optimum parameters, patient state, etc.
and/or as a closed loop control signal.

[0147] The use of burst (e.g. 10 pulses) stimulation provides high amplitude evoked neural
responses, making them easier to measure than responses to more continuous DBS. Figure 4
graphically illustrates the range and variance of first peak amplitude of ERNA responsive to more
continuous DBS where one pulse is skipped every second (left) and burst DBS (right) (10 pulses only
per second). It can be seen that the average peak amplitude of ERNA responsive to burst DBS is
around 310 uV whereas the average peak amplitude of ERNA responsive to more continuous DBS is
around 140 pV. Further, by using burst stimulation, the evoked resonant response over several
oscillatory cycles (20 milliseconds or more) can be monitored.

[0148] By analysing characteristics of the ERNA, the inventors have determined that waveform
characteristics of the ERNA (natural frequency, damping factor, envelope, fine structure, onset delay,
rate of change, etc.) are dependent on various physiological conditions of the patient. For example, it
has been found that therapeutic DBS decreases the frequency of resonance of the target neural circuit.
[0149] Figures Sa, 5b, and Sc illustrate the variation of frequency of the ERNA during non-
therapeutic stimulation (Figure 5a), therapeutic stimulation (Figure 5b), and the ERNA after a
transition of stimulation from therapeutic stimulation to non-therapeutic stimulation (Figure 5c).
Resonant frequency of the ERNA was measured by calculating the inverse of the time delay between
the maxima of two peaks of the ERNA. In other embodiments, the resonant frequency may be
calculated as an inverse of the average time delay between maxima of all detected peaks of the ERNA.
In further embodiments, the resonant frequency may be calculated by fitting a damped oscillator
model to the resonant activity and extracting the natural frequency or by performing spectral analyses
(e.g. Fourier transform, wavelet transform). Other techniques for frequency estimation, such as
estimating the time between zero-crossings in the waveform or using other features of the waveform
may also be used for this purpose.

[0150] In the example shown, a patterned stimulus was administered to the patient in the same
manner as described with reference to Figures 1 and 2. Figures 5a and 5b show the responses to a
patterned non-therapeutic and therapeutic DBS stimulation, respectively. In this example, non-
therapeutic stimulation consisted of bursts of 10 pulses delivered at a frequency of 130 Hz over a 1-
second time period with the remaining 120 pulses (which would be present during continuous
stimulation) skipped. The typical observable window of the response (during continuous (non-
patterned) DBS) is denoted by the horizontal dotted line. It can be seen that with patterned non-
therapeutic stimulation, the amplitude and frequency of the ERNA remain relatively constant
indicating that the stimulus did not strongly affect the resonant state of the target neural structure over
time. Further, two resonant peaks of the ERNA (represented in black) can be seen in the typical
observable window for non-patterned stimulation. Figure 5b then shows the responses to therapeutic
patterned DBS stimulation at 3.375 mA where 129 pulses are delivered per second at a rate of 130 Hz,
with the remaining 1 pulse skipped.
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[0151] The therapeutic signal causes the frequency of the ERNA to reduce, in turn potentially
causing the second resonant peak of the ERNA to move outside the typical observable window for
continuous (non-patterned) stimulation. However by patterning the stimulation by skipping one or
more pulses, it is possible to continue to measure the resonant propetties of the ERNA, along with
subsequent peaks during the period in which a stimulation pulse is omitted. Additionally, it can be
seen that the amplitude of the third and fourth resonant peaks are increased in comparison to the non-
therapeutic responses.

[0152]  Alternative methods of patterning the stimulation, rather than merely omitting pulses in a
periodic pulse train, may improve the monitoring of ERNA. For example, the amplitude of pulses
may be modulated over time, including applying a ramp to increase the pulse amplitudes over several
pulses within a burst and/or a ramp to decrease the pulse amplitudes over several pulses within a burst.
To enhance the monitoring of ERNA it may be advantageous to apply a fixed amplitude to the pulses
preceding the observation window, and if this amplitude differs from that applied at other times (e.g.
to maximise therapeutic benefit), then applying ramps to the amplitude of the pulses to avoid an abrupt
step change in amplitude may be advantageous.

[0153] Figure 5c then shows the responses after switching back to the non-therapeutic patterned
stimulation. In this case the therapeutic effect of the patterned therapeutic stimulus ‘washes out’ and
the ERNA returns to its baseline state. It can be seen that the first peak of resonant activity across all
conditions (typically all that can be measured using conventional continuous DBS) does not vary
greatly with therapeutic DBS. However, characteristics of subsequent parts of the ERNA waveform,
made measurable by patterning the stimulation, exhibit much larger changes in frequency and
amplitude. Monitoring of the response over a longer period therefore enables information concerning
frequency, amplitude, envelope, and fine structure of the time-varying oscillation to be analysed.
[0154] This effect is further illustrated by Figures 5d, 5e, and 5f. Figure 5d shows the resonant
frequency of the ERNA during periods of non-therapeutic stimulation to be around 400-450 Hz.
Clinically effective stimulation (stimulation operable to actively reduce a patient’s disease symptoms)
reduces the frequency of the ERNA to around 300-350 Hz as shown in Figure Se. Figure 5f illustrates
the transition of resonant frequency from 300-350 Hz back to around 400-450 Hz after therapeutic
stimulation has been replaced with non-therapeutic stimulation.

[0155] Figures 6a, 6b, and 6¢ illustrate another example from a different patient of the variation of
the ERNA during non-therapeutic patterned stimulation (Figure 6a), therapeutic patterned stimulation
(Figure 6b) and the ERNA after a transition from therapeutic stimulation to non-therapeutic
stimulation (Figure 6¢). In this example, patterned stimuli were administered to the patient in the
same manner as described with reference to Figures 5a to Se. As with the previous example, it can be
seen that the initial non-therapeutic stimulation (Figure 6a) does not cause noticeable changes to the
ERNA and that the therapeutic stimulation (Figure 6b) causes a reduction in the frequency of the
resonance, which returns to baseline levels after the stimuli is transitioned back to non-therapeutic

patterned stimulation (Figure 6¢). However, in this example, the change in resonant frequency with
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therapeutic stimulation is accompanied by an increase in the delay between each stimulus pulse and
the onset of the resonance. This increase in onset delay shifts the second resonant peak such that it
occurs outside the typical observable window for conventional (non-patterned) DBS. By patterning the
stimulation, the measurement window is made long enough to observe three resonant peaks, allowing
ERNA to be characterised. Furthermore, contrary to the previous example, the amplitude of the
resonance is decreased by therapeutic stimulation.

[0156] Figures 6d, 6e, and 6f further illustrate the reduction in resonant frequency with therapeutic
stimulation in this example. Resonant frequency was estimated by calculating the inverse of the time
delay between the maxima of two peaks of the ERNA. In Figure 6d, the frequency of the ERNA
measured using non-therapeutic patterned stimulation can be seen to be about 350Hz. The application
of therapeutic patterned stimulation in Figure 6e causes the frequency to decrease to around 250Hz.
The frequency can be seen to be returning to its baseline level in Figure 6f after transitioning back to
non-therapeutic patterned stimulation.

[0157] The inventors have determined not only that evoked neural responses to applied stimuli
exhibit resonant activity, but that in some instances evoked activity comprises multiple resonances.
Figures 7a, 7b and 7c illustrate ERNA in response to continuous DBS at 1.5 mA, 2.25 mA and 3.375
mA respectively. At 1.5 mA the resonant ERNA starts as a single peak, which can be seen to begin to
diverge slightly into two peaks. At 2.25 mA, the dominance switches to the later of the two peaks.
However, the earlier peak, which was dominant at 1.5 mA, continues at a lower amplitude. At 3.375
mA, two peaks are present, with the later peak dominating. It is thought that these multiple resonant
peaks correspond to activity in different neural circuits. The relative amplitude between these resonant
responses (or other features, such as temporal or spectral properties) may be an indicator of therapeutic
state.

[0158] The identification of a correlation between changes in resonant behaviour of stimulated
neural circuits and a patient’s disease symptoms present several opportunities to improve aspects of
DBS therapy, including but not limited to techniques for initial implantation and subsequent
repositioning of DBS electrodes, together with techniques for setting parameters of DBS stimulation
and using feedback to adjust DBS parameters in real time whilst DBS therapy is underway.

[0159] The preceding paragraphs provide an analysis of the relationship between DBS and evoked
resonant neural activity, i.e. resonant responses evoked by DBS. The inventors have also realised,
however, that DBS can affect spontaneous neuronal activity in the brain, in particular high frequency
oscillations (HFOs) which can be measured in local field potentials (LFPs).

[0160] Previous attempts to monitor HFOs during DBS stimulation have proven difficult. Due to the
relatively low quality of recording equipment, artefacts have up until now been in recordings of local
field potentials which result from stimulation. As a result, HFOs have not previously been
characterised during deep brain stimulation, nor used in the treatment of motor diseases.

[0161] The inventors have realised that artefacts in recorded local field potentials can be reduced by

manipulating characteristics of the DBS stimulation waveform without affecting patient therapy
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administered using DBS. In particular, it has been found that during recording of local field
potentials, charge associated with the longer duration low-amplitude portion of an asymmetric
stimulus couples to the apparatus used to process electrical signals received from recording electrodes.
In particular, this charge coupling causes recording amplifier(s) to operate in a non-linear state, which
results in inaccurate measurements and the aforementioned artefacts.

[0162] The inventors have found that by using a symmetric DBS stimulus, they are able to reduce
instances of charge coupling so as to increase the visibility of HFOs in local field potentials. Whilst
less ideal, a similar affect may also be achieved by using a biphasic stimulation waveform having a
first phase at a first amplitude for a first duration and a second phase of opposite polarity to the first
phase, the second phase having a second amplitude and a second duration, the product of the first
amplitude and the first duration being substantially equal to the product of the second amplitude and
the second duration. In doing so, the charge of the first and second phases of the waveform are equal
and opposite. In one embodiment, a biphasic stimulation waveform may be used in which the second
phase was half the amplitude and double the duration of the first phase. In another embodiment, a
biphasic stimulation waveform may be used in which the second phase was a third the amplitude and
triple the duration of the first phase.

[0163] In addition and as described in more detail below, patterned DBS stimulation can be used to
enhance the visibility of HFOs so that they can be used to set DBS stimulation parameters, guide the
placement of DBS electrodes, track therapy and disease progression, and help with control of closed
loops DBS stimulation.

[0164] Using novel DBS stimulation techniques, accurate recordings of HFOs have been acquired.
By analysing characteristics of the HFOs, the inventors have determined that waveform characteristics
of the HFOs (such as natural frequency, bandwidth, amplitude, rate of change of frequency and/or
amplitude, etc.) are dependent on various physiological conditions of the patient. For example, it has
been found that therapeutic DBS causes HFO activity in the brain to tend toward a particular, patient-
specific frequency. It has also been found that the frequency to which HFO is driven by DBS is
independent of the frequency of the DBS stimulation waveform. In fact, it has been found that DBS
stimuli having different frequencies, when applied to the brain of a common patient, result in HFO
activity being driven to the same frequency, suggesting that there is an inherent frequency at which the
aggregate neuronal brain activity of a patient oscillates after application of DBS for a period of time.
This frequency to which HFO activity trends will herein by referred to as the HFO characteristic
frequency.

[0165] Figures 8a to 8h illustrate this activity by way of a series of spectrograms which show the
effect of varying DBS stimulus amplitude on measured HFO frequency.

[0166] A patient was stimulated by a 130 Hz pulse train comprising biphasic symmetric pulse
waveforms delivered from a neurostimulator via an electrode lead, such as the 3387 electrode lead
manufactured by Medtronic (RTM), implanted in the subthalamic nucleus (STN) of the patient. The

pulse width was 60 us per phase. The amplitude of the stimulus was varied in a stepwise manner
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between 0 A and 3.375 mA as denoted at the top of each spectrogram. A very short gap in stimulation
(period of zero stimulation) of approximately 1 second was present in the stimulus between each
amplitude condition. On each spectrogram, the vertical axis corresponds to frequency in hertz and the
horizontal axis corresponds to time in seconds. Measured local field potentials, which include HFOs,
are depicted in lighter shades in each spectrogram. The whiter the shade, the stronger the signal
received at electrodes at a particular frequency and time.

[0167] Figures 8ais a spectrogram showing measured local field potentials during periods of zero
stimulation (HFO activity across a frequency range in hertz over time in seconds,. Figures 8b and 8h
are spectrograms showing HFO activity during non-therapeutic patterned DBS. Figures 8c to 8g are
spectrograms showing HFO activity during therapeutic DBS.

[0168] It can be seen that during periods of no stimulation (shown in Fig. 8a) and during periods of
non-therapeutic stimulation (shown in Figs. 8b & 8h), a very faint area of HFO activity was recorded
as shown in the respective spectrograms. This activity is spread over a frequency range approximately
between 230 Hz and 330 Hz.

[0169] With the onset of therapeutic DBS at 0.667 mA a much stronger recording of HFO activity is
acquired as shown in Figure 8c, suggesting that the application of DBS at certain frequencies (in this
case 130 Hz) increases the visibility of HFOs in recorded local field potentials. Moreover, the
application of therapeutic DBS at 0.667 mA causes a downward trend of HFO frequency over time
which plateaus at around 260 Hz to 270Hz after 30 s. It has been found that this plateau in HFO
activity frequency (the HFO characteristic frequency) correlates with a reduction in disease-related
physical effects associated with motor disease in a patient.

[0170] The reduction of HFO frequency over time is also observed during application of DBS
having amplitudes of 1 mA, 1.5 mA, 2.25 mA, and 3.375 mA as shown in Figures 8d, 8e, 8f and 8g in
which the frequency of HFO activity is seen to decrease to approximately the same HFO characteristic
frequency of around 260 Hz.

[0171] The spectrograms of Figures 8c to 8g also show that the rate of change of frequency of
recorded HFO activity increases with increasing amplitude, suggesting that higher amplitude DBS
causes HFO activity to reach its final frequency more quickly. However, Figure 8g shows that when
DBS amplitude increases beyond a threshold, HFO activity is supressed when compared with HFO
activity at lower DBS amplitudes (e.g. Figures 8c and 8d). This is exemplified in Figure 8g, which
shows that HFO activity during stimulation at 3.375 mA reduces visibility of HFO activity.

[0172] This data can be used to identify optimal stimulation amplitudes for therapy. For example,
the amplitude can be chosen to be high enough to steady HFOs at the HFO characteristic frequency
but not so as high as to suppress HFOs.

[0173] It is noted that the above measured HFO characteristic frequency of 260 Hz is a harmonic
(x2) of the default DBS rate (130 Hz) that has been found to be effective in a large proportion of
patients undergoing conventional DBS therapy. It is noted, however, that the default 130 Hz DBS rate

is not the optimum stimulation rate for all patients undergoing DBS therapy. In some instances, DBS
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therapy at 130 Hz is, in fact, detrimental. The inventors have realised that this is likely due to a
variation of HFO characteristic frequency between patients. For example, whilst a large proportion of
patients may exhibit an HFO characteristic frequency of around 260 Hz, some patients may exhibit a
different HFO characteristic frequency indicating that a different DBS rate would be more effective in
their therapy. Accordingly, measurements of HFOs taken in accordance with Figures 8a to 8g may be
used to identify a characteristic frequency associated with a patient, which in turn may be used to
determine an optimum frequency for DBS therapy.

[0174] Having regard for the above, Figures 9a to 9h, which depict HFO activity across a frequency
range (in Hz) over time (in seconds), provide a further example of the effect of DBS amplitude on
HFO activity in a different patient. In this example, in the presence of DBS at 130 Hz, HFO activity is
driven to a HFO characteristic frequency of around 280 Hz which is different to the HFO
characteristic frequency of the patient whose HFO activity is shown in Figures 8a to 8h. Through
analysis of HFO activity of several patients, it has been found that the HFO characteristic frequency to
which HFO activity trends during therapeutic DBS is patient specific and can vary widely (typically
between 200Hz and 350 Hz). As previously stated, this suggests that there is a patient specific
frequency at which the aggregate neuronal brain activity of a patient oscillates during DBS and that it
may be preferable to adjust DBS rate to correlate with this HFO characteristic frequency.
Accordingly, HFO activity can also be used to identify optimum stimulation frequencies for therapy.
[0175] It has also been discovered that the HFO characteristic frequency is independent of DBS
stimulation frequency. Figures 10a to 10j are spectrograms of HFOs measured in local field activity
for a patient being administered with DBS at varying frequencies of stimulation (zero stimulation in
the case of Figure 10a). These results are taken from measurements of a different patient to those of
Figures 8 and 9. For each frequency of stimulation, it can be seen that at the onset of stimulation,
HFO activity is centred at a different frequency which seems to be related approximately to the
frequency of DBS. However, after a period of time (within approx. 100 s) in each case the frequency
of HFO activity tends to the same HFO characteristic frequency; around 260 Hz. The most effective
DBS rate for therapeutic treatment of the patient to which Figures 10a to 10j relate was found to be
130 Hz, which again is half of the measured HFO characteristic frequency. This again suggests that
the HFO characteristic frequency of a patient relates to the most effective DBS frequency for patient
therapy.

[0176] A number of practical applications of the above described evoked resonant neural activity
and HFO activity will now be discussed with reference to several embodiments. In the embodiments,
one or more electrode leads may be used for stimulation of one or more neural structures within one or
both hemispheres of the brain, each lead comprising one or more electrodes located near the tip of
cach lead. Each of the electrodes may be used for stimulation, monitoring, or both stimulation and
monitoring. One or more of these electrodes may be implanted. Implanted electrodes may be used

independently or in addition to one or more electrodes placed on the outside of the brain or skull.
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[0177] A typical DBS electrode lead tip 70, such as that incorporated into the Medtronic (RTM)
DBS Lead Model 3387, is shown in Figure 11. The lead tip 70 comprises a first electrode 72a, a
second electrode 72b, a third electrode 72c¢, and a fourth electrode 72d. Once implanted into the brain,
cach of the electrodes 72a, 72b, 72¢, 72d may be used to apply a stimulus to one or more neural
structures or monitor and optionally record the evoked response (including ERNA) from neural
circuits to the stimulus and the HFO activity measured from local field potentials in the brain. In other
embodiments, leads with more electrodes or electrodes with different sizes or topologies may be used.
In addition, one or more reference clectrodes may be located at a remote site and used to complete the
electrical circuit when one or more electrodes on the DBS lead are activated for stimulation or used for
signal monitoring.

[0178] The target location for the lead tip 70 varies dependent on the neural structure. Example
target structures include but are not limited to the subthalamic nucleus (STN), the substantia nigra pars
reticulata (SNr), and the globus pallidus interna (GP1).

[0179] Figure 12 shows the lead tip 70 implanted into a brain at a target structure, in this case the
subthalamic nucleus (STN) 82. It will be appreciated that intersecting the electrode tip 70 with the
subthalamic nucleus (STN) 82, which has a typical diameter of 5 to 6 mm, can be a very difficult
surgical task. Techniques such as stereotactic imaging, microelectrode recordings, intraoperative x-
ray imaging, and applying therapeutic stimulation whilst monitoring patient symptoms, are currently
used to localise the electrode tip 70. However, these methods can lack accuracy. Additionally,
existing methods usually require the patient to be awake for the procedure, since voluntary responses
from the patient can be used to confirm that the electrode is at a suitable location relative to a target
structure in the brain. For this reason, many potential recipients of DBS therapy turn down the option
because they are not comfortable with having to be awake during the surgical procedure.

[0180] The accuracy of locating electrodes of the electrode tip 70 within a target structure can be
greatly increased by using a series of patterned stimulations to generate and measure an evoked
resonant response from a neural target. Such techniques can obviate the need for the patient to be
awake during the implantation procedure, since an electrode can be located much more accurately at
the correct location within the brain and relative to a target neural structure. This means that patients
can be under sedation or general anaesthetic during the surgery since no patient feedback is required to
locate the electrode to a satisfactory degree of accuracy.

[0181] An example DBS delivery system 90 according to an embodiment of the present disclosure
is illustrated in Figure 13. The system 90 comprises the lead tip 70 of Figure 11 including the plurality
of integrated electrodes 72a, 72b, 72c, 72d, together with a processing unit 92, a signal generator 94, a
measurement circuit 96 and an optional multiplexer 98. The processing unit comprises a central
processing unit (CPU) 100, memory 102, and an input/output (I/O) bus 104 communicatively coupled
with one or more of the CPU 100 and memory 102.

[0182] In some embodiments, the multiplexer 98 is provided to control whether the electrodes 72a,

72b, 72¢, 72d are connected to the signal generator 94 and/or to the measurement circuit 96. In other
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embodiments the multiplexer may not be required. For example, the electrodes 72a, 72b, 72¢, 72d
may instead be connected directly to both the signal generator 94 and the measurement circuit 96.
Although in Figure 13 all of the electrodes 72a, 72b, 72¢, 72d are connected to the multiplexer 98, in
other embodiments, only one or some of the electrodes 72a, 72b, 72¢, 72d may be connected.

[0183] The measurement circuit 96 may include one or more amplifiers and digital signal
processing circuitry including but not limited to sampling circuits for measuring neural responses to
stimulation, including ERNA. In some embodiments the measurement circuit 96 may also be
configured to extract other information from received signals, including local field potentials for
measurement of HFOs and the like. The measurement circuit 96 may also be used in conjunction with
the signal generator 94 to measure electrode impedances. The measurement circuit 96 may be external
to or integrated within the processing unit 92. Communication between the measurement circuit 96
and/or the signal generator 94 on the one hand and the I/O port on the other may be wired or may be
via a wireless link, such as over inductive coupling, WiFi (RTM), Bluetooth (RTM) or the like. Power
may be supplied to the system 90 via at least one power source 106. The power source 106 may
comprise a battery such that elements of the system 90 can maintain power when implanted into a
patient.

[0184] The signal generator 94 is coupled via the multiplexer 98 to one or more of the electrodes
72a, 72b, 72¢, 72d and is operable to deliver electrical stimuli to respective electrodes based on signals
received from the processing unit 92. To this end, the signal generator 94, the multiplexer 98 and the
processing unit 92 are also communicatively coupled such that information can be transferred
therebetween.

[0185] Whilst the signal generator 94, multiplexer 98, and the processing unit 92 in Figure 13 are
shown as separate units, in other embodiments the signal generator 94 and multiplexer may be
integrated into the processing unit 92. Furthermore, either unit may be implanted or located outside the
patient’s body.

[0186] The system 90 may further comprise one or more input devices 108 and one or more output
devices 110. Input devices 108 may include but are not limited to one or more of a keyboard, mouse,
touchpad and touchscreen. Examples of output devices include displays, touchscreens, light indicators
(LEDs), sound generators and haptic generators. Input and/or output devices 108, 110 may be
configured to provide feedback (e.g. visual, auditory or haptic feedback) to a user related, for example,
to characteristics of ERNA or subsequently derived indicators (such as proximity of the electrode 70
relative to neural structures in the brain. To this end, one or more of the input devices 108 may also be
an output device 110, e.g. a touchscreen or haptic joystick. Input and output devices 108, 110 may
also be wired or wirelessly connected to the processing unit 92. Input and output devices 108, 110
may be configured to provide the patient with control of the device (i.e. a patient controller) or to
allow clinicians to program stimulation settings, and receive feedback of the effects of stimulation

parameters on ERNA and/or HFO characteristics.
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[0187] One or more elements of the system 90 may be portable. One or more elements may be
implantable into the patient. In some embodiments, for example, the signal generator 94 and lead 70
may be implantable into the patient and the processing unit 92 may be external to the patient’s skin
and may be configured for wireless communication with the signal generator via RF transmission (e.g.
induction, Bluetooth (RTM), etc.). In other embodiments, the processing unit 92, signal generator 94
and lead 70 may all be implanted within the patient’s body. In any case, the signal generator 94 and/or
the processing unit 92 may be configured to wirelessly communicate with a controller (not shown)
located external to the patient’s body.

[0188] One embodiment of the present disclosure provides a system and method for localising the
lead tip 70 within a target structure of the brain using measured ERNA and/or HFO activity. During
an operation for implantation of the lead tip 70 into the brain, instead of relying on low accuracy
positioning techniques as described above to estimate the location of electrodes relative to neural
structures within the brain, the system 90 may be used to provide real-time feedback to the surgeon
based on characteristics such as the strength and quality of evoked response signals received from one
or more electrodes of the lead tip 70. This feedback may be used to estimate position within the target
structure in three dimensions and to inform the decision of whether to reposition the electrodes or
remove and reimplant the electrodes along a different trajectory.

[0189] Figure 14 shows a general example of such a process. The process begins at step 112 with
an electrode lead tip such as that described with reference to Figure 11 being advanced during surgery
towards a target neural structure along a predefined trajectory. The step size (or spatial resolution) by
which the electrode lead is advanced may be chosen by the surgeons and/or clinicians. In some
embodiments, the step size is 1 mm. At step 114, evoked responses, including ERNA, are measured
by applying a patterned stimulus such as those described above to an electrode of the lead tip 70. The
stimulus may be applied for the whole time whilst the lead tip 70 is being implanted. Alternatively,
the patterned signal may be repeated a predetermined number of times, such as 10 times. The evoked
response may be measured at the same electrode as that used to apply the stimulus or may be
measured at one or more different electrodes. By doing so, a more accurate estimate of the location of
each electrode relative to the target neural structure may be provided. Steps 112 and 114 are repeated
until the electrode lead tip has been inserted to the maximum allowable depth, which may be in the
target neural structure or slightly beyond it.

[0190] By repeating steps 112 and 114, a profile or map of evoked responses at different locations
along the insertion trajectory may be generated. The profile of evoked responses may include
measurements from multiple electrodes or from just one electrode. The profile of evoked responses at
different depths may be output to the one or more output devices 110. The profiles of evoked
responses are then compared at step 118 in order to determine whether a preferred electrode location
can be identified. The identification of preferred electrode location may be based on different ERNA

features, including relative differences between or spatial derivatives of amplitude, rate of decay, rate
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of change, and frequency, at different insertion positions (e.g. the location that produces the largest
resonances).

[0191] The identification of a preferred electrode location may also be based on comparison with
template ERNA activity, where the templates have been derived from recordings from other patients.
The profile of evoked responses may also be used to estimate the trajectory of the electrode lead 70
through the target neural structure, including the boundaries of the structure and the region intersected
(e.g. the trajectory passed through the medial or lateral region). The profile of evoked responses may
also be used to estimate the proximity to the target structure, in the event that the target structure is not
intersected by the insertion trajectory.

[0192] If at step 120 a preferred electrode location can be identified, the electrode lead tip 70 can be
repositioned at step 122, such that an electrode is positioned at the preferred location. Alternatively,
for embodiments that include electrode lead tips with a large number of electrodes, the electrode
positioned closest to the preferred location can be nominated for subsequent use in applying
therapeutic stimulation. If at step 120 a preferred location cannot be identified, the surgeon and/or
clinician may choose to remove the electrode and re-implant along a different trajectory.

[0193] Another embodiment of the present disclosure provides a system and method for
determining the relative positions of an array of electrodes with respect to a target neural structure and
then selecting a preferred electrode to use for applying therapeutic stimulation. This process could be
performed during electrode implantation surgery to assist in the positioning of electrodes, or with
previously implanted electrodes when programming the device to deliver therapeutic stimulation. A
stimulus may be applied at more than one of the electrodes of the array, for example two or more of
electrodes 72a, 72b, 72¢, 72d in the case of electrode array 70. Where a patterned stimulation regime
is used, sequential bursts of a stimulus pattern may be applied to different ones of the electrodes 72a,
72b, 72¢, 72d. Alternatively, a full stimulus pattern may be applied at one electrode, followed by
another full stimulus pattern at another electrode. By doing so, a determination may be made
concerning which electrode of an electrode array is positioned best to provide therapeutic stimulation
to one or more of the target neural structures; for example, which of the electrodes 72a, 72b, 72¢, 72d
is best positioned within a target neural structure.

[0194] Figure 15 illustrates an example process 130 for measuring evoked response from an array of
multiple electrodes. At step 132, a stimulus is applied to the first electrode of an array of X electrodes
(electrode 72a in the case of the lead tip 70). The stimulus applied may be a burst patterned stimulus
as described above. The evoked response from a target neural structure is measured at one or more of
the electrodes in the array at step 134. In the case of the lead tip 70, for example, the evoked response
may be measured at the second, third and fourth electrodes 72b, 72¢, 72d when the first electrode 72a
is being stimulated. In some embodiments, the evoked responses received at the stimulating electrode
may also be recorded and optionally stored in memory. Once the evoked response has been measured
at each clectrode, another clectrode is selected for stimulation. This may be achieved by incrementing

a counter, as shown in step 138, after the process has checked at step 136 to see whether all electrodes
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in the array of X electrodes have been stimulated, i.e. whether the process has cycled through all of the
clectrodes in the system. If there are electrodes remaining to be stimulated, then the process repeats,
applying a stimulus to the next selected electrode in the array. If all electrodes in the array have been
stimulated and an evoked response to stimulation at each electrode measured and recorded, the
resultant measured evoked responses are then processed at step 140.

[0195] Processing the evoked responses may involve comparing different ERNA features, including
relative differences between or spatial derivatives of amplitude, rate of decay, rate of change, and
frequency, across different combinations of electrodes used for stimulation and measurement. For
example, the processing may involve identifying the electrode that measures the largest evoked
resonance amplitude for each stimulation condition). The identification of the preferred electrode
location may also be based on a comparison with template ERNA activity. Templates may be derived
from recordings from other patients or from one or more models or simulations.

[0196] Based on the processing of the evoked responses, a preferred electrode to use for therapeutic
stimulation may be chosen at step 142. The results of the ERNA processing and a recommendation
for the preferred electrode may be output to the one or more output devices 110. If the process has
been performed during surgery, the results of the ERNA processing may also be used to determine
which electrodes are within the target neural structure and whether to reposition the electrode array.
The results may also be used to generate one or more templates for future processing of evoked
responses in the same or different patients.

[0197] Figure 16 shows an example of the evoked responses measured at each of the first, second
and fourth electrodes 72a, 72b, 72d based on patterned stimulation applied to the third electrode 72c.
This example corresponds to one iteration of steps 132 and 134 of process 130 shown in Figure 15.
The stimulated electrode 72c is represented with the crossed axes. Firstly, it is shown that a resonant
response over several cycles can be measured using the novel patterned stimulus. Secondly, it can be
seen that the response at the second electrode 72b has the largest amplitude, the amplitude of response
at the fourth electrode 72d has the smallest amplitude, and the amplitude of the evoked response at the
first electrode 72a is substantially less than that at the second electrode 72b but slightly greater than
that at the fourth electrode 72d. These results indicate that the second electrode 72b is closest to or
within the target neural structure and the first and fourth electrodes 72a, 72d are outside of the target
neural structure.

[0198] Whilst in the above example the evoked response is measured at three electrodes, in other
embodiments, the evoked response may be measured at one or two or any number of electrodes in any
configuration. For example, ERNA could be measured and/or recorded from different combinations
of electrodes. Additionally or alternatively, measurement electrodes may be implanted in and/or
positioned external to the brain or skull.

[0199]  Figure 17 graphically illustrates example evoked responses to stimulation in accordance with
the process 130 of Figure 15 applied to the lead tip 70 of the system 90 shown in Figure 13. Each

column of graphs represents one of four stimulation conditions with the stimulated electrode
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represented by the crossed panel, i.e. each column is an iteration of steps 132 and 134 of process 130.
The data shown in Figure 17 was measured with the second and third electrodes 72¢, 72d positioned
within the subthalamic nucleus (STN) of a patient’s brain. It can be seen that the largest evoked
responses are observed at each of the second and third electrodes 72b, 72¢ when the other of those
clectrodes 72c¢, 72b is stimulated. Accordingly, by comparing the measured evoked responses at each
electrode in response to stimulation at another electrode, a determination can be made firstly of
whether any of the electrodes are positioned within the target neural structure, secondly whether any
of the electrodes are positioned at an optimum location within the target neural structure, and thirdly
the direction and/or distance of a particular electrode from that target neural structure. In some
embodiments, one or more of the presence, amplitude, natural frequency, damping, rate of change,
envelope, and fine structure of an evoked resonant response to a stimulus may be used to identify the
most effective electrode in an electrode array. Additionally, it can be seen that the evoked responses
vary depending on the position of the electrode used for stimulation, illustrating the feasibility of using
the process illustrated in Figure 14 to localise electrodes within a target neural structure.

[0200] The process 130 of Figure 15 may be repeated using different stimulation parameters (e.g.
using different stimulation amplitudes or frequencies) or with more than one stimulating electrode in
step 132 (e.g. stimulation applied concurrently through multiple electrodes on one or more electrode
leads). The response characteristics obtained may be used to aid current steering (e.g. setting the
distribution of currents across electrodes that are active simultancously) and the selection of active
clectrodes (e.g. which electrodes to use for stimulation). For example, response characteristics can be
used to estimate the spatial spread of activation relative to the target area. Using this information, the
stimulation profile may be shaped using two or more electrodes to direct stimulation to particular areas
of the brain, i.e. towards a target structure, and away from areas which the clinician does not wish to
stimulate.

[0201] In a further embodiment, both ERNA and HFO activity can be used to optimize stimulation
parameters used to target various medical conditions. For instance, once an electrode array such as the
lead tip 70 has been accurately located within a target neural structure, the setting of stimulation
parameters for therapeutic DBS can be aided by measuring ERNA and/or HFO activity, improving
accuracy and time- and cost-efficiency, and reducing undesirable side-effects.

[0202] The change in elicited resonant activity and the measurement of HFO activity in local field
potentials for different stimulation parameters may be used to optimize stimulation settings. Such
processes can enable therapy to be tailored to the individual needs of patients and can be performed
with minimal clinical intervention. In some embodiments, one or more of the presence, amplitude,
natural frequency, damping, rate of change, envelope, and fine structure of an evoked resonant
response to a stimulus may be used to optimise stimulation. Equally, in some embodiments, one or
more of the presence, amplitude, frequency, damping, rate of change, envelope, and fine structure of

an HFO measured in local field potentials during DBS stimulation may be used to optimise
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stimulation. Such response characteristics and HFO characteristics may be used to adjust amplitude,
frequency, pulse width, and shape of a stimulation waveform.

[0203] A parameter of therapeutic stimulation that is particularly difficult to set using state of the art
techniques is stimulation frequency. This is partly because optimum stimulation frequency can vary
from patient to patient; typically between around 90 Hz to around 185 Hz. In embodiments of the
present disclosure, one or more of the above described characteristics of ERNA and/or HFO activity
may be used to set frequency of stimulation (e.g. the time period t, between pulses in a burst). For
example, the stimulation frequency might be selected to approximate a multiple or submultiple of a
frequency component of the ERNA, such as the estimated fundamental frequency of the ERNA. In
another embodiment, the stimulation frequency can be selected to be dependent on a characteristic of
the measured HFO activity, such as the HFO characteristic frequency. For example, the stimulation
frequency may be selected to be half of a measured HFO characteristic frequency of a patient.

[0204] It will be appreciated that some or all of the parameters listed above may have synergistic or
adverse effects on one another and thus the effectiveness of treatment. Accordingly, in some
embodiments, known optimisation techniques such as machine learning or particle swarm may be
implemented to find an optimal set of parameter values within the multidimensional parameter space.
Such techniques may involve an iterative process of trying a selection of different parameter settings
to determine the most effective parameter values based on the monitored ERNA and/or HFO activity.
[0205] To further optimise therapeutic DBS, the above techniques for ERNA and/or HFO activity
monitoring and DBS parameter optimisation can be performed on a patient before and after
administration of medication for relieving symptoms of a condition. For example, a record of ERNA
for a particular patient who is on or off such medication may be used as a benchmark for an evoked
resonant response which provides the most benefit to a patient so that parameters can be tuned to try to
replicate such evoked response states. Equally, a record of HFO activity for a particular patient who is
on or off such medication may be used as a benchmark for HFO activity which correlates with the
most benefit to a patient so that parameters can be tuned to try to replicate such HFO activity.

[0206] Figure 18 schematically illustrates a method of determining stimulation parameters based on
the ERNA responsive to the stimulation of a medicated patient. At step 144, a stimulus is applied to
an implanted electrode in a target neural structure of a patient before being administered with any
medication, and the ERNA from the stimulus is measured and recorded at step 146. The patient is
then medicated at step 148. For example, a clinician may administer a dose of a drug (e.g., levodopa)
to the patient. At steps 150 and 152 the process of stimulation and measurement of resonant response
are repeated. The ERNA before and after the medicament is administered is then used to determine
stimulation parameters which approximate those of the patient’s medicated state. In particular, DBS
parameter settings may be chosen which, when administered, replicate or approximate the transition
from the uncontrolled-symptom ERNA to the controlled-symptom ERNA.

[0207] Figure 19 schematically illustrates a method of determining stimulation parameters based on

the HFO activity responsive to the stimulation of a medicated patient. At step 147, a stimulus is
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applied to an implanted electrode in a target neural structure of a patient before being administered
with any medication, and the HFO activity from the stimulus is measured and recorded at step 149.
The patient is then medicated at step 151. For example, a clinician may administer a dose of a drug
(e.g., levodopa) to the patient. At steps 153 and 155 the process of stimulation and measurement of
resonant response are repeated. The HFO activity before and after the medicament is administered are
then used to determine stimulation parameters which approximate those of the patient’s medicated
state. In particular, DBS parameter settings may be chosen which, when administered, replicate or
approximate the transition from the uncontrolled-symptom HFO activity to the controlled-symptom
HFO activity.

[0208] In some embodiments, optimisation processes may be performed by a clinician when the
system 90 is being installed or during a visit to a healthcare centre. Additionally or alternatively, the
optimisation may be run by the patient or may be instigated by the system 90 automatically. For
example, the system 90 may implement an optimisation process periodically (e.g. every day, week or
month). In other embodiments, an optimisation process could be initiated on replacement or recharge
of a battery, in circumstances where the power source 106 includes a battery. Other conditions that
could trigger an optimisation process include a change in the patient’s state, such as whether the
patient is engaged in a fine motor task, a gross motor task, speaking, sleeping, or is sedentary.

[0209] In some embodiments, the system 90 may store a series of previously optimised settings in
the memory 102. These stored settings may correspond to the optimised settings for different patient
states (e.g. fine or gross motor activation, sleeping or sedentary) and may include stimulation being
applied to different target neural structures. The patient may be given the ability to choose which of
the stored stimulation settings they want to use at any given time, through the use of a patient
controller. Alternatively, the system 90 may automatically choose which of the stored stimulation
settings to use based on measurements of the patients state from electrophysiological signals (e.g.
ERNA or local field potentials (e.g. HFO activity)) recorded from the electrodes 70 by system 90 or
from measurements taken with input devices 108 of the system 90 (e.g. accelerometers).

[0210] In addition to enhancing the accuracy of locating a DBS electrode in the brain, choosing
electrode configurations for stimulation and optimising stimulation parameters, ERNA and HFO
activity may be used to generate feedback for controlling the stimulation of electrodes. In some
embodiments, feedback may be implemented using the system 90 shown in Figure 13.

[0211] In one embodiment, the system 90 may use a waveform template corresponding to a
preferred patient state. The template may be generated using previous recordings of ERNA and/or
HFO activity in a patient with reduced symptoms. For example, ERNA/HFO templates recorded from
a medicated patient or a patient receiving effective stimulation treatment may be used. Alternatively,
ERNA/HFO templates recorded from a healthy patient, e.g. a patient without a movement disorder,
may be used. Templates may be constructed from the average of many recordings from one patient or
several patients. In some embodiments, selected features of the ERNA waveform and/or the HFO

activity waveform may be used instead of a complete template. For example, parameters of the ERNA
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such as the dominant frequency and amplitude components and/or temporal features may be used to
enable improved electrode placement and control of therapeutic stimulation. Equally, parameters of
HFO such as characteristic frequency and amplitude components may be used to enable improved
electrode placement and control of therapeutic stimulation. In some embodiments, preferred ranges
for different ERNA characteristics may be defined (e.g. stimulation is controlled such that the ERNA
frequency remains within 250-270Hz). Equally, parameters of the HFO activity such as HFO
characteristic frequency and amplitude components and/or temporal features may be used in the
control of therapeutic stimulation. In some embodiments, preferred ranges for different HFO activity
may be defined (e.g. stimulation is controlled such that the HFO frequency trends to 260 Hz, or such
that rate of change of HFO frequency to characteristic frequency is greater than a predetermined
threshold rate).

[0212] Referring to Figure 13 and Figure 20, in some embodiments, the processing unit 92 may
send instructions/signals to the signal generator 94 to generate a stimulation signal, such as a patterned
stimulation signal, which may or may not have been pre-calibrated in accordance with an embodiment
described above. The signal generator 94 may then generate the signal at step 160 and apply it to one
of the electrodes 72a, 72b, 72¢, 72d of the lead tip 70 (step 162). The processing unit 92 may then
measure the ERNA and monitor one or more parameters (or characteristics) of the ERNA (step 164).
The processing unit 92 may then process the received ERNA data (step 166). In some embodiments,
the processing unit 92 may compare the ERNA (or one more parameters thereof) with a resonant
response associated with effective therapy (or one or more parameters thereof). Based on the ERNA
data, the processing unit 92 may then instruct the signal generator to adjust one or more parameters of
the stimulation signal applied to one of the electrodes 72a, 72b, 72c, 72d (step 168).

[0213] Referring to Figure 13 and Figure 21, in some embodiments, the processing unit 92 may
send instructions/signals to the signal generator 94 to generate a stimulation signal, such as a patterned
stimulation signal, which may or may not have been pre-calibrated in accordance with an embodiment
described above. The signal generator 94 may then generate the signal at step 161 and apply it to one
of the electrodes 72a, 72b, 72¢, 72d of the lead tip 70 (step 163). The processing unit 92 may then
measure the HFO activity and monitor one or more parameters (or characteristics) of the HFO activity
(step 165). The processing unit 92 may then process the received HFO activity data (step 167). In
some embodiments, the processing unit 92 may compare the HFO activity (or one or more parameters
thereof) with HFO activity associated with effective therapy (or one or more parameters thereof).
Based on the HFO activity data, the processing unit 92 may then instruct the signal generator to adjust
one or more parameters of the stimulation signal applied to one or more of the electrodes 72a, 72b,
72c, 72d (step 169).

[0214] In some embodiments, the signal applied at step 161 may comprise multiple components
cach having a different frequency. For example, the signal may increase stepwise in frequency (e.g.,

120 Hz, 130 Hz, 140 Hz, 150 Hz etc.). Alternatively or additionally, the multiple components of the
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signal applied at step 161 may each have a different amplitude. For example, the amplitude of the
signal may increase stepwise in amplitude between components (e.g., 1 mA, 2 mA, 3 mA etc.).

[0215] The processing unit 92 may, at step 167, identity the HFO characteristic frequency of the
HFO activity, i.e. the frequency to which the HFO activity is driven over time in the presence of the
signal applied at step 161. In which case, at step 169, the signal may be adjusted so as to set the
stimulation rate for therapy in dependence of the HFO characteristic frequency. For example, the
stimulation rate may be chosen to be a sub-multiple of the HFO characteristic frequency (e.g., furo/1,
frro/2, furo/3 etc.), and preferably to a sub-multiple of half the HFO characteristic frequency.

[0216] Where the signal applied at step 161 comprises multiple components each having a different
amplitude, the processing unit 92 may, at step 167, identify amplitudes of the applied signal at which
HFO activity is promoted, driven to a particular frequency, and/or supressed. At step 169, the
amplitude of the signal may then be adjusted, for example, to the lowest that achieves the desired HFO
activity effects. Desired effects may be compared with one or more templates as described above.
[0217] It will be appreciated that an iterative approach may be adopted in which optimum DBS
frequency and amplitudes are determined based on HFO activity measured at one or more of the
electrodes 72a, 72b, 72c¢c, 72d.

[0218] In some embodiments, bursts of stimulation, such as those described above, in combination
with the monitoring of ERNA and/or HFO activity may be used to identify a therapeutic resonant state
(e.g. a state which correlates with good symptom suppression with minimal side effects and/or
minimum electrical power consumption). From this information, therapeutic stimulation parameters
required to produce the preferred therapeutic state may be identified. In some embodiments, these
stimulation parameters may be used to apply continuous therapeutic DBS to the target neural structure.
[0219] Probe bursts for identifying resonant activity can be interleaved with the therapeutic DBS to
re-assess the resonant state as well as HFO activity. These probe bursts may be implemented on a
periodic basis, for example, every 10 seconds. In one embodiment, every 10 seconds, a probe burst
may be applied for 1 second (e.g. 10 pulses at 130 Hz) and the ERNA and/or HFOs assessed. The
therapeutic stimulation parameters may then be adjusted or maintained based on the ERNA and/or
HFOs. For example, if there is a change in ERNA relative to the last probe burst, the stimulation
parameters may be adjusted such that the ERNA becomes comparable with the previously measured
ERNA and/or the template ERNA and/or an ERNA characteristic is within a desired range. Similarly,
if there is a change in HFO activity relative to the last probe burst, the stimulation parameters may be
adjusted such that the becomes comparable with the previously measured HFO activity and/or the
template HFO and/or a HFO characteristic which is within a desired range.

[0220] There are a number of ways in which the therapeutic stimulation may be adjusted based on
the measured ERNA. In some embodiments, if the resonant circuit is in a preferred resonant state, e.g.
if the measured ERNA substantially matches a template or if an ERNA characteristic is within a
desired range, the amplitude of the therapeutic stimulation may be reduced by the signal generator 94

in response to an instruction from the processing unit 92. Conversely, if the neural circuit is not in a
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preferred resonant state, the amplitude of therapeutic stimulation may be increased by the signal
generator 94.

[0221] In some embodiments, if a therapeutic resonance is detected, the DBS stimulation may be
switched off altogether or until after the next probe burst is applied to generate a measurable ERNA.
Then when the next probe burst is applied, if the resonance is no longer therapeutic, the DBS
stimulation may be switched back on.

[0222] In some embodiments, if a therapeutic resonance is detected, the DBS stimulation may be
switched off altogether or until after the next probe burst is applied to generate a measurable ERNA.
Then when the next probe burst is applied, if the resonance is no longer therapeutic, the DBS
stimulation may be switched back on.

[0223] In some embodiments, the length of continuous stimulation blocks (between probe bursts)
and the duration of the probe bursts may be adjusted to optimise the ERNA and/or HFO activity.
Longer continuous stimulation periods or blocks between probe bursts will reduce the computation
load on the processing unit 92 and thus increase power efficiency but may also result in greater
variation of ERNA and/or HFOs from the preferred ERNA and/or HFOs and thus a reduction in
effectiveness of treatment.

[0224] In previous paragraphs, the use of burst stimulation for identifying a therapeutic DBS state
has been described in connection with ERNA. However, it has also been found that applying short
bursts of stimulation (like those described above in relation to ERNA) appears to promote HFO
activity without shifting the frequency of that activity. Such bursts can, therefore, be used to elevate
HFO power to measureable levels, allowing them to be evaluated without the need for simultaneous
therapeutic DBS. Accordingly, bursts of stimulation can also be used in combination with the
monitoring of HFO activity in several ways. For example, enhanced HFO activity can be used in the
identification of a therapeutic DBS state (e.g. a state which correlates with good symptom suppression
with minimal side effects and/or minimum electrical power consumption). Additionally, therapeutic
stimulation parameters required to produce the preferred therapeutic state may be identified. In some
embodiments, these stimulation parameters may be used to apply continuous therapeutic DBS to the
target neural structure.

[0225] As with the use of ERNA, there are a number of ways in which the therapeutic stimulation
may be adjusted based on measured HFOs. In some embodiments, if the measured HFO activity is in
a preferred state, e.g. if the measured HFOs substantially match a template or if an HFO characteristic
frequency is within a desired range, the amplitude of the therapeutic stimulation may be reduced by
the signal generator 94 in response to an instruction from the processing unit 92. Conversely, if the
HFOs are outside of the preferred state, the amplitude of therapeutic stimulation may be increased or
decreased by the signal generator 94 to reposition the HFO activity within the preferred window.
[0226] In addition to the above, since the application of non-therapeutic patterned stimulation also
enhances HFO activity, such activity can be used to track the effects of medication, a disease state or

to assist in the placement of electrodes or to decide which electrode of a plurality of electrodes
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positioned within the brain is the optimal electrode to use for stimulation. To that end, equivalent
methods to those described herein both for electrode placement and choosing which electrode to use
for DBS based on ERNA, can also be used to aid in the placement of electrodes and choose an optimal
electrode for stimulation.

[0227] There is an inherent requirement for implanted and portable DBS devices to provide the best
treatment of symptoms while minimising both side effects and power consumption. In one
embodiment, a method for operating the system 90 using closed-loop feedback is provided in which
the duty cycle of stimulation is modulated with an aim to minimise stimulation on-time. Figure 22
illustrates a process which may be performed by the system 90. At step 170 a stimulation signal is
generated. Parameters of the stimulation signal are chosen so as to optimise the ERNA and/or HFO
activity to preferred states. The stimulus is then applied to an electrode of the lead tip 70 for a period
T at step 172. The period T may be a fixed period. Preferably the stimulus is applied continuously or
periodically until a preferred state of ERNA is reached. The therapeutic stimulation is then stopped
and the evoked response are measured at one or more electrodes, the evoked response being to a probe
stimulus comprising one or more bursts of pulses applied to the stimulation electrode (at step 174). In
some embodiments the probe stimulus may be applied to more than one electrode. In some
embodiments, the stimulation electrode can be used to measure ERNA instead of or in addition to the
one or more other electrodes. The system is then maintained in this state of monitoring until the
ERNA becomes undesirable. In some embodiments, the determination of whether or not the ERNA is
in a preferred or therapeutic state may be performed by comparing the measured response with a
template ERNA response, or by comparing a measured ERNA characteristic with a desired range. As
soon as it is considered that the state is undesirable at step 176, a stimulation signal is again generated
and applied at steps 170 and 172.

[0228] Figure 23 graphically compares a stimulation regime 178 comprising a patterned therapeutic
stimulation signal 182 followed by a non-therapeutic patterned stimulation signal (comprising one or
more bursts of pulses) 184 and a corresponding characteristic (e.g. resonant frequency) 180 of the
ERNA varying between a preferred state 186 and a less than preferable state 188.

[0229] A method for operating the system 90 using closed loop feedback has been described above
in relation to ERNA. However, in one embodiment, a method for operating the system 90 using
closed-loop feedback is provided in which HFO activity is used to control DBS stimulation in
realtime. Figure 24 illustrates a process which may be performed by the system 90. At step 204 a
stimulation signal is generated. Parameters of the stimulation signal are chosen so as to optimise the
HFO activity to a preferred state. The stimulus is then applied to an electrode of the lead tip 70 at step
206. Preferably the stimulus is applied continuously or periodically until a preferred state of HFO is
reached. Whilst the stimulation signal is begin applied to the lead tip 70, HFO activity is measured at
one or more clectrodes (at step 174). In some embodiments the stimulation signal may be applied to
more than one electrode. In some embodiments, the stimulation electrode can be used to measure

HFO activity instead of or in addition to the one or more other electrodes. In some embodiments, the
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system 90 continues to monitor HFO activity until the HFO activity becomes undesirable. In some
embodiments, the determination of whether or not the HFO activity is in a preferred or therapeutic
state may be performed by comparing the measured activity with a template HFO activity or by
comparing a measured HFO characteristic with a desired range. As soon as it is considered that the
state is undesirable at step 210, the stimulation signal is adjusted and applied at step 206 to the lead tip
70.

[0230] Figure 25 illustrates another process which may be performed by the system 90 for
controlling DBS stimulation. At step 204 a stimulation signal is generated. Parameters of the
stimulation signal are chosen so as to optimise the HFO activity to a preferred state. The stimulus is
then applied to an electrode of the lead tip 70 at step 206. Preferably the stimulus is applied
continuously or periodically until a preferred state of HFO is reached. Whilst the stimulation signal is
begin applied to the lead tip 70, HFO activity is measured at one or more electrodes (at step 206). In
some embodiments the stimulation signal may be applied to more than one electrode. In some
embodiments, the stimulation electrode can be used to measure HFO activity instead of or in addition
to the one or more other electrodes. Stimulation is applied until HFO activity reaches an optimum
state. In some embodiments, the determination of whether or not the HFO activity is in an optimum
state may be performed by comparing the measured activity with a template HFO activity or by
comparing a measured HFO characteristic with a desired range. When, at step 208, HFO activity is
measured as being in an optimum state, at step 210, the applied DBS stimulation amplitude or
frequency may be adjusted, for example, by reducing its amplitude of frequency or by ceasing
stimulation altogether. This in turn will cause the HFO activity to drift outside of the preferred state.
When, at step 212, the HFO activity is found to no longer be in a preferred state, the HFO activity may
then be adjusted again at step 214 to bring the HFO activity back to the preferred state, for example,
by increasing the amplitude of DBS stimulation or by adjusting the frequency of stimulation.

[0231] There are several different ways of implementing the patterned signals of embodiments
described herein. Figures 26a and 26b illustrate two exemplary patterning profiles. In Figure 26a, the
patterned profile includes a period of no stimulation 192 after a continuous stimulation block 190,
followed by a burst of pulses 194 and another period of no stimulation 196. During the period of no
stimulation, the ERNA may be measured and therapeutic stimulation signal adjusted (if required).
HFO activity may be measured either during the period of no stimulation, or during stimulation, or
both, and therapeutic stimulation may be adjusted accordingly, if required.

[0232] In an alternative embodiment, the system may monitor the ERNA and/or HFO activity after
a final pulse of continuous stimulation 198 as shown in Figure 26b. After a period of monitoring 200,
the therapeutic stimulation may then be adjusted for a period 202 after which the therapeutic
stimulation 198 may be applied with the adjusted parameters. This regime may also be considered as
continuous stimulation with periodic missing pulses. To this end, the continuous stimulation may be
considered as a burst of pulses, and the period of no stimulation may be considered as the first time

period t; as described with reference to Figure 2 above.
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[0233] The presence and amplitude of ERNA and HFO activity can be dependent on stimulation
amplitude. Accordingly, so as to maintain consistency in measurements of both ERNA and HFO, it
may be preferable to always use the same pulse parameter settings. In particular, it may be preferable
to use the same amplitude for the pulse used for pulse parameter settings and for the pulse used to
measure ERNA. The last pulse before the period of no stimulation may therefore be at a fixed
amplitude which is independent of the amplitude of stimulation being applied by other pulses (e.g.
therapeutic stimulation), so as to minimise any effect due to resonance dependence on stimulation
amplitude or other pulse parameters.

[0234]  Whilst in embodiments described above, a single electrode array is used both to stimulate
and record an evoked neural response, in other embodiments, electrodes may be distributed on
multiple probes or leads in one or more target structures in either or both brain hemispheres. Equally,
clectrodes either implanted or positioned external to the brain may be used to stimulate or record or
both stimulate and record an evoked neural response. In some embodiments, a combination of both
microelectrode and macroelectrodes may be used in any foresecable manner.

[0235] In a further application of the embodiments of the present invention ERNA and/or HFO
measurements may be recorded and tracked over time to monitor the progression or remission of a
disease or syndrome, or used as a diagnostic tool (e.g. to classify the patient’s neurological condition).
Such embodiments may also be used to provide medical alerts to the patient, a caregiver or a clinician
in the event that the patient’s state (as determined by ERNA/HFO activity) deteriorates towards an
undesirable or critical state (e.g. a Parkinsonian crisis).

[0236] In yet another application, ERNA and/or HFO activity may be used to monitor the effects of
medication over time, including the effects of adjusting medication doses, etc. Such an embodiment
may also be used to provide medication alerts to the patient to remind them when a dose is required or
when a dose has been skipped. Tracking medication effects with ERNA/HFO activity may also
provide clinicians with information regarding whether medication is being taken as prescribed or

whether medication is becoming less effective and requires dosing adjustment.

Further analysis of HF O activity and explanation of results

[0237] The neural activity resulting from DBS pulses was investigated to determine if HFOs could
be used as a biomarker. A wide recording bandwidth was used, as well as symmetric biphasic pulses
for stimulation, rather than conventional asymmetric pulses with a very long second phase, to
minimize the temporal duration of stimulation artefacts.

[0238] Recordings were made from DBS electrodes immediately following their implantation in the
STN of patients with Parkinson’s Disease (PD) who were still awake on the operating table , as PD is
the predominant application for DBS. Furthermore, the STN’s roles in regulation of motor, limbic, and
associative function make it a neural target relevant to a number of different applications, including

DBS treatment of dystonia, essential tremor, epilepsy, and obsessive-compulsive disorder.
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[0239] Standard 130 Hz DBS was temporally patterned to allow multiple peaks to be observed. We
employed two novel patterns: skipping one pulse every second, and applying a burst of ten pulses
every second. The ‘skipped-pulse’ pattern was anticipated to have comparable therapeutic effects to
standard 130 Hz DBS, as it causes only a 0.77% reduction in the total number of pulses delivered over
time. In contrast, the ‘burst’ pattern was anticipated to have minimal therapeutic effects relative to
continuous DBS, as only 7.7% of the pulses are delivered, making it a useful probe for investigating
activity in the absence of therapy.

[0240] We applied the burst stimulus to the STN of 12 PD patients (n = 23 hemispheres) undergoing
DBS implantation surgery and observed HFOs of similar morphology in all cases, indicating it is a
robust and reliable signal that can be measured across the patient population.

[0241]  As the HFO activity was generally characterized by a broadband peak in frequency, we
calculated multitaper spectral estimates and then determined the frequency and amplitude of the peak
occurring between 200-400 Hz. Comparing averages across 15 s non-overlapping blocks (Fig. 26), we
found HFO peak frequency to be significantly decreased post-DBS (Friedman, y’(4) = 45.18, p <
0.001), until the final 45-60 s block (Tukey, p = 0.077). This washout trend matches that for ERNA
frequency, albeit at a lower frequency, with a significant correlation between the two (Pearson product
moment, p = 0.546, n = 152, p < 0.001). The median HFO peak frequency immediately post-DBS was
253 Hz, comparable to the median ERNA frequency of the therapeutic 3.38 mA condition (256 Hz),
suggesting HFO activity occurs at the same frequency as ERNA during the more continuous skipped-
pulse stimulation.

[0242]  No significant differences were found in HFO peak amplitude (Friedman, y°(4) = 2.11, p =
0.72), although it did significantly correlate with ERNA amplitude (Pearson product moment, p =
0.429, n = 152). It is likely that the very small amplitude (<1 pV) of HFO peaks resulted in any
modulatory effects being obscured by noise in the recordings.

[0243] It will be appreciated by persons skilled in the art that numerous variations and/or
modifications may be made to the above-described embodiments, without departing from the broad
general scope of the present disclosure. The present embodiments are, therefore, to be considered in

all respects as illustrative and not restrictive.
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CLAIMS:

1.

A method for monitoring neural activity responsive to a stimulus in a brain, the method
comprising:

a. applying a first stimulus to one or more of at least one electrode implanted in the
brain, the first stimulus comprising a first plurality of bursts of stimulation,

b. detecting high frequency oscillations (HFOs) between about 200 Hz and about 500 Hz
due to neuronal activity at one or more of the at least one electrode implanted in the brain at least
partially during application of the first stimulus;

c. determining one or more waveform characteristics of the HFOs; and

d. generating a second stimulus comprising a second plurality of bursts of stimulation,
wherein one or more waveform characteristics of the second stimulus is dependent on the one of
more waveform characteristics of the HFOs; and

e. applying the second stimulus to one or more of the at least one electrode implanted in
the brain.

The method of claim 1, wherein the first plurality of bursts comprises a first burst applied for a
first time period and having a first waveform characteristic and at least a second burst applied for a
second time period following the first time period and having a second waveform characteristic.
The method of claim 2, wherein detecting HFOs due to neuronal activity at one or more of the at
least one electrode implanted in the brain further comprises:

detecting a first high frequency oscillation (HFO) during the first time period and at least a
second HFO during the second time period at one or more of the at least one electrode implanted
in the brain.

The method of claim 3, wherein the one or more waveform characteristics of the HFOs comprises
one or more waveform characteristics of the first and at least second HFOs.

The method of any one of the preceding claims, wherein the one or more waveform characteristics
of the HFOs comprises one or more of the following:

a) a frequency;

b) an amplitude;

¢) arate of change of frequency;

d) a rate of change of amplitude; and

e) a bandwidth.

6. The method of any one of claims 2 to 5 when dependent on claim 2, wherein the first and second

waveform characteristics comprises one or more of the following:
a) a frequency;
b) an amplitude;
¢) a pulse width;
d) an interphase gap.
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The method of any one of the preceding claims, wherein one or more of the plurality of bursts
comprises one of:

a) a symmetric waveform having a first phase and a second phase of opposite polarity to the
first phase; and

b) a biphasic waveform having a first phase at a first amplitude for a first duration and a
second phase of opposite polarity to the first phase, the second phase having a second amplitude
and a second duration, the product of the first amplitude and the first duration being substantially
equal to the product of the second amplitude and the second duration.
The method of any one of the preceding claims, wherein the first stimulus and/or the second
stimulus is a therapeutic stimulus or a non-therapeutic stimulus.
The method of any one of the preceding claims, wherein the first plurality of bursts and/or the
second plurality of bursts are separated by a first pattern time period, each burst comprising a
plurality of pulses separated by a second pattern time period, wherein the first pattern time period
is greater than the second pattern time period.
The method of claim 9, wherein two or more of pulses within at least one of the first plurality of
bursts have different amplitudes and/or wherein two or more of pulses within at least one of the
second plurality of bursts have different amplitudes.
The method of claim 10, wherein the different amplitudes are selected to produce a ramp in
amplitude of sequential pulses in the at least one of the bursts of the first plurality of bursts or the
second plurality of bursts.
The method of any one of claims 9 to 11, wherein the amplitude of a final pulse in each of the
first plurality of bursts is substantially identical or wherein the amplitude of a final pulse in each
of the second plurality of bursts is substantially identical.
The method of any one of the preceding claims, wherein the one or more waveform
characteristics of the second stimulus comprises a frequency, and wherein the frequency is
configured to be equal to the frequency of the HFO divided by 1, 2, 3 or 4.
The method of any one of the preceding claims, wherein the one or more waveform
characteristics of the HFOs comprises a rate of change of frequency and wherein the one or more
characteristics of the second stimulus are configured to maximise the rate of change of the
frequency of the HFOs.
The method of any one of the preceding claims, further comprising:

determining a correlation between the detected HFOs and a HFO template; and
wherein the second stimulus is generated based on the correlation.
The method of any one of the preceding claims, further comprising:

determining a correlation between the one or more determined waveform characteristics of
the HFOs with one or more predetermined threshold values; and

wherein the second stimulus is generated based on the correlation.
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The method of any one of the preceding claims, further comprising:

estimating a patient state of a patient based on the determined one or more waveform
characteristics of the HFOs.
The method of claim 17, further comprising:

diagnosing the patient based on the estimate of the patient’s state.
The method of claims 17 or 18, further comprising:

generating one or more alerts associated with the estimated patient state; and

outputting the one or more alerts.
The method of any one of the preceding claims, further comprising:

whilst applying the second stimulus, simultaneously detecting high frequency oscillations
(HFOs) due to neuronal activity at one or more of the at least one electrode implanted in the brain;
and

determining one or more second waveform characteristics of the detected HFOs during
application of the second stimulus.
The method of claim 20, further comprising:

estimating a degree of progression of a disease associated with the patient based on the one
or more first waveform characteristics of the HFOs and the one or more second waveform
characteristics of the HFOs.
The method of claims 20 or 21, further comprising:

determining the effect of a therapy provided to the patient based on the one or more first
waveform characteristics of the HFOs and the one or more second waveform characteristics of the
HFOs.
The method of claim 22, wherein the therapy comprises one or more of medication and deep brain
stimulation.
The method of any one of the preceding claims, wherein the at least one electrode comprises two
or more electrodes located within different neural structures in the brain or within different
hemispheres of the brain.
The method of claim 20, further comprising:

comparing a common waveform characteristic between the one or more waveform
characteristics and the one or more second waveform characteristics.
The method of claims 20 or 25, further comprising:

comparing a degree of change of a common waveform characteristic between the one or
more waveform characteristics and the one or more second waveform characteristics.
The method of claims 20 or 25, further comprising:

comparing a rate of change of a common waveform characteristic between the one or more
waveform characteristics and the one or more second waveform characteristics.
The method of any one of claims 25 to 27, wherein the steps of applying the second stimulus

whilst simultaneously determining one or more second waveform characteristics of the HFOs are
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repeated until it is determined that one or more of the at least one electrode is positioned in a target
neural structure in the brain.
The method of any one claims 20 and 25 to 28, further comprising:
selecting one or more of the at least one electrode to use for therapeutic stimulation of a target
neural structure in the brain based on the one or more waveform characteristics or the one or more
second waveform characteristics; and
applying a therapeutic stimulus to the target neural structure via the selected one or more of
the at least one electrode.
The method of any one of claims 20 and 25 to 28, further comprising:
inserting the at least one electrode into the brain along a predefined trajectory;
wherein the steps of applying the second stimulus whilst simultaneously determining one or
more second waveform characteristics of the HFOs are repeated while the at least one electrode is
being inserted to generate a profile of HFO activity with respect to the predefined trajectory and a
target neural structure in the brain
The method of claim 30, wherein the profile of HFO activity is used to determine a position of the
one or more clectrodes relative to the target neural structure.
The method of any one of claims 20 or 25 to 28, wherein the at least one electrode comprises a
plurality of electrodes, and wherein the steps of applying the second stimulus whilst
simultaneously determining one or more second waveform characteristics of the HFOs are
repeated using different combinations of the at least one electrode to generate a profile of HFO
activity for the different combinations of the at least one electrode.
The method of claims 30 or 32, further comprising:
selecting one or more of the at least one electrode based on the profile of HFO activity; and
applying a therapeutic stimulus to the selected one or more of the at least one electrode.
The method of any one of the preceding claims, further comprising:
e. detecting a resonant response from the target neural structure evoked by the stimulus
at one or more of the at least one electrode in or near a target neural structure of the brain; and
f. determining one or more waveform characteristics of the detected resonant response.
A neuromodulation system, comprising:
a lead having at least one electrode adapted for implantation in or near a target neural
structure in the brain;
a signal generator selectively coupled to one or more of the at least one electrode and
configured to:
generate and apply a first stimulus to one or more of the at least one electrode, the first
stimulus comprising a first plurality of bursts of stimulation; and
generate and apply a second stimulus to one or more of the at least one electrode, the
second stimulus comprising a second plurality of bursts of stimulation;

a measurement device selectively coupled to one or more of the at least one electrode and
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configured to detect high frequency oscillations (HFOs) between about 200 Hz and about 500 Hz
generated from neural activity at one or more of the at least one electrode when implanted in the
brain at least partially during application of the first stimulus; and

a processing unit coupled to the measurement device and configured to determine one or
more waveform characteristics of the detected HFOs,

wherein one or more waveform characteristics of the second stimulus is dependent on the
one of more waveform characteristics of the HFOs.
The system of claims 35, wherein the first plurality of bursts comprises a first burst applied for a
first time period and having a first waveform characteristic and at least a second burst applied for a
second time period following the first time period and having a second waveform characteristic.
The system of claim 36, wherein the measurement device is configured to:

detect a first high frequency oscillation (HFO) during the first time period and at least a
second HFO during the second time period at one or more of the at least one electrode implanted
in the brain.
The system of claim 37, wherein the one or more waveform characteristics of the HFOs comprises
one or more waveform characteristics of the first and at least second HFOs.
The system of any one of claims 35 to 38, wherein the one or more waveform characteristics of
the HFOs comprises one or more of the following:

a) a frequency;

b) an amplitude;

¢) arate of change of frequency;

d) a rate of change of amplitude

e) a bandwidth.
The system of any one of claims 36 to 39 when dependent on claim 36, wherein the first and
second waveform characteristics comprise one or more of the following:

a) a frequency;

b) an amplitude;

¢) a pulse width;

d) an interphase gap.
The system of any one of claims 35 to 40, wherein one or more of the plurality of bursts
comprises one of:

a) a symmetric waveform having a first phase and a second phase of opposite polarity to the
first phase; and

b) a biphasic waveform having a first phase at a first amplitude for a first duration and a
second phase of opposite polarity to the first phase, the second phase having a second amplitude
and a second duration, the product of the first amplitude and the first duration being substantially

equal to the product of the second amplitude and the second duration.
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The system of any one of claims 35 to 41, wherein the first stimulus and/or the second stimulus is
a therapeutic stimulus or a non-therapeutic stimulus.
The system of any one of claims 35 to 42, wherein the first plurality of bursts and/or the second
plurality of bursts are separated by a first pattern time period, each burst comprising a plurality of
pulses separated by a second pattern time period, wherein the first pattern time period is greater
than the second pattern time period.
The system of claim 43, wherein two or more pulses within at least one of the first plurality of
bursts have different amplitudes and/or wherein two or more of pulses within at least one of the
second plurality of bursts have different amplitudes.
The system of claim 44, wherein the different amplitudes are selected to produce a ramp in
amplitude of sequential pulses in the at least one of the bursts of the first plurality of bursts or the
second plurality of bursts.
The system of any one of claims 43 to 45, wherein the amplitude of a final pulse in each of the
first plurality of bursts is substantially identical or wherein the amplitude of a final pulse in each
of the second plurality of bursts is substantially identical.
The system of any one of claims 35 to 46, wherein the one or more waveform characteristics of
the second stimulus comprises a frequency, and wherein the frequency is configured to equal to
the frequency of the first and/or second HFO divided by 1, 2, 3 or 4.
The system of any one of claims 35 to 47, wherein the one or more waveform characteristics of
the HFOs comprises a rate of change of frequency and wherein the one or more characteristics of
the one or more waveform characteristics of the second stimulus are configured to maximise the
rate of change of the frequency of the HFOs.
The system of any one of claims 35 to 48, wherein the processing unit is further configured to:
determining a correlation between the detected HFOs with an HFO template; and
wherein the second stimulus is generated based on the correlation.
The system of any one of claims 41 to 58, wherein the processing unit is further configured to:
determining a correlation between the one or more determined waveform characteristics of
the HFOs with one or more predetermined threshold values; and
wherein the second stimulus is generated based on the correlation.
The system of any one of claims 35 to 50, wherein the processing unit is further configured to:
estimate a patient state of a patient based on the determined one or more waveform
characteristics of the HFOs.
The system of claim 51, wherein the processing unit is further configured to:
diagnose the patient based on the estimate of the patient’s state.
The system of claims 51 or 52, wherein the processing unit is further configured to:
generate one or more alerts associated with the estimated patient state; and

outputting the one or more alerts.
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54. The system of any one of claims 35 to 53, wherein the processing unit is further configured to:

55.

56.

57.
58.

59.

60.

61.

62.

63.

whilst applying the second stimulus, simultaneously detect high frequency oscillations
(HFOs) due to neuronal activity at one or more of the at least one electrode implanted in the brain;
and

determine one or more second waveform characteristics of the detected HFOs during
application of the second stimulus.
The system of claim 54, wherein the processing unit is further configured to:

estimate a degree of progression of a disease associated with the patient based on the one or
more first waveform characteristics of the HFOs and the one or more second waveform
characteristics of the HFOs.
The system of claim 54 or 55, wherein the processing unit is further configured to:

determine the effect of a therapy provided to the patient based on the one or more first
waveform characteristics of the HFOs and the one or more second waveform characteristics of the
HFOs.
The system of claim 56, where in the therapy is medication or deep brain stimulation.
The system of any one of the claims 35 to 57, wherein the at least one electrode comprises two or
more electrodes located within different neural structures in the brain or within different
hemispheres of the brain.
The system of claim 54, wherein the processing unit is further configured to:

compare a common waveform characteristic between the one or more waveform
characteristics and the one or more second waveform characteristics.
The system of claims 54 or 59, wherein the processing unit is further configured to:

compare a degree of change of a common waveform characteristic between the one or more
waveform characteristics and the one or more second waveform characteristics.
The system of claims 54 or 59 wherein the processing unit is further configured to:

compare a rate of change of a common waveform characteristic between the one or more
waveform characteristics and the one or more second waveform characteristics.
The system of any one of claims 59 to 61, wherein the steps of applying the second stimulus
whilst simultaneously determining one or more second waveform characteristics of the HFOs are
repeated until it is determined that one or more of the at least one electrode is positioned in a target
neural structure in the brain.
The system of any one claims 54 and 59 to 61, wherein the processing unit is further configured
to:

select one or more of the at least one electrode to use for therapeutic stimulation of a target
neural structure in the brain based on the one or more waveform characteristics or the one or more
second waveform characteristics; and
apply a therapeutic stimulus to the target neural structure via the selected one or more of the at

least one electrode.
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64. The system of any one of claims 54 and 59 to 61, wherein the processing unit is further configured

to:

insert the at least one electrode into the brain along a predefined trajectorys;

wherein the steps of applying the second stimulus whilst simultaneously determining one or
more second waveform characteristics of the HFOs are repeated while the at least one electrode is
being inserted to generate a profile of HFO activity with respect to the predefined trajectory and a
target neural structure in the brain

65. The system of claim 64, wherein the profile of HFO activity is used to determine a position of the
one or more clectrodes relative to the target neural structure.

66. The system of any one of claims 54 and 59 to 61, wherein the at least one electrode comprises a
plurality of electrodes, and wherein the steps of applying the second stimulus whilst
simultaneously determining one or more second waveform characteristics of the HFOs are
repeated using different combinations of the at least one electrode to generate a profile of HFO
activity for the different combinations of the at least one electrode.

67. The system of claims 64 or 66, wherein the processing unit is further configured to:

select one or more of the at least one electrode based on the profile of HFO activity; and
apply a therapeutic stimulus to the selected one or more of the at least one electrode.

68. The system of any one of the claims 35 to 67, wherein the processing unit is further configured to:

e. detect a resonant response from the target neural structure evoked by the stimulus at
one or more of the at least one electrode in or near a target neural structure of the brain; and
f. determine one or more waveform characteristics of the detected resonant response.

69. A method for monitoring neural activity responsive to a stimulus in a brain, the method
comprising:

a. applying a first stimulus to one or more of at least one electrode implanted in the
brain, the first stimulus comprising a first plurality of bursts of stimulation,
b. detecting high frequency oscillations (HFOs) due to neuronal activity at one or more

of the at least one electrode implanted in the brain at least partially during application of the first

stimulus;
c. determining one or more waveform characteristics of the HFOs; and
d. generating a second stimulus comprising a second plurality of bursts of stimulation,

wherein one or more waveform characteristics of the second stimulus is dependent on the one of
more waveform characteristics of the HFOs; and

e. applying the second stimulus to one or more of the at least one electrode implanted in
the brain,

wherein the first plurality of bursts and/or the second plurality of bursts are separated by a
first pattern time period, each burst comprising a plurality of pulses separated by a second pattern

time period, wherein the first pattern time period is greater than the second pattern time period.
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The method of claim 69, wherein two or more of pulses within at least one of the first plurality of
bursts have different amplitudes and/or wherein two or more of pulses within at least one of the
second plurality of bursts have different amplitudes.

The method of claim 70, wherein the different amplitudes are selected to produce a ramp in
amplitude of sequential pulses in the at least one of the bursts of the first plurality of bursts or the
second plurality of bursts.

The method of any one of claims 69 to 71, wherein the amplitude of a final pulse in each of the
first plurality of bursts is substantially identical or wherein the amplitude of a final pulse in each of
the second plurality of bursts is substantially identical.

A neuromodulation system, comprising:

a lead having at least one electrode adapted for implantation in or near a target neural
structure in the brain;

a signal generator selectively coupled to one or more of the at least one electrode and
configured to:

generate and apply a first stimulus to one or more of the at least one electrode, the first
stimulus comprising a first plurality of bursts of stimulation; and

generate and apply a second stimulus to one or more of the at least one electrode, the
second stimulus comprising a second plurality of bursts of stimulation;

a measurement device selectively coupled to one or more of the at least one electrode and
configured to detect high frequency oscillations (HFOs) generated from neural activity at one or
more of the at least one electrode when implanted in the brain at least partially during application
of the first stimulus; and

a processing unit coupled to the measurement device and configured to determine one or
more waveform characteristics of the detected HFOs,

wherein one or more waveform characteristics of the second stimulus is dependent on the
one of more waveform characteristics of the HFOs,

wherein the first plurality of bursts and/or the second plurality of bursts are separated by a
first pattern time period, each burst comprising a plurality of pulses separated by a second pattern
time period, wherein the first pattern time period is greater than the second pattern time period.
The system of claim 73, wherein two or more pulses within at least one of the first plurality of
bursts have different amplitudes and/or wherein two or more of pulses within at least one of the
second plurality of bursts have different amplitudes.

The system of claim 74, wherein the different amplitudes are selected to produce a ramp in
amplitude of sequential pulses in the at least one of the bursts of the first plurality of bursts or the
second plurality of bursts.

The system of any one of claims 73 to 75, wherein the amplitude of a final pulse in each of the
first plurality of bursts is substantially identical or wherein the amplitude of a final pulse in each of

the second plurality of bursts is substantially identical.



WO 2018/213872 PCT/AU2018/050486

7.

78.

79.

&0.

45

The method of any one of claims 1 to 34 and 69 to 72, wherein the HFOs have a frequency of
between about 230 Hz and about 330 Hz.
The method of any one of claims 1 to 34 and 69 to 72, wherein the HFOs have a frequency of
between about 250 Hz and about 300 Hz.
The system of any one of claims 35 to 68 and 73 to 76, wherein the HFOs have a frequency of
between about 230 Hz and about 330 Hz.
The system of any one of claims 35 to 68 and 73 to 76, wherein the HFOs have a frequency of
between about 250 Hz and about 300 Hz.
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