Innovation, Sciences et
Développement économique Canada

Office de la Propriété Intellectuelle du Canada

i+l

CA 2929971 C 2023/03/07

N 2 929 971

12 BREVET CANADIEN
CANADIAN PATENT
13 C

Innovation, Science and
Economic Development Canada

Canadian Intellectual Property Office

(86) Date de dépo6t PCT/PCT Filing Date: 2014/11/14

(87) Date publication PCT/PCT Publication Date: 2015/05/21

(45) Date de délivrance/lssue Date: 2023/03/07

(51) CLInt./Int.Cl. A67B 5/377(2021.01),
A61B 5/291(2021.01), A618 5/316 (2021.01),
A617TN 1/05(2006.01), AGTN 1/36 (2006.01)

(72) Inventeurs/Inventors:

(85) Entrée phase nationale/National Entry: 2016/05/09
(86) N° demande PCT/PCT Application No.: AU 2014/001049
(87) N° publication PCT/PCT Publication No.: 2015/070281

PARKER, JOHN LOUIS, AU;
GMEL, GERRIT EDUARD, CH

(73) Propriétaire/Owner:

(30) Priorités/Priorities: 2013/11/15 (AU2013904434),
2014/03/26 (AU2014901076);
2014/10/24 (AU2014904271)

CLOSED LOOP MEDICAL PTY LTD, AU
(74) Agent: RIDOUT & MAYBEE LLP

(54) Titre : MONITORAGE DES POTENTIELS D'ACTION NEURONAUX DANS LE CERVEAU
(54) Title: MONITORING BRAIN NEURAL POTENTIALS

x10°

T T T T

25

= o ”g, 3
M‘F’!w@-ﬁ"’:ﬁ“ﬂ—-mmm -----------
.5 -
1 L i 1 1 i i i i 11
25 3 3.6 4 4.5 5 6.5 6 8.5 7| e Current 0.6mA
Time (ms) Gurrent 1A
wemren Current 1.5mA
x10° E4 e Gt 2mA
i ' ! ' ' T —— Gurrent 2.5mA
wememmes Gurrent 3md
-4 Current 3.5mA
=
-3 i
% -
>4 4
2c t 1 1 | L 1
3 4 5 8 7 8
Time (ms)
(57) Abrégé/Abstract:

Neural activity in the brain arising from a stimulus is monitored. A stimulus is applied to a target structure of the brain and a neural
measurement is obtained from at least one electrode implanted in contact with the target structure. The neural measurement is
configured to capture a measure of any late response arising in the target structure, typically being a neural response arising after
conclusion of an ECAP, such as in the period 1.5 - 10 ms after stimulus onset. The late response(s) can be a useful biomarker

such as of therapeutic ranges of deep brain stimulation,
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ABSTRACT
Neural activity in the brain arising from a stimulus is monitored. A stimulus is applied to a target
structure of the brain and a neural measurement is obtained from at Ieast one electrode implanted
in contact with the target structure. The neural measurement is configured to capture a measure
of any late response arising in the target structure, typically being a neural response arising after
conclusion of an ECAP, such as in the period 1.5 — 10 ms after stimulus onset. The late
response(s) can be a useful biomarker such as of therapeutic ranges of deep brain stimulation,

disease progression, medication efficacy, and intra-operative changes.
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MONITORING BRAIN NEURAL POTENTIALS

Cross-Reference To Related Applications

[0001]  This application claims the benefit of Australian Provisional Patent Application No.
2013904434 filed 15 November 2013, Australian Provisional Patent Application No.
2014901076 filed 26 March 2014, and Australian Provisional Patent Application No.
2014904271 filed 24 October 2014.

Technical Field

[0002]  The present invention relates to neural modulation in the brain, and in particular
relates to a method for monitoring neural measurements of activity in the brain arising from
stimulation in order to monitor therapeutic effect of the stimulation, or to monitor therapeutic

effect of medicine, or to monitor disease state.

Background of the Invention

[0003] Neuromodulation involves applying an electric stimulus to biological tissue in order to
produce a therapeutic effect. Neuromodulation can be non-invasive such as by transcutaneous
electrical nerve stimulation (TENS), transcranial magnetic stimulation (TMS), or highly invasive
when requiring the implantation of one or more electrodes and a controlling stimulator as in the
case of deep brain stimulation (DBS). DBS has become the most effective treatment for late
stage Parkinson’s disease, but is a highly invasive therapy requiring the implantations of two
leads deep into subcortical nuclei and connection to one or more pulse generators implanted in
the chest. Many DBS electrode target structures have been studied to treat a wide variety of
diseases and the preferred location of the electrode varies depending on the discase that is being
treated. In the case of Parkinson’s disease, the preferred targets are the internal segment of the
globus pallidus (GPi) and the subthalamic nucleus (STN). The GPi has also been targeted for
Huntington’s disease and Tourette’s syndrome, the nucleus accumbens has been targeted for
chronic depression and alcohol dependence, and the fornix is being trialed for Alzheimer’s

disease.

[0004]  Parkinson’s disease is a degenerative disorder affecting dopamine-releasing cells in
the substantia nigra. Many theories describing the functioning of the basal ganglia and how this

degeneration relates to Parkinson’s disease have been proposed, however all such theories have
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significant inadequacies in describing all aspects of Parkinson’s disease, and understanding the

mechanisms of DBS remains the focus of considerable research effort.

[0005] A significant reason for the lack of understanding about the mechanisms of DBS and
the basal ganglia is the difficulty of measuring the direct responses of the nervous tissue to
stimulation. Most of the findings are based on single-cell measurements on efferent structures
and, until recently, it was impossible to adequately measure the direct compound response of the
target structures because when recording close to the stimulation site, large artefacts (electrical

and electrode artefacts) tend to mask the tissue response.

[0006]  Any discussion of documents, acts, materials, devices, articles or the like which has
been included in the present specification is solely for the purpose of providing a context for the
present invention. It is not to be taken as an admission that any or all of these matters form part
of the prior art base or were common general knowledge in the field relevant to the present

invention as it existed before the priority date of each claim of this application.

[0007]  Throughout this specification the word "comprise", or variations such as "comprises"
or "comprising", will be understood to imply the inclusion of a stated element, integer or step, or
group of elements, integers or steps, but not the exclusion of any other element, integer or step,

or group of elements, integers or steps.

[0008] In this specification, a statement that an element may be “at least one of” a list of
options is to be understood that the element may be any one of the listed options, or may be any

combination of two or more of the listed options.

Summary of the Invention

[0009]  According to a first aspect the present invention provides a method of monitoring
neural activity in the brain arising from a stimulus, the method comprising:

applying a stimulus to a target structure of the brain; and

obtaining a neural measurement from at least one electrode implanted in contact with the
target structure, the neural measurement configured to capture a measure of any late response

arising in the target structure.

[0010] According to a second aspect the present invention provides an implantable device for

monitoring neural activity in the brain arising from a stimulus, the device comprising:
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a stimulus source for providing a stimulus to be delivered from one or more stimulus
electrodes to a target structure of the brain; and
measurement circuitry for obtaining a neural measurement from a sense electrode in
contact with the target structure, the neural measurement configured to capture a measure of any

late response arising in the target structure.

[0011]  The measure of the late response in some embodiments comprises a record of
substantially the entire duration of the late response. In the case of the subthalamic nucleus the
measure of the late response in some embodiments may encompass a time period beginning 1-5
ms after the stimulus onset, more preferably beginning 1.5-4 ms after the stimulus, more
preferably beginning 2-3 ms after the stimulus. In the case of the subthalamic nucleus the
measure of the late response in some embodiments may encompass a time period ending 5-10 ms
after the stimulus, more preferably ending 5.5-8 ms after the stimulus, more preferably ending
6.5-7.5 ms after the stimulus onset. Itis to be noted that the late response as referred to herein
may comprise multiple neural responses, so that the measure of the late response may comprise

multiple maxima and minima.

[0012]  The neural measurement in some embodiments is configured to also capture a measure
of any compound action potential (CAP) arising directly from the stimulus, prior to the late
response. In such embodiments a period encompassing the late response may be defined by
reference to one or more features of the CAP, such as the CAP P2 peak, rather than defining

such period relative to the stimulus.

[0013]  The neural measurement is preferably obtained in accordance with the teaching of

International Patent Publication No. W02012/155183 by the present applicant.

[0014]  According to another aspect, the present invention provides a non-transitory computer
readable medium for monitoring neural activity in the brain arising from a stimulus, comprising
instructions which, when executed by one or more processors, causes performance of the
following:

applying a stimulus to a target structure of the brain; and

obtaining a neural measurement from at least one electrode implanted in contact with
the target structure, the neural measurement configured to capture a measure of any late response

arising in the target structure.
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[0015] By capturing a measure of any late response arising in the target structure some
embodiments of the present invention may deliver a diagnostic method. The presence,
amplitude, morphology, and/or latency of the late response may be compared to healthy ranges
and/or monitored for changes over time in order to diagnose a disease state. The method of the
invention may be applied in some embodiments in order to determine a therapeutic effect of the
stimulation, determine a therapeutic effect of medicine, and/or to monitor disease state. A
therapeutic response may subsequently be ordered, requested and/or administered based on the

diagnosis.

[0016] Some embodiments of the present invention may be applied specifically in relation to
stimulation of the subthalamic nucleus. However alternative embodiments may be applied in
relation to the application of stimuli to other portions of the brain in which an early neural
response arises in a linear manner in response to the stimulus, and in which a non-linear late

response subsequently arises which may be separately monitored to the early response.

[0017]  The therapeutic effect determined from the late response may be used in some

embodiments in order to regulate neural activity to a target level or target profile.

[0018]  The therapeutic effect determined from the late response may be used in some other
embodiments as an intra-operative tool to assist surgeons to implant an electrode at an ideal
location or orientation. For example by exploring a stimulus parameter space repeatedly
throughout implantation, while watching the late response, to find a location, orientation and
stimulus paradigm which is therapeutic and of lowest power consumption, and/or to monitor for
adverse side effects. In the case of epilepsy a neural region of heightened excitability, as
indicated by early onset of the late response as compared to other regions, may be identified as a

likely focus of focal seizures.

[0019]  In still further embodiments, the late response may reveal an efficacy of a medication
taken by the user, and may be used to adjust a stimulation paradigm over time as medicine wears
off. Moreover, a reduction in efficacy of a medicine over time, or the monitoring of progression
of a disease over time, such as over weeks, months or years, may be monitored by some

embodiments of the present invention.

[0020] It is to be understood that the at least one electrode from which the neural

measurement is obtained is implanted in electrical contact with the target structure but not
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necessarily in physical contact with the target structure. For example where the stimulus is
applied to the STN, the at least one electrode from which the neural measurement is obtained

may be implanted partly or wholly within the zona incerta or in another structure near the STN.

[0021] Some embodiments of the present invention may further provide for monitoring of
local field periodic signals by reference to the late response. For example a peak-to-peak
amplitude of the late response may be modulated by the heartbeat of the patient and thus the
deep brain stimulator may in some embodiments be configured to monitor the patient’s heart rate
by reference to 0.5 — 3 Hz modulations of the peak to peak amplitude of a plurality of
measurements of the late response, thus eliminating the need to provide a separate heart rate
monitor, and without the need to interrupt the stimulation. These and/or other embodiments may
further assess beta-band oscillations influencing the measurement(s) of the late response, which

can be one of the main observable electrophysiological changes in PD.

Brief Description of the Drawings

[0022]  An example of the invention will now be described with reference to the
accompanying drawings, in which:

Figure 1 illustrates a simulated single fibre action potential profile;

Figure 2a illustrates evoked compound action potentials (ECAPs) measured on electrodes
at close range to a stimulus site, and Figure 2b illustrates the biphasic stimulus delivered,;

Figure 3 shows the growth curves of the P2-N1 amplitude for a truncated and non-
truncated ECAP;

Figure 4 illustrates the late responses for various stimulus currents;

Figure 5 illustrates the late response progressing non-linearly through three different
states;

Figure 6 illustrates the latency between the N1 peak and the P2 peak, on each of
electrodes 3 and 4;

Figure 7 shows the growth curve of the second peak of the late responses, relative to
increasing stimulus current, measured on each of electrodes 3 and 4;

Figure 8 is a schematic diagram of a deep brain stimulator with local feedback;

Figure 9 is a schematic diagram of a deep brain stimulator with local feedback via simple
tuning mechanism;

Figure 10 illustrates a hybrid feedback system;
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Figures 1la and 11b illustrate that under medication the amplitude of the ECAPs is
markedly decreased;

Figure 12 illustrates late responses for various stimulation currents in a patient on and off
medication,

Figure 13 illustrates neural response measurements obtained from a patient being treated
with deep brain stimulation of the ventral-intermediate nucleus of the thalamus;

Figure 14 illustrates data obtained from electrodes 3 and 4 in the left hemisphere of a
patient treated with STN DBS, with Figure 14a showing the neural response measurements from
each electrode, Figure 14b being a plot of late response latency against stimulus current, and
Figure 14c¢ being a plot of late response amplitude against stimulus current;

Figure 15 illustrates data obtained from the same patient as Figure 14, from electrodes 7
and 8 in the right hemisphere which was atrophied, with Figure 15a showing the neural response
measurements from each electrode, Figure 15b being a plot of late response latency against
stimulus current, and Figure 15¢ being a plot of late response amplitude against stimulus current;

Figure 16 illustrates data obtained from the same patient as Figures 14 and 15, from
electrodes 5 and 6 in the right hemisphere, with Figure 16a showing the neural response
measurements from each electrode, and Figure 16b being a plot of late response latency against
stimulus current;

Figure 17a illustrates late responses recorded in healthy tissue in the same patient as
Figure 14-16, for a constant stimulus amplitude but varying frequency, and Figure 17b is a plot
of the latency of one of the late response peaks against stimulus frequency; and

Figure 18 illustrates late response measurements obtained in respect of another patient

receiving STN DBS.

Description of the Preferred Embodiments

[0023] The following describes a number of embodiments utilising measurement of the
compound action potential arising from stimulation of the subthalamic nucleus (STN), and a
number of applications that these measurements may have such as for improving the therapy.
While the following embodiments relate to STN stimulation for Parkinson’s disease, it is to be
understood that other embodiments of the invention may be applied to other applications of deep

brain stimulation.

[0024]  The combined response of nervous tissue to electrical stimulation usually takes the

form of an evoked compound action potential (ECAP). For illustrative purposes, Figure 1 shows
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the evoked action potential arising when simulating a single fibre from a spinal cord model. The
three peaks characteristic of the action potential, respectively referred to as the P1, N1 and P2
peaks, are clearly visible. The typical response of multiple fibres together, namely the
compound action potential (CAP), is usually smoother and more spread-out then the single fibre
action potential profile shown in Figure 1, but the 3 characteristic peaks are nevertheless still

present in a CAP.

[0025]  The details of the measurement technique used in the present embodiments are
described in W02012/155183, and its application in a feedback loop are described in
WO02012/155188 by the present applicant.

[0026]  When seeking to measure neural responses arising from a stimulus in a target structure
in the brain, as in the case of DBS, it is noted that this application necessitates very short
distances between the stimulating site and the recording site, for example no more than about 5
to 9 millimetres for the STN, and in the present embodiment electrode 3 is positioned about 1.5
mm away from the stimulus site, this being the inter electrode spacing. Considering the
propagation speed, and the necessity for a certain minimum blanking period during which the
measurement amplifiers must be disconnected from the electrodes to avoid artefact, the ECAPs
measured on electrodes at this range are truncated as seen in both plots of Figure 2a in the period
prior to about 1.2 ms after the initiation of the stimulus in both plots of Figure 2 (notc that the
stimulus is not initiated at t=0, the nature of the measurement setup causes some delay at the
beginning of the measured trace prior to the first stimulus pulse). Itis however possible to use
the remaining signal, after about t=1.2 ms, i.e. from about 0.3 ms after completion of the
stimulus, for analysis and feedback purposes in a similar way the full ECAP would be used if it

were available.

[0027]  Figures 2 — 6 present recordings of evoked action potentials (ECAPs) and Late
Responses (LRs) measured intraoperatively in the subthalamic nucleus (STN) of patients
undergoing the implantation of deep brain stimulators. In these figures the stimulus onset
occurred at about 0.79 ms after t=0. Figure 2a shows ECAPs obtained from biphasic bipolar
stimulation at 130Hz and 90 us pulse width on electrodes 1 and 2 of a DBS clectrode array
(denoted 201 and 202, respectively, in Figure 2b), and measured on electrode 3 (top plot) and
electrode 4 (bottom plot of Figure 2a) of the array (denoted 203 and 204, respectively, in Figure

Date Regue/Date Received 2021-05-04
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2b). The 3-peak response resembles ECAPs observed during spinal cord stimulation. The
blanking period of the measurement device masks the first P1 peak on electrode 3, the electrode
closest to the stimulus site. Also, peak N1 is partially truncated. The upper plot in Figure 2a
shows measured ECAPs on electrode 3, close to the stimulus site, at varying amplitudes of
stimulus current. The signal is several millivolts strong for 3.5mA stimulation and propagates
away from the stimulus site. The lower plot in Figure 2a shows measured ECAPs on electrode 4,
a small distance further from the stimulus site as compared to electrode 3, at the same varying
amplitudes of stimulus current. Peak P1 again is removed by truncation but N1 is more intact.
While Channel 3 suffers more truncation, it receives signals of about 4 times greater amplitude
than channel 4, noting the different y-axis scales in the two plots. Figure 2a shows that the
compound action potential evoked by the stimulus in the STN rises with stimulus current, and
concludes within about 1.7 ms of onset of the stimulus as the action potentials propagate away

from the stimulus site.

[0028]  Figure 2b illustrates the biphasic stimulus delivered on clectrode 1 (201) and clectrode
2 (202) with an alternating polarity pattern in which the polarity of the first pulse in a biphasic

stimulus changes with each impulse.

[0029]  Figure 3 shows the growth curves of the P2-N1 amplitude for a truncated and non-
truncated peaks in the same patient. This illustrates that the linearity is well preserved which
allows for an easy calibration and feedback design to control the ECAP amplitude. Despite the
truncation in channel 3, the electrode closer to the stimulus site displays larger responses when
measured as |P2-N1| as compared to electrode 4, further away from the stimulus site. Thus,
despite the truncation, the general characteristics of fading and smearing as the response moves
away from the stimulus are preserved. For the sake of clarity, the text will use the term “ECAP”
to refer to both the complete ECAP and the truncated one. In the case of the truncated ECAP, the

N1-P2 amplitude is taken as shown on Figure 2a.

[0030]  Figure 2 shows the truncated ECAPs mcasurced on two separate channcls for various
stimulation intensities. It can be seen that only channel 4 displays the full N1 peak. Despite the
truncation on channel 3 only, it has been shown that the [N1-P2| amplitudes both have linear

growth curves with some threshold behaviour at very low stimulation intensities

[0031]  Figure 3 shows growth curves of the [N1-P2| amplitude for various stimulation

currents. CH3 is the electrode closest to the stimulus site, in which the N1 peak is truncated, and
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CHA4 is the electrode furthest away from the stimulus site with an intact N1 peak. The growth
curve displays a threshold behaviour below 0.5mA stimulation and transitions smoothly to a
linear regime. On E3, the slope is 1.7mV/mA (R* > 0.99) and on E4 the slope is 0.37mV/mA (R?

> 0.99) for stimulus currents 1.5mA and above.

[0032] In addition to the ECAP arising directly from the stimulus and concluding within
about 1.7 ms of the stimulus, as shown in Figure 2a, the present invention further recognises that
a late response follows the ECAPs, and carries important information. Without wishing to be
limited by theory, it is nevertheless noted that the late responses (LR), unlike ECAPs (also
referred to herein as early responses), are not the direct response of the tissue but rather appear to
be a systems response from the cortex and other subcortical structures projecting back into the
STN. Irrespective of mechanism the present invention recognises the existence of the late

response, and a range of uses and applications arising from its measurement.

[0033] The late responses are typically of much smaller amplitude than the early ECAP, and
typically do not have a linear growth curve. At 130Hz stimulation (a standard frequency for
maximum efficacy), two late responses can be observed, one occurring shortly after the end of
the early response, and one occurring roughly 2-3 milliseconds after the first. The present
specification when describing a late response in the singular may thus encompass more than one

response manifesting in the neural measurement, after the ECAP.

[0034] Some embodiments of the present invention further recognise that, in the case of the
STN, as the stimulation current is increased the late response progresses non-linearly through
three different states as shown in Figure 5:
a. The subthreshold state 502 when the stimulation current is below about 0.6 mA,
in which only a very small late response or no response at all occurs;
b. The non-therapeutic state 504 when the stimulation current is between about 0.6
mA and about 2.5 mA, in which a latc responsc can be clearly observed between
4.5 — 7 ms on the time scale of Figure 5, but in which the stimulation does not yet
have therapeutic effects for the patient; and
c. The therapeutic state 506 in which the stimulation current is above about 2.5 mA,
which corresponds to therapeutic levels of stimulation.
Thus, the transitions from the subthreshold state to the non-therapeutic state and then to the

therapeutic state are abrupt in the STN for this patient and marked boundaries can be observed in
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Figure 5 when the stimulus current is increased past the two transition points. Similar non-linear
states of the late response may be similarly illustrative and useful in other target structures in the

brain.

[0035] The transition from the non-therapeutic state to the therapeutic state is characterised by
a marked shift in time of around 1.5ms of the peak of the second late response with respect to its
location in time in the non-therapeutic state (see Figure 4 and Figure 5). Figure 4 illustrates the
late responses for various stimulus currents. The boldface traces each represent one of the states
the system can be in. The late responses are an order of magnitude smaller than the ECAPs and
peak roughly 1 ms and 3 ms after the end of the ECAP. For example in the lower plot of Figure
4 the second late response peaks at about 5.5 ms when the stimulation current is 1.5 mA, but
peaks substantially later at about 7 ms when the stimulation current is 3.5 mA. Thus, therapcutic
stimulation is corrclated with a shift in time of the latc responscs of around 0.5-1.5ms. The first
late response also shifts slightly (from about 3 ms to about 3.5 ms) when the transition is made,
this shift is however smaller and thercfore may be harder to usc in a clinical setting and noisy
environment. Thus, even though the shift in the first late response could be used in a similar way
than the shift in the second late response, the second part of the late response presents a more
distinguishable characteristic and is thus the focus of the present embodiments. Nevertheless

other embodiments could additionally or alternatively address the first part of the late response.

[0036]  Figure 6 illustrates the latency between the N1 peak and the P2 peak, on each of
electrodes 3 and 4. This shows that the ECAPs of Figure 2a do not spread out with increasing
stimulus currents. The variations of E4 are well within the sampling error (fsampie = 30 KHz). On

E3 the variation is mainly due to truncation of the signal and artefact.

[0037]  Unlike the carly responses which as seen in Figure 3 display a lincar growth curve
without plateau in the observed range (although a plateau is likely to occur at higher stimulus
intensitics), the late responses’ amplitudes platcau very quickly. Figure 7 shows the growth
curve of the sccond peak of the late responses, relative to increasing stimulus current, measured
on each of electrodes 3 and 4. Unlike the linearly growing ECAPs (Figure 3), the growth curve
of the late responses in Figure 7 levels off quickly and seems to be state-dependent. The late
response peak on E4 decreases in amplitude when the therapeutic state is reached and grows

again within the new state. This is more conspicuous on E4 than on E3 which is closer to the
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stimulation site, where the size of the evoked response might mask some of the smaller

responses and is likely to have decreased excitability shortly after the early response.

[0038]  The neural measurements encompassing the period containing the late response(s) thus
show that the responses are made up of two distinct parts: one being the ECAPs from the
surrounding tissue and the second being the late responses, which may be cortical potentials
projecting back into the basal ganglia. The preceding further establishes that the late responses
undergo three distinct states when the stimulation current is increased: the subthreshold state
where no response occurs, the non-therapeutic state in which a clear response is present but
which has no therapeutic effect for the patient, and the therapeutic state which coincides with the

neurologist’s assessment of therapeutic levels of stimulation.

[0039]  The identification of these distinct states could in turn in some embodiments be used
to ease the design of feedback-enabled deep brain stimulators and provide a quantifiable way to

assess the efficacy of deep brain stimulation in the surgical theatre and throughout the therapy.

[0040]  The present invention thus recognises that by taking a measurement and monitoring
for such a late response, a range of observations may be made. A number of such embodiments
of the invention will now be discussed. In each of the systems presented below, each electrode
can either be stimulating or recording. Each device will contain one or multiple leads with 2 or
more electrodes on each lead. The stimulation and recording can be carried out on any given set
of electrodes on each lead. Each of these systems will comprise the leads, a controllable
stimulator and a processing unit that will process the recorded information and set the control

parameters accordingly.

[0041]  One embodiment involves parameter adjustment for DBS for Parkinson’s. It is noted
from Figure 3 that the amplitude growth of the ECAP is linear over a range of currents. The
slope of growth, and the threshold at which an ECAP is first detected at smallest stimulus
current, both provide a measure of the excitability of the DBS structure which is being
stimulated, as well as providing long term and continuous information regarding the neurological

state of the target being stimulated.

[0042]  This embodiment thus recognises that measurement of the ECAP amplitudes and
shapes as a function of stimulation parameters provides useful information for parameter

programing. Measurement of the strength duration curve by measuring the ECAP threshold at a
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range of pulse widths allows determination of the chronaxie and rehobase for the recruited
neurons. From this, the most efficient stimulation pulse width and current can be determined.
Stimulating with efficient parameters has the beneficial effect of lowering the power

consumption and allowing the construction of smaller devices.

[0043] The neural response measurements can be collected and stored in the implant for later
downloading. The downloading and access to the data can be achieved via a number of means,
for example the clinician can download information at the time of routine follow-up. Information
can be downloaded when the patient charges their system of via wireless radio (preferably MCS

band) periodically. The data can be transferred to centralised databases, etc.

[0044]  Another embodiment provides a deep brain stimulator with local feedback. The neural
response measurement can be used in a closed-loop feedback system. Figure 8 is a schematic
diagram of such a feedback system using only 3 electrodes and a reference electrode for the
amplifier. Once the optimal stimulation settings have been assessed, the stimulus is controlled in
a way to maintain the response at a constant amplitude. This will eliminate all local effects such
as heart beat and small changes in the response due to temporary or chronic metabolic changes.

The responses are monitored, processed, and the stimulus adapted accordingly.

[0045] A plethora of causes can change the response of the tissue to stimulation, and may be
addressed by the embodiment of Figure 8, including;:
a. Adaptation
b. Changes in electrode micro environment co-incident with the heartbeat
A worsening of the state of the disease
d. The course of medication intake

¢. The current overall state of the patient (sleep, rest, movement, ctc.)

[0046]  Figure 8 shows an example of bipolar stimulation, in which both the stimulation and
ground electrode are part of the same electrode lead. However a monopolar stimulus, in which
the ground electrode is elsewhere such as on the case of the implant, is also an option in other

embodiments.

[0047]  In another embodiment there is provided a device to determine the efficacy of the
therapy and the best stimulation settings. As noted in the preceding, the neural measurements

consist of early responses (1-3ms) and much smaller late responses (3-7ms), and there are
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marked changes in the late response characteristics. For the sake of simplicity, the term “delay”
when referring to the late responses denominates any measure of the relative position in time of

the late responses, the ECAP or the stimulus, with respect to each other.

[0048] In the past, during the implant of a DBS system a neurologist will assess the efficacy
of the treatment by gauging the felt resistance of the patient’s arm to movement alongside other
motor tests such as pronate/supinate hand movements, and side effects are also monitored. This
previous technique is subject to human error and has a large error margin. The observation of
the late responses in the present embodiment of the invention instead allows the efficacy of the
treatment to be assessed during the surgical procedure. This has several benefits, including
eliminating human judgement (and human error) by presenting a measurable quantity, namely

the delay between the late responses or a change in the late response.

[0049]  Moreover, lesions caused by surgical electrode insertion can partly or entirely suppress
patient symptoms, temporarily. As a consequence, at the time of insertion when such temporary
effects occur it can be difficult to assess the efficacy of the electrode placement, because only
imaging and observed side effects can give an indication of the lead placement. Observing the
late responses in accordance with the present invention may thus in some embodiments be used

to assist with lead placement.

[0050] The late response measure in many embodiments carries the further advantage that it
presents a quantifiable measure which is available in real-time to assess the overall efficacy of
the treatment, eliminating or reducing the need for a long trial period with repeated device
adjustments by a clinician over many weeks or months to optimise device operation, a process
which is costly and subjective. Another benefit is to determine the optimal stimulation current
which minimises power consumption, thus increasing the battery life of the device and

decreasing the risk of damaging the tissue due to prolonged exposure to chronic stimulation.

[0051] It is to be appreciated that other embodiments may be applied to any disorder
displaying similar features in the late responses. DBS is used for a whole range of diseases
including Huntington’s disease, Tourette’s syndrome, chronic depression, dependence, tremor,
Alzheimer’s disease and dystonia, all of which are thought to be caused by disruption of the
normal neural pathways leading to a “disease state” which could then be acted upon by deep

brain stimulation.
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[0052]  Yet another embodiment applies late response (LR) feedback. The recording of the
late responses is used in a feedback system capable of monitoring the responses and adapting the
stimulation intensity for changes in the response. Changes in posture, movement, time and the
development of the disease, and all sorts of other physiological and environmental factors
change the response of the nervous tissue to the same stimulus. The feedback device in this
embodiment therefore records the delay or other changes of the late responses and adapts the
stimulation intensity to achieve maximum therapeutic effect with minimum stimulation current.
The targeted stimulation current is the smallest current in which the late responses are in the

therapeutic state.

[0053]  The circuit diagram shown in Figure 8 applies to this embodiment as well, albeit with

distinctions in the way the processing unit drives the controller.

[0054] In Figures 9a and 9b the stimulator with local feedback uses the amplitude information
of the late response and locks it to a determined value. A feedback system using the late
responses will measure the latency of the late responses and adapt the stimulus intensity
accordingly. One possible implementation would be the use of a simple tuning mechanism.
Those mechanisms are widely used in all kinds of electronics applications, notably in variable
DC sources. In its simplest form, an arbitrarily long word defines the current between two pre-set
limits. The bits are then recursively modified to approach the optimal stimulation level by
observing the late responses. If the latency fits the therapeutic state the next bit will decrease the
current, if the late response latency indicates that stimulation is in the sub-therapeutic state then

the current is increased. Thus the system uses a simple comparator and digital controller.

[0055]  In other embodiments, the embodiment of Figure 9 may be altered so as to monitor the
late responses only occasionally, instead of monitoring the late responses at all times. This
allows a tradc-off between stimulation power consumption and processor power consumption to
be optimised. In such embodiments, a periodic or occasional sweep of stimulus current around
the existing stimulation level may be performed, to minimise stimulus current while remaining in
a therapeutic state. Also, stimulus current will be immediately adjusted if the late responses shift

into a non-therapeutic state.

[0056]  Yet another embodiment is illustrated in Figure 10, comprising a hybrid feedback

system. As the late responses are very small compared to the early responses and are therefore
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subject to noise and large variations, a hybrid feedback system is proposed which automatically
sets the stimulation intensity to optimal levels by:
a. Recording and processing (averaging, will need some memory) the late
responses and finding the optimal stimulation intensity.
b. Recording the amplitude of the ECAP at that stimulation level
c. Applying closed-loop feedback on the ECAP

[0057]  The device of Figure 10 will perform periodic or occasional current sweeps as

discussed above.

[0058] The device of Figure 10a and 10b utilises a 2-stage control-system in which stage 1
finds the best stimulation setting, similarly to the Late Response Feedback presented above.
Once the setting is found, local feedback is applied using the ECAP amplitude. As the late
responses are of much smaller amplitude and more subject to noise, an accurate characterisation
of the delay requires memory and computing power which will decrease the battery life of the
implant. This hybrid feedback system will consume less power as the computationally heavy

tasks can be made arbitrarily sparse.

[0059] In yet another embodiment, the concentration and efficacy of dopamine is detected.
Dopamine concentration has an impact on the shape of action potentials. As shown in Figures
11a and 11b, in a patient under medication the amplitude of the ECAPs is markedly decreased,
especially for lower stimulation currents. The device can be used to characterise the dopamine
concentration in the STN by measuring the shape of the ECAP and the late responses (amplitude,
distances between P1, N1 and P2, distances between ECAPs and LRs). In the case of patients
with Parkinson’s disease, this information can be used to assess the state of the disorder and

adjust the levels of levodopa administration.

[0060] The vast majority of DBS patients for Parkinson’s disease require the continuing
administration of Levodopa to manage their symptoms. The adjustment of the level of Levodopa
in combination with DBS can be a protracted affair and can take several visits to the clinician
and a number of adjustments before a stable condition is found. Knowledge of the variation in
the ECAP and the late responses with Levodopa administration could be used to determine

optimal dosage levels for the patient.
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[0061] The measurements of Figure 11 show that in a patient currently under medication, the
amplitude of the ECAPs is markedly decreased, especially for lower stimulation currents. The
growth curve can therefore be used to assess the effect of Levodopa administration. This
information can be used to adapt the dosage of Levodopa as well as monitor the course of the

disease.

[0062]  The late responses do not show any changes in amplitude with medication or without.
The latency of the late responses however shifts markedly, from one case to the other. This
information can be used alone or in conjunction with the ECAP data to assess the course of the
disease and the effects of Levodopa administration. Figure 12 illustrates late responses for
various stimulation currents in a patient on and off medication. The late responses shift to the
same position once the treatment becomes therapeutically effective and therefore does not

compromise the above feedback systems presented.

[0063]  Further data was obtained of the late response in DBS recipients. Figure 13 illustrates
data obtained from a patient with Klinefelter syndrome being treated for Essential Tremor with
vim (ventral-intermediate nucleus of the thalamus) DBS. Prior to the surgery and during the
entire length of the experiments, the patient was OFF medication. Electrodes 1-4 are on the left
side and electrodes 5-8 on the right side. Figure 13 illustrates the neural responses measured in
response to varying stimuli. No late response is observed in response to such a stimulus regime
of the thalamus, indicating that the results obtained in respect of the STN as discussed in the
preceding are not mere artefact but are a specific characteristic of that structure, confirming that
the late response, when present in a brain structure, presents a functionally relevant marker to

monitor.

[0064]  Figures 14-16 illustrate data obtained from a Parkinson’s discase patient treated with
STN DBS, similarly to the patient reflected in Figures 3-7. Figure 14 relates to data obtained
from E3 and E4, situated in healthy tissue in the left hemisphere. The late responses shown in
Figure 14a exhibit an increased latency with increasing stimulus current (Figure 14b) and a non-

linear amplitude growth with increasing stimulus current (Figure 14c).

[0065] However, in contrast, the patient the subject of Figures 14-16 had “holes” or atrophies
visible in imaging of the right hemisphere STN, near the most postero-ventral electrode, i.e. the
deepest electrode, denoted ES herein. As shown in Figure 15, stimulating next to those holes had

no effect, which was reflected in the absence of a shift of the late responses measured by E7 and
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ES8, shown in Figure 15. In particular, the late responses shown in Figure 15a do not exhibit an
increased latency with increasing stimulus current (Figure 15b) which again is indicative that the
change in latency of the late response reflects a neural systems response from the cortex and
other subcortical structures and not merely local electrostatic effects or the like, and can thus be
considered as a “control”. This is further illustrated when stimulating on E8 and measuring on
ES and E6 as shown in Figure 16. The shift in latency of the late responses recorded in Figure
16a is more gradual than that seen in the left hemisphere in Figure 14, which may suggest that
the observed atrophies hinder the normal late response mechanism. Figure 16b indicates the
relationship of later response latency to stimulus current when stimulating on E8 which,
compared to Figure 14b, shows a slower growth. Moreover, the late response on E6 (which is
closer to the stimulus site) occurs later than the late response on ES (which is further away from

the stimulus site) which is the reverse of the situation in Figure 14.

[0066]  Figure 17a illustrates late responses recorded in healthy tissue in the same patient as
Figure 14-16, for a constant stimulus amplitude but varying frequency. Figure 17b illustrates the
progression of latency of the late response peak arising at around 5.5 ms, with increasing
stimulus frequency. As seen in Figure 17b, a shift in latency of this particular peak occurs at
around 130 Hz. It is noted that above about 160 Hz the length of the measurement phase is too

short and the next pulse occurs before the late response can occur.

[0067]  Figure 17a also illustrates that there are more late responses than the two responses
observed at 130Hz such as in Figure 4. Figure 17a reveals late responses not only at around 5.5
— 6 ms but also at around 8ms, 10ms and 13ms although the amplitude of the latter 3 responses is
about 5 times smaller, or less, so the more useful marker appears to be the late response observed

around 6ms.

[0068] Comparison of the progression of the late response in different patients thus reveals
that it is a change in the late response with changing stimulus that is useful to look for, which

could be either an earlier response, or a later response, for example.

[0069]  Figure 18 illustrates late response measurements obtained in respect of yet another
Parkinsons patient receiving STN DBS. Once again, a marked alteration occurs in the late
response with increasing stimulus amplitude, however in this case the observed change is a
reduction in latency of the late response, in contrast to the increased latency observed in Figures

4, 14b and 16b. However, once again, the point at which the change occurred (2 mA stimulus)
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corresponded to the point at which the therapy became effective for the patient, once again
illustrating that a change in the late response is a useful biomarker. The change may be sought
by monitoring latency of the late response, amplitude of the later response, or morphology of the
late response such as the appearance of an additional peak in the late response as observed in

Figure 18, or the disappearance of a peak in the late response from the measurement window.

[0070] There are a vast number of other disease states which are treatable by DBS which
include chronic depression, phantom pain, dependence, Huntington’s disease, Tourette’s
syndrome and Alzheimer’s disease. For all these disorders and for other applications, the
combination of neuromodulation and drug administration may prove more effective than either
alone. The majority of the CNS active pharmacological substances act on neural receptors or
neurotransmitter release or metabolism. These in turn have an effect on the clectrophysiology of
the neurons which can be detected by measurement of ECAPs and/or late responses. The above
mcthodology and techniques apply in all those cases and the concepts can be generalised to any

type of neuromodulation in any brain centre.

[0071]  Thus, while the present embodiments have been described in relation to measurement
of a late response arising in response to stimulation of the subthalamic nucleus, it is to be
appreciated that the present invention is also applicable in relation to the application of stimuli to
other portions of the brain in which an early neural response arises in a linear manner in response
to the stimulus, and in which a non-linear late response subsequently arises which may be

separately monitored to the early response.

[0072] 1t will be appreciated by persons skilled in the art that numerous variations and/or
modifications may be made to the invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly described. The present

cmbodiments arc, thercfore, to be considered in all respects as illustrative and not restrictive.
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Claims
i. An implantable device for monitoring neural activity in the brain arising from stimulation,
the device comprising:

a stimulus source for providing a plurality of stimuli to be delivered from one or more
stimulus electrodes to a target structure of the brain, where stimuli in the plurality of stimuli are
configured to be delivered at varied amplitudes; and

measurement circuitry for obtaining a plurality of neural measurements from at least one
sense electrode in contact with the target structure, the neural measurements configured to
capture a measure of any late response arising in the target structure resulting from a
corresponding stimulus in the plurality of stimuli, and

a processor configured to:

identify neural measurements in the plurality of neural measurements describing a
late response, the late response being a neural response arising after an evoked
compound action potential; and
identify a therapeutic transition by identifying a temporal shift in late responses
between a first neural measurement and a second neural measurement in the
plurality of neural measurements.
2. The device of claim I wherein the neural measurements encompass a time period
beginning in the range 1.5 - 4 ms after the respective stimulus onset.
3. The device of claim 2 wherein the neural measurements encompass a time period
beginning 2-3 ms after the respective stimulus onset.
4. The device of any one of claims 1 to 3 wherein the neural measurements encompass a
time period ending in the range 5 - 10 ms after the respective stimulus onset.
5. The device of claim 4 wherein the neural measurements encompass a time period ending
in the range 5.5 - 8 ms after the respective stimulus onset.
6. The device of claim 5 wherein the neural measurements encompass a time period ending

in the range 6.5-7.5 ms after the respective stimulus onset.

7. The device of any one of claims 1 to 6 wherein the target structure is the subthalamic
nucleus.
8. The device of any one of claims 1 to 7 wherein the neural measurements encompass a

time period configured to also capture a measure of any compound action potential arising

directly from the respective stimulus, prior to the late response.
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9. The device of any one of claims 1 to 8 wherein the processor is further configured to
compare a characteristic of the identified late response to a healthy range in order to diagnose a
disease state.
10.  The device of any one of claims 1 to 9 wherein the processor is further configured to
monitor a characteristic of the late response for changes over time, in order to diagnose a discase
state.
11.  The device of claim 9 or claim 10 wherein the characteristic of the late response is one or
more of the presence, amplitude, morphology, and latency of the late response.
12.  The device of any one of claims 1 to 11 wherein the processor is further configured to use
the measure of any late response to determine a therapeutic effect of the stimulation.
13.  The device of any one of claims 1 to 12 wherein the measure of any late response is used
to determine a therapeutic effect of medicine.
14.  The device of any one of claims 9 to 13 wherein the processor is further configured to
order, request or administer a therapeutic response based on the diagnosis.
15.  The device of claim 14 wherein the therapeutic response is to regulate neural activity to a
target level or target profile.
16.  The device of claim 13 wherein the processor is further configured to use the late
response to determine an efficacy of a medication taken by a user of the device, and to
administer a therapeutic response comprising adjusting a stimulation paradigm over time as the
medication wears off.
17.  The device of any one of claims 1 to 16 wherein the processor is further configured to use
a therapeutic effect determined from the late response intra-operatively to assist surgeons to
implant an electrode at an ideal location or orientation.
18.  The device of any one of claims 1 to 17 wherein the processor is further configured to
monitor a plurality of measurements of the late response to assess beta-band oscillations
mfluencing the measuremenits of the late response.
19. A non-transitory computer readable medium for monitoring neural activity in the brain
arising from a stimulus, comprising instructions which, when executed by one or more
processors, causes performance of the following:

applying a plurality of stimuli to a target structure of the brain, where stimuli in the
plurality of stimuli are delivered at varied amplitudes;

obtaining a plurality of neural measurements from at least one electrode implanted in

contact with the target structure, the neural measurements configured to capture a measure of any
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late response arising in the target structure resulting from a corresponding stimulus in the
plurality of stimuli;

identifyig neural measurements in the plurality of neural measurements describing a late
response, the late response being a neural response arising after an evoked compound action
potential; and

identifying a therapeutic transition by identifying a temporal shift in late responses
between a first neural measurement and a second neural measurement in the plurality of neural

measurements.
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