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signals within a brain. The method comprises measuring electrical signals from respective contacts
of a plurality of contacts located at known relative positions within the brain, processing the elec-
trical signals to detect neural activity signals in the electrical signals from the respective contacts,
determining timings of the detected neural activity signals, and determining the location of the
source of neural activity within the brain relative to the plurality of contacts by fitting a source
model to the timings relative to each other, wherein the source model models an arrangement of
the source of the neural activity signals and models the neural activity signals as travelling waves
that propagate through the brain. The location of the source of neural activity can be used to guide
optimal delivery of deep brain stimulation.
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NEURAL SOURCE LOCALISATION FOR OPTIMISATION OF DEEP BRAIN
STIMULATION

The invention relates to methods for optimising the efficacy of deep brain
stimulation, in particular by localising a source of neural activity within a brain.

Deep brain stimulation (DBS) is a neurosurgical treatment option for various
neurological disorders, most commonly for movement disorders such as Parkinson’s
disease (PD), if symptoms cannot be controlled with oral medication only. For this
indication, DBS leads are implanted in both brain hemispheres in the subthalamic nucleus
(STN, shown in Fig. 1) or globus pallidus internus (GPI), where the delivery of electrical
current can relieve the symptoms. Such DBS leads consists of a minimum of 4 contacts,
but nowadays most commonly of 8 contacts (i.e. multi contact DBS lead).
Neurophysiological recordings through these DBS electrodes revealed pathologically
elevated activity in the beta frequency range (13-35 Hz) in PD. This elevated [-activity
(13-35 Hz) s correlated with the severity of motor symptoms, particularly bradykinesia
and rigidity. The exact mechanisms of action of DBS are still debated. However, high-
frequency DBS of the STN or GPI is associated with the suppression of elevated -
oscillations and the degree of suppression correlates with the improvement in motor
symptoms. According to this line of argument, abnormal synchronization of B-activity is
suggested to promote the current motor state, hereby locking it in a physical condition that
resists changes. Hence, suppressing f-activity with DBS may “unlock” the effector.

DBS, in its current clinical application requires further optimisation. For every
single patient physicians select and tune the stimulation parameters, such as amplitude,
frequency, and stimulation contact, on a trial-and-error basis. This screening procedure for
the optimal stimulation setting is very time consuming. Moreover, the clinical effect of the
stimulation setting may not immediately be optimal, or stimulation-induced side effects
such as speech problems, impaired balance, involuntary movements, or neuropsychiatric
side effects may occur. Consequently, the manual tuning procedure to determine the
optimal stimulation setting often needs to be repeated. Thus automatized or assisting tools
are required to optimise DBS programming in clinical practice. Such programming tools
could be based on neurophysiological recordings from the regions where the electrode is
implanted.

Although the timing and strength of DBS can be optimized, the spatial delivery of
1
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STN stimulation is understudied, and further work is needed to improve spatial delivery of
STN stimulation.

According to a first aspect, there is provided a method for determining a location of
a source of neural activity signals within a brain, the method comprising: measuring
electrical signals from respective contacts of a plurality of contacts located at known
relative positions within the brain; processing the electrical signals to detect neural activity
signals in the electrical signals from the respective contacts; determining timings of the
detected neural activity signals; and determining the location of the source of neural
activity within the brain relative to the plurality of contacts by fitting a source model to the
timings relative to each other, wherein the source model models an arrangement of the
source of the neural activity signals and models the neural activity signals as travelling
waves that propagate through the brain.

Travelling waves are spatially propagating oscillations that have been observed in
cortical and subcortical areas at different frequencies. The inventors have theorised that
neural activity signals (such as beta-oscillations in the STN) propagate as a traveling wave.
Using this model, it becomes possible to identify the location of sources of neural activity
signals, which can then be used to guide contact selection in DBS. This helps to improve
intraoperative DBS targeting and postoperative stimulation contact selection, thereby
improving the efficacy of treatment and reducing side effects.

In some embodiments, the processing of the electrical signals comprises, for each
of the respective contacts, determining a peak frequency for the contact as the frequency
having the highest power within a predetermined frequency range. This can be used to
identify the type of neural activity signal that is measured by the contact.

In some embodiments, the peak frequency is determined using a net power spectral
density calculated by subtracting a background power spectral density from a power
spectral density of the electrical signals from the contact. Optionally, the background
power spectral density comprises an estimated power spectral density of aperiodic noise.
This ensures that the method takes account of the power due to signals of interest and
physiological origin, and not merely noise signals.

In some embodiments, the predetermined frequency range is a range of beta brain
wave frequencies, optionally 13-35 Hz. These frequencies are of particular interest for

DBS to treat conditions such as PD as discussed above.
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In some embodiments, the processing of the electrical signals comprises filtering
the electrical signals from the respective contacts to detect the neural activity signals,
optionally using a frequency bandpass filter. This ensures that only signals of interest and
of the desired physiological origin contribute to determining the location, making the
location determination more specific to the source that is producing the neural activity
signals of interest.

In some embodiments, the processing of the electrical signals comprises
determining a hemisphere peak frequency as an average, optionally a median, of the peak
frequencies of contacts within the same hemisphere of the brain, and the frequency
bandpass filter is centred on the hemisphere peak frequency. This ensures uniformity
between the processing of contacts in the same hemisphere of the brain so that consistency
and reliability of the location determination can be improved.

In some embodiments, the hemisphere peak frequency is determined as an average
of the peak frequencies of contacts within the same hemisphere of the brain for which a
power at the peak frequency of the contact is above a predetermined power threshold. This
ensures that only signals from contacts where significant power in the range of interest is
received contribute to setting the filtering parameters.

In some embodiments, the frequency bandpass filter is configured to pass
frequencies within a predetermined frequency range, optionally wherein the predetermined
frequency range is a range of beta brain wave frequencies, further optionally 13-35 Hz. It
is possible that no peak having a specific shape or characteristics is present in the electrical
signals, even where neural activity signals of interest are nonetheless present. In these
situations it may be preferable to pass frequencies in a predetermined range rather than set
the range based on identifying a peak frequency.

In some embodiments, the timings are determined for a subset of the detected
neural activity signals, the subset comprising neural activity signals detected at contacts for
which a power at the peak frequency of the contact is above a predetermined power
threshold. This means that the method only fits the location using signals from contacts
where significant power in the range of interest is received, improving the accuracy of the
location determination.

In some embodiments, the timings are determined for a subset of the detected

neural activity signals, the subset comprising neural activity signals detected at contacts for
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which an average of a statistical dependency metric between the neural activity signal for
the contact and the neural activity signals for each of the other contacts is above a
predetermined correlation threshold. This establishes a minimum level of statistical
dependence between signals for the signals to be taken into account when determining the
location. It also prevents contacts from contributing that were not exposed to the neural
activity field due to their position, orientation (e.g. if they are facing away from source), or
because other parts of the lead shielded them from the neural activity field. This improves
the likelihood that the signals from different contacts that are used to determine location
are actually different versions of the same original signal.

In some embodiments, the timing between a first detected neural activity signal
from a first contact of the plurality of contacts and a second detected neural activity signal
from a second contact of the plurality of contacts is a relative timing that, when applied to
the first detected neural activity signal, maximises a statistical dependency metric between
the first detected neural activity signal and the second detected neural activity signal.
Using a measure of statistical dependency is a convenient way to quantitatively evaluate
the similarity of signals and thereby estimate the time delay assuming that the signals
originate from the same source. The statistical dependency metric may be a temporal
cross-correlation, a coherence, or a mutual information between the neural activity signal
first detected neural activity signal and the second detected neural activity signal.

In some embodiments, the determining of the timings comprises calculating, for
each of the respective contacts, a burst signal representing timings of periods in which an
amplitude of the detected neural activity signal from the contact is above a predetermined
amplitude threshold; and the timing between the detected neural signal from the first
contact and the detected neural signal from the second contact is a relative timing that,
when applied to a first burst signal calculated for the first contact, maximises a statistical
dependency metric between the first burst signal and a second burst signal calculated for
the second contact. Using burst signals provides a more easily identifiable beginning and
end to periods of activity and simplifies the computational complexity of determining the
dependency metric.

In some embodiments, the determining of the timings comprises identifying, for
each of the respective contacts, one or more burst periods in which an amplitude of the

detected neural activity signal from the contact is above a predetermined amplitude
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threshold for at least a predetermined duration; the timing between a first detected neural
activity signal from a first contact of the plurality of contacts and a second detected neural
activity signal from a second contact of the plurality of contacts is the relative timing
between a first burst period for the first contact and a second burst period for the second
contact, the second burst period being a burst period that begins closest in time to the
beginning of the first burst period, optionally wherein the second burst period is a burst
period that begins within a predetermined time window around the beginning of the first
burst period. This process of more explicitly matching bursts between neural activity
signals can be advantageous in situations where calculating the statistical dependency
metric between the signals is difficult or unreliable.

In some embodiments, a plurality of burst periods are identified for each of the
respective contacts; a plurality of relative timings are determined based on a corresponding
plurality of first burst signals and second burst signals; and the timing between the first
detected neural activity signal and the second detected neural activity signal is an average
of the plurality of relative timings. Averaging the obtained relative timings over many
matched bursts leads to more robust results than using a single pair of matched bursts.

In some embodiments, the location of the source is a parameter of the source
model, and determining the location of the source by fitting the source model to the
timings relative to each other comprises fitting the location. Fitting the location allows it
to be optimised using various well-understood and computationally efficient methods to
best fit the data.

In some embodiments, the source model models the arrangement of the source as a
point source, and determining the location of the source comprises determining a location
of the point source. This is a simple model of the nature of the source that may be
appropriate for particular types of neural activity signal in certain regions of the brain.

In some embodiments, the location of the point source is a three-dimensional
location relative to the plurality of contacts. This allows the localisation of the source
relative to the contacts to permit directed stimulation.

In some embodiments, the source model assumes activity signals from the point
source are emitted as spherical waves. This is a simple assumption that allows the location
of the source to be approximated without requiring complex modelling of brain tissue.

In some embodiments, the source model models the arrangement of the source as a
5
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plurality of point sources, optionally two point sources, and determining the location of the
source comprises determining a location of each of the plurality of point sources. This
model provides a simple way to account for the more general possibility of the source
emitting over an extended area, which may be appropriate in some situations.

In some embodiments, the location of each of the point sources is a three-
dimensional location relative to the plurality of contacts. This allows the localisation of
the point sources relative to the contacts to permit directed stimulation.

In some embodiments, the source model assumes neural activity signals from each
of the plurality of point sources have equal amplitude and/or equal phase and/or equal
frequency. In some embodiments, the source model assumes neural activity signals from
each of the plurality of point sources are emitted as spherical waves. These assumptions
simplify the computational complexity of the fitting.

In some embodiments, the source model models the arrangement of the source as a
planar source, and determining the location of the source comprises determining a location
of the planar source and an orientation of the planar source. This model provides an
alternative way to account for the more general possibility of the source emitting over an
extended area, which may be appropriate in some situations.

In some embodiments, the location of the planar source comprises a three-
dimensional location relative to the plurality of contacts and the orientation of the planar
source comprises a three-dimensional vector normal to the planar source. This allows the
localisation of the planar sources relative to the contacts to permit directed stimulation.

In some embodiments, a speed of the travelling waves is a parameter of the source
model, and determining the location of the source by fitting the source model to the
timings comprises fitting the speed of the travelling waves. This can be used to verify that
the speed used by the model is physiologically plausible.

In some embodiments, the electrical signals are time-resolved measurements of
local field potentials. These are electrical signals that can be measured by the contacts of
typical DBS leads.

In some embodiments, one or more of the plurality of contacts are within the
subthalamic (STN) nucleus or the globus pallidus internus (GPI) of the brain. This allows
the method to be used to improve the treatment of conditions such as PD where the STN

and GPI are common surgical targets.
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In some embodiments, the plurality of contacts are located on the same deep-brain
stimulation lead. This allows the relative positions of the contacts to be determined
accurately based on the design of the lead, thereby improving the accuracy of the
determination of the location of the source.

In some embodiments, the plurality of contacts comprises at least four contacts,
optionally at least eight contacts. Using a larger number of contacts provides more
information about the relative timings to improve the accuracy of the determination of the
source location.

In some embodiments, the neural activity signals are beta brain waves. These brain
waves are of particular interest for conditions such as PD that can be treated using DBS.

In some embodiments, the neural activity signals have a duration of at least 5
seconds, optionally 10 seconds, optionally at least 30 seconds, optionally at least one
minute. Using a larger quantity of data over a longer time period can improve the accuracy
of the resulting averages.

In some embodiments, the neural activity signals have a duration of at most 10
seconds, optionally at most 30 seconds, optionally at most one minute, optionally at most 5
minutes. In some implementations, it has been found that shorter duration signals provide
more robust results.

According to a second aspect of the invention, there is provided a computer
program comprising or a computer-readable medium having stored thereon instructions
which, when carried out by a computer, cause the computer to carry out the method of the
first aspect.

According to a third aspect of the invention, there is provided a method for
selecting contacts of a deep-brain stimulation lead within a brain for use in deep-brain
stimulation comprising: determining a location of a source of neural activity signals within
the brain according to the method of the first aspect; and selecting one or more contacts of
the deep-brain stimulation lead based on the location. This method allows for the optimal
contact or combination of contacts to be chosen based on the relative position or
orientation of the contacts to the source of neural activity signals. This can improve
suppression of symptoms and reduce side effects by ensuring stimulation energy is more
effectively targeted.

In some embodiments, the method of the third aspect further comprises determining
7
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a stimulation energy for application at each of the one or more selected contacts based on
the location. As well as which contact or combination of contacts to use, it may be
advantageous to vary the energy applied to each contact based on its location relative to the
source of neural activity.

In some embodiments, the method of the third aspect further comprises repeating
the steps of determining the location, selecting one or more contacts, and, if performed,
determining the stimulation energy in response to a predetermined condition being met,
optionally wherein the predetermined condition is the elapsing of a predetermined length
of time. This allows stimulation to be adapted to reflect changes in the position or shape of
the source of neural activity signals. These changes could, for example, be driven by
plastic changes due to chronic stimulation, disease progression, changes in medication, or
lead movement. Patients with PD and DBS devices often require frequent adjustment of
the stimulation parameters. This embodiment allows these adjustments to be automated,
providing more effective stimulation over time with reduced intervention from medical
professionals.

According to a fourth aspect of the invention, there is provided an apparatus for
determining a location of a source of neural activity signals within a brain comprising: a
measurement unit configured to measure electrical signals from respective contacts of a
plurality of contacts located at known relative positions within the brain; a processing unit
configured to process the electrical signals to detect neural activity signals in the electrical
signals from the respective contacts; and a determining unit configured to: determine
timings of the detected neural activity signals; and determine the location of the source of
neural activity within the brain relative to the plurality of contacts by fitting a source model
to the timings, wherein the source model models an arrangement of the source of the neural
activity signals and models the neural activity signals as travelling waves that propagate
through the brain.

Embodiments of the present invention will now be described by way of non-
limitative example with reference to the accompanying drawings, in which:

Fig. 1 shows the subthalamic nucleus and its regions within the brain;

Fig. 2 shows a multi-contact DBS lead,;

Fig. 3 is a flowchart of the present method for determining a location of a source of

neural activity signals within a brain;
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Fig. 4 shows further detail of the step of processing the electrical signals;

Fig. S illustrates peak frequency detection for a DBS contact;

Fig. 6 illustrates filtering of electrical signals and extraction of a burst signal;

Fig. 7 shows cross-correlation matrices used to extract lags between signals from
different contacts;

Fig. 8 illustrates different travelling wave models for the source of neural activity
signals, and shows the relative timings of signals at the plural contacts expected with a
planar source model;

Fig. 9 is a flowchart of a method of selecting deep brain stimulation contacts using
the location of the source of neural activity signals;

Fig. 10 shows cross-correlation matrices between different contacts for different
hemispheres;

Fig. 11 shows lag matrices between different contacts for different hemispheres;

Fig. 12 shows a fit of a single point source model to observed lag matrices;

Fig. 13 shows lag matrices fitted using the single point source model,

Fig. 14 shows a shuffling analysis for the single point source model used to control
for overfitting;

Fig. 15 shows a predicted source position for a representative hemisphere in the
single point source model;

Fig. 16 shows predicted source positions for multiple hemispheres of different
patients in the single point source model,

Fig. 17 shows reconstruction performance of the single point source model across
frequencies;

Fig. 18 shows the distribution of predicted wave speeds in the single point source
model;

Fig. 19 shows a fit of a two point source model to observed lag matrices;

Fig. 20 shows lag matrices fitted to the two point source model;

Fig. 21 shows a shuftling analysis for the two point source model used to control
for overfitting;

Fig. 22 shows a predicted source position for a representative hemisphere in the
two point source model,

Fig. 23 shows variability in the distance between sources in the two-point source
9
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model;

Fig. 24 shows predicted source positions for multiple hemispheres of different
patients in the two point source model;

Fig. 25 shows reconstruction performance of the two point source model across
frequencies;

Fig. 26 illustrates how the two-point source model requires a minimum speed limit
for travelling waves;

Fig. 27 shows the distribution of predicted wave speeds in the two point source
model;

Fig. 28 shows a fit of a planar source model to observed lag matrices;

Fig. 29 shows lag matrices fitted to the planar source model; and

Fig. 30 shows predicted source positions in the planar source model.

Fig. 31 shows the distribution of predicted wave speeds in the planar source model,;

Fig. 32 shows the cost landscape of source position in the single point source model
for two hemispheres;

Fig. 33 shows the average cost landscape of source position in the single point
source model;

The development of multi-contact directional DBS leads facilitates site-specific
local field potential (LFP) recording and current delivery. Fig. 2 shows an example of the
VerciseTM Cartesia Directional Leads (Boston Scientific), which has eight contacts 6
distributed over four levels on a single lead 4. These multi-contact DBS leads enable
directional LFP recordings and spatially-targeted stimulation.

Early evidence suggests that understanding the characteristics of LFP recorded with
multi-contact leads can help guide DBS programming. Tinkhauser et al. 2018 showed that
stimulation by the contact with the highest average f-power at rest leads to the best clinical
outcomes. Likewise, Shah et al. 2022 highlighted that contact-specific spectral LFP
features (i.e., f-power at rest and gamma activity during movement) predict which
stimulation site will most efficiently improve PD symptoms. Others have also attempted to
use contact-specific LFP signatures to identify patient-specific locations of highest beta
synchrony in the STN, thus recommending stimulation toward the center of beta
synchronization (Maling et al. 2018; Tamir et al. 2020). However, the empirical post-

operative programming of DBS leads still poses a challenge in clinical practice.
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While the leads shown in Fig. 2 have eight contacts per DBS lead, new lead design
with a higher number of contacts are currently studied.

Since the manual and detailed programming of the systems in use and of those in
development is unfeasible, automated algorithms will be needed to tune the stimulation
parameters for selecting the sites of stimulation. Even in DBS leads with only a few
contacts, algorithmic selection of stimulation sites would also be helpful for clinical
routine. Physicians currently tune contact selection parameters manually based on a trial-
and-error approach until patient symptoms are suppressed efficiently. This is highly time-
consuming and while the selected parameters may be satisfactory, they may not be
optimal. Automated contact selection would aid physicians in providing stimulation that
maximizes clinical outcomes for patients.

While there has been some investigation of contact selection using LFP features,
the spatial dynamics of f-activity in the STN remain unexplored. Understanding how f-
activity spreads in the STN can enhance DBS treatment along the spatial dimension.

In contrast to location-invariant rhythmic activity, some neural oscillations are
traveling waves, propagating through the brain at a constant speed. Traveling neural
oscillations have been hypothesized to facilitate information transfer among distinct brain
structures. The idea of cortical and subcortical traveling waves has recently gained traction
due to the rise of simultaneous multichannel microelectrode arrays that facilitate
concurrent LFP recordings over spatially separated brain areas.

Traveling waves have been detected in monkeys, humans, and rodents in cortical
and subcortical areas. In the motor cortex, anatomically hardwired circuits carry f-waves
between populations of neurons during motor preparation and execution. Furthermore, in
the hippocampus, theta waves travel along the septotemporal axis (Zhang and Jacobs
2015). Moreover, -waves in frontal and parietal regions have been recently linked to the
maintenance and use of reward memories. Lastly, neural oscillations with distinct
frequencies are believed to travel across the cortex in distinct directions at unique
timescales, thus providing a mechanism for the processing of separate cognitive functions
(Mohan, Zhang, and Jacobs 2022). Interestingly, a variety of wave types have been
identified to date, including spherical, planar, and rotating waves (Bhattacharya et al.
2022). This suggests that the brain contains a rich and diverse repertoire of spatially

spreading oscillations.
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The present invention makes use of multi-contact leads to allow local LFP signals
to be used to identify the location of a source of neural activity signals to enable
optimisation of stimulation sites. The present inventors have realised that the spatial
dynamics of neural activity signals such as -oscillations in the STN can be characterised
by modelling the neural activity signals as traveling waves originating from a source. For
example, STN S-activity can be modelled as a traveling wave originating from the motor
STN. Determining the source and velocity of such oscillations can facilitate their silencing
with DBS. Identifying the source of traveling f-waves can aid physicians in selecting the
ideal stimulation site (i.e. stimulation contact or combination of stimulation contacts) in
multi-contact DBS systems. By targeting stimulation towards source locations, f3-
oscillations may be suppressed more efficiently, thus improving DBS outcomes for
patients. In addition to contact selection, the invention allows the quantification of the
propagation characteristics (shape, source, and speed) of neural activity signals.
Understanding signal characteristics can give insight into the neuropathophysiology of
neurological disease. In addition, understanding signal characteristics would help to refine
spatial parameters beyond current approaches. For example, the size and shape of electric
fields applied during DBS could be modified to reflect the neural activity signal properties.
Diftferent stimulation could be designed to suppress different travelling wave types such as
a spherical traveling wave or planar waves.

Automating contact selection can also be a preventative measure. Usually, DBS
patients undergo regular check-ups (i.e., every three to six months), during which
physicians readjust the stimulation parameters. Due to the progressive nature of PD, it is
possible that the location of pathological neural activity may change. Sources could
expand, shift, or additional new source locations could emerge. Similar source dynamics
have already been observed for the starting points of epileptic seizures (Diamond et al.
2021). Automated source localization enables the continuous tuning of stimulation sites
(on a timescale of hours or days) between check-up periods. Alternatively, such systems
could generate early alerts to inform patients and medical teams when readjustments to the
spatial parameters of stimulation are needed.

Fig. 3 shows the steps of a method for determining a location of a source of neural
activity signals within a brain.

The method comprises measuring S10 electrical signals 10 from respective contacts
12



10

15

20

25

30

WO 2024/157001 PCT/GB2024/050182

6 of a plurality of contacts located at known relative positions within the brain 2. The
known relative positions are positions of the contacts relative to one another, and not
necessarily relative to any particular anatomical structure such as the skull, a region of the
brain etc. An advantage of the present method is that it can be applied without requiring
complex or involved localisation processes such as x-ray or MRI imaging to determine an
absolute location of the contacts, used to suggest the optimal stimulation site.

The plurality of contacts are preferably located on the same deep-brain stimulation
lead 4. This also makes it easy to ascertain the relative positions of the contacts 6, since
they are determined by the design of the lead 4. The plurality of contacts may comprise at
least four contacts 6, optionally at least eight contacts 6. A greater number of contacts is
preferable to provide greater spatial resolution. The electrical signals 10 are time-resolved
measurements of local field potentials.

The position of the contacts 6 within the brain will depend on the condition that is
to be treated using the DBS lead. The neural activity signals for which the source is to be
determined will also depend on the condition to be treated using the DBS lead 4. For
example, when seeking to treat Parkinson’s disease, one or more of the plurality of
contacts are within the subthalamic nucleus of the brain and the neural activity signals are
beta brain waves. Other target structure for other applications of DBS can include the
globus pallidus internus or the thalamus. Typically, one DBS lead is implanted in
corresponding positions in each hemisphere of the brain.

The method comprises processing S20 the electrical signals to detect neural activity
signals 20 in the electrical signals from the respective contacts 6. The detected neural
activity signals 20 will not necessarily be an exact match to the neural activity signals
originally produced by the source because additional contributions such as noise will be
present in the detected neural activity signals 20. Nonetheless, the detected neural activity
signals 20 can still be used to determine the source location. Specific sources of noise may
be removed with filtering or other suitable techniques. For example, line noise is removed
with a notch filter centred around 50 Hz and its harmonics.

The detected neural activity signals 20 may have a duration that is chosen to suit
the details of the specific implementation of the method. In some embodiments, the neural
activity signals 20 may be as long as allowed by the measured electrical signals. For

example, the neural activity signals 20 may have a duration of at least 5 seconds,
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optionally 10 seconds, optionally at least 30 seconds, optionally at least one minute. This
may be advantageous because using a larger quantity of data over a longer time period can
improve the accuracy of the resulting averages.

However, in some embodiments, it can be advantageous to limit the amount of data
in each neural activity signal 20 to reduce confusion with other spurious signals or remove
periods where no pathological activity occurs. In such embodiments, the neural activity
signals 20 may have a duration of at most 10 seconds, optionally at most 30 seconds,
optionally at most one minute, optionally at most 5 minutes.

Further detail of the processing S20 of the electrical signals 10 is shown in Fig. 4.
The processing S20 of the electrical signals 10 comprises, for each of the respective
contacts 6, determining S22 a peak frequency for the contact 6 as the frequency having the
highest power within a predetermined frequency range. This frequency is merely a
frequency of maximum power and there is no requirement that any “peak” having specific
shape or characteristics actually be present in the data or be identified by, e.g. some form
of peak-finding algorithm.

The predetermined frequency range will be the range of frequencies of neural
activity signals that are of interest, i.e. that are expected to be produced by the source for
which the location is to be determined. For example, the predetermined frequency range
may be a range of beta brain wave frequencies with commonly used boundaries such as
13-35 Hz.

For each contact, power spectral densities (PSDs) are used to identify the frequency
having the highest power within the predetermined frequency range. PSDs can be obtained
using any suitable algorithm, for example using Welch’s overlapped segment averaging
estimator. The peak frequency is determined using a net power spectral density calculated
by subtracting a background power spectral density from a power spectral density of the
electrical signals from the contact. The background power spectral density may comprise
an estimated power spectral density of aperiodic noise. The aperiodic components of the
power spectra may be estimated used any suitable technique, for example using the
FOOOF toolbox (Donoghue et al. 2020). Other filtering may also be applied to the net
power spectral density before determining the peak frequency, for example a Gaussian or
other filter.

Fig. 5 shows an example of determining the contact-specific peak frequencies for
14



10

15

20

25

30

WO 2024/157001 PCT/GB2024/050182

the beta frequency range. Peak beta frequencies were obtained by subtracting the aperiodic
noise (black line) from the model fit (blue line). A Gaussian filter with a standard
deviation of 6 Hz was then applied to the resulting signal. Subsequently the frequency
with the highest relative B-power above noise (orange line, right panel) in the f-range (13-
35 Hz) was defined as a contact’s peak beta frequency. The "model fit" is a smooth
representation of the raw data PSD (orange line, left panel). In Fig. 5A, the PSD in the left
panel displays a noticeable peak in the B-range above aperiodic noise levels. In Fig. 5B, no
such peak is visible, indicating a lack of beta-frequency neural activity signal detected at
this contact.

The processing S20 of the electrical signals 10 comprises filtering S26 the electrical
signals 10 from the respective contacts 6 to detect the neural activity signals 10, optionally
using a frequency bandpass filter. This ensures that only the relevant components of the
electrical signals 10 are used for the further steps of the method.

The processing S20 of the electrical signals 10 comprises determining S24 a
hemisphere peak frequency as an average, optionally a median, of the peak frequencies of
contacts 6 within the same hemisphere of the brain 2. Since one DBS lead 4 is generally
implanted per hemisphere, the contacts 6 within the same hemisphere of the brain will
usually be all of the contacts 6 on the relevant single DBS lead 4. The frequency bandpass
filter is centred on the hemisphere peak frequency. This introduces a uniform filtering for
all the contacts 6 in the same region of the brain 2. The hemisphere peak frequency is
determined as an average of the peak frequencies of contacts 6 within the same hemisphere
of the brain for which a power at the peak frequency of the contact 6 is above a
predetermined power threshold.

As mentioned above, it is not necessary that a recognisable peak having particular
shape or characteristic be present in the electrical signals. Therefore, in some
embodiments no specific peak frequency or hemisphere peak frequency may be identified.
The frequency bandpass filter may be configured to pass frequencies within a
predetermined frequency range, rather than being centred on the hemisphere peak
frequency. The predetermined frequency range may be a range of neural activity signals
that are of interest, for example beta brain wave frequencies (e.g. 13-35 Hz).

The method further comprises determining S30 timings 30 between the detected

neural activity signals 20. Not all of the electrical signals 10 from the contacts 6 are used
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to determine the timings 30. Two rejection criteria were applied to the contacts 6
according to which the detected neural activity signals 20 derived from those contacts
would not be used in further steps of the method.

As shown above in relation to Fig. 5, not all contacts 6 may display any significant
signal in the frequency range of interest. Such contacts 6 should not contribute to the
location determination because they may reduce the accuracy of the location. Therefore,
the timings 30 are determined for a subset of the detected neural activity signals 20, the
subset comprising neural activity signals 20 detected at contacts 6 for which a power at the
peak frequency of the contact 6 is above a predetermined power threshold. This is referred
to as the first rejection criterion.

Where no specific peak frequency is expected or present, the first rejection criterion
may instead be set based on a total power within the predetermined frequency range, i.e.
the range of neural activity signals that are of interest. In this case, the timings 30 are
determined for a subset of the detected neural activity signals 20, the subset comprising
neural activity signals 20 detected at contacts 6 for which a total power in a predetermined
frequency range is above a predetermined total power threshold. Alternatively where no
specific peak frequency is expected or present, the first rejection criterion may be
dispensed with and not applied.

The power at the peak frequency or the total power that is compared to the
predetermined power threshold is preferably the power in the net power spectral density,
i.e. such that the first rejection criterion applies to the power above the background noise,
not the absolute power.

For the data shown in Fig. 5, the signals of interest are traveling f-waves, so
contacts without measurable f-power above aperiodic noise were discarded. The power
threshold in Fig. 5 was defined as a relative peak height of 0.3 in the net power spectral
density. The power threshold can be determined in any suitable way. For Fig. 5, the
power threshold was determined empirically upon visual inspection of a subset of 80
contacts from 10 hemispheres. The contact for which the electrical signal 10 is shown in
Fig. SA passed the rejection criterion 1 and was accepted. The contact for which the
electrical signal 10 is shown in Fig. 5B was rejected.

A second rejection criterion is also applied. This aims to discard neural activity

signals 20 detected at contacts 6 that were not exposed to the neural activity signals of
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interest due to reason such as their position (e.g., outside the relevant region of the brain),
orientation (faced away from the source), or because other parts of the leads shielded them.
To this end, the timings 30 are determined for a subset of the detected neural activity
signals 20, the subset comprising neural activity signals 20 detected at contacts 6 for which
an average of a statistical dependency metric between the neural activity signal 20 for the
contact 6 and the neural activity signals 20 for each of the other contacts 6 is above a
predetermined correlation threshold. This is referred to as rejection criterion 2.

The correlation threshold may be set at any suitable level. The correlation
threshold may be set relative to the average statistical dependency metric between all other
contacts 6, for example 80% of the statistical dependency metric across all contacts,
optionally 90%, optionally 95%. Alternatively, the correlation threshold may be set using
a surrogate distribution, for example as the 80 percentile of the surrogate distribution,

optionally the 90" percentile, optionally the 95

percentile.

The statistical dependency metric may comprise any suitable measure. For
example, the statistical dependency metric may be a temporal cross-correlation, a
coherence, or a mutual information between the neural activity signal 20 for the contact 6
with the neural activity signals 20 for each of the other contacts 6. The coherence will be
integrated within a predetermined frequency band of interest, for example the frequency
range of neural activity signals that are of interest such as the frequency range of beta
frequency brain waves, or a band (e.g. a narrow band of = SHz, optionally + 3Hz,
optionally + 1Hz) around the patient’s peak beta frequency. In the examples below, the
temporal cross-correlation will be used, but this only exemplary.

In general, the determined timings may be absolute timings or relative timings.
However, the source model is fitted to timings relative to one another as discussed further
below. Therefore, the timing 30 between a first detected neural activity signal from a first
contact of the plurality of contacts and a second detected neural activity signal from a
second contact of the plurality of contacts is preferably a relative timing 30 that, when
applied to the first detected neural activity signal, maximises a statistical dependency
metric between the first detected neural activity signal and the second detected neural
activity signal. In other words, the timing 30 between two detected neural activity signals
20 is an estimate of the lag between the arrival of the same original neural activity signals

from the source at the corresponding contacts 6. The method comprises determining such
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relative timings 30 between each pair of detected neural activity signals 20.

The determining S30 of the timings comprises calculating, for each of the
respective contacts, a burst signal representing timings of periods in which an amplitude of
the detected neural activity signal 20 from the contact is above a predetermined amplitude
threshold. In the context of the examples shown in the figures and discussed below, the
frequency range of interest is that of beta frequency brain waves, and so the periods in
which the amplitude is above the amplitude threshold are referred to a beta bursts.

The calculation of the burst signals is illustrated in Fig. 6. Firstly in step A, the
electrical signals 10 (i.e. the LFPs) were bandpass filtered S26 as discussed above. The
filtering used a second-order Butterworth filter centred on the hemisphere peak frequency
with a width of + 3Hz. In step B, the upper envelope of the bandpass filtered electrical
signals 10 was compared to the predetermined amplitude threshold to detect the S-bursts.
A contact-specific 75th percentile amplitude threshold was applied to the upper envelope
to binarize the signal into the bursts (Tinkhauser, Pogosyan, Tan, et al. 2017). Finally, in
step C) the burst signal is produced where periods with amplitudes above the amplitude
threshold were defined as beta bursts.

The burst signals were then used for all further analyses. This means that the
timing 30 between the detected neural signal from the first contact and the detected neural
signal from the second contact is a relative timing 30 that, when applied to a first burst
signal calculated for the first contact, maximises a statistical dependency metric between
the first burst signal and a second burst signal calculated for the second contact.

In the specific example data discussed below, normalized cross-correlations were
used to estimate the data lags (or delays or relative timings) between contacts’ burst

signals. The cross-correlation of the burst signals J and K from contacts €; and €y, was

computed as

T-t

Rj(7) = J = K)(7) = JWOK(t +1)dt, (1)
0

where 7 is the lag (sliding window), ](_t) is the complex conjugate of J at time t, and T the

recording duration. Cross-correlation coefficients were then normalized according to

- 1
Rj(t) = Ry (1),
/Rjj(O)Rkk(O) @
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where I?jk denotes the normalized cross-correlation and R;;(0) and Ry (0) are the
autocorrelations of signals from contacts j and k with zero lag. The data lag (4 t]d,f;“

between two contacts (C i C k) was defined as the delay (7) that resulted in the maximum
Rjx (Miiller et al. 2003).

An example set of cross-correlation and lag data are illustrated in Fig. 7. In this
example, the DBS lead comprises eight contacts, so the data are summarized in 8 X 8
matrices. Each entry in these matrices either described the lag or cross-correlation between
two contacts. Fig. 7A shows an example of the maximization of the normalized cross-
correlation between the signals of two contacts. The lag between two burst signals was the
delay (7) which maximized the cross-correlation.

Fig. 7B shows the cross-correlation matrices, which are symmetrical across their
diagonals, which were filled with ones. The fields with the black frame correspond to the
data shown in Fig. 7A. Contacts with cross-correlations below 95% of the cross-
correlation across all contacts were discarded according to the second rejection criterion
(white rows in Fig. 7C and Fig. 7D). Fig. 7D shows the data lag (relative timing) matrices
summarising the delays computed in A for accepted contacts. Lag matrices are
antisymmetric across their diagonals, which were filled with zeros. Entries for rejected
contacts (as defined by the two rejection criteria above) appear white in Fig. 7C and Fig,
7D. The colour of the black boxes is different in the lag matrix in Fig. 7D due to the sign
of the delay depending on which contact is assigned to the lead signal. Freq. =
hemisphere’s peak beta frequency, R, = max. normalized cross-correlation.

The periods in which the amplitude of the detected neural activity signal 20 from
the contact is above a predetermined amplitude threshold that are identified by the burst
signal may be referred to as bursts or burst periods. As an alternative to using a statistical
dependency metric between the burst signals as discussed above, the lags between signals
may be determined by matching specific bursts to one another between the neural activity
signals.

In this case, the determining of the timings comprises identifying, for each of the
respective contacts, one or more burst periods in which an amplitude of the detected neural
activity signal from the contact is above a predetermined amplitude threshold for at least a

predetermined duration. Introducing a minimum duration of the bursts avoids short bursts
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that may be driven by noise. The predetermined duration may be, for example, S50ms,
optionally 100ms, optionally 200ms. These durations are typical of the bursts that are seen
in conditions of interest, such as Parkinson’s disease. The burst periods correspond to
individual bursts that would appear in the burst signal, as illustrated in Fig. 6.

The timing between a first detected neural activity signal from a first contact of the
plurality of contacts and a second detected neural activity signal from a second contact of
the plurality of contacts can then be calculated as the relative timing between a first burst
period for the first contact and a second burst period for the second contact. The second
burst period for the second contact is selected as being a burst period that begins closest in
time to the beginning of the first burst period. This assumes that the lag or relative timing
between the detection of the same burst at different contacts is likely to be shorter than the
interval between subsequent burst onsets. Therefore, bursts detected at similar times on
different contacts are likely to correspond to multiple detections of the same underlying
original neural activity signal from the source.

The second burst period may be a burst period that begins within a predetermined
time window around the beginning of the first burst period. The time window can extend
both forwards and backwards in time around the beginning of the first burst period. The
time window will place an upper limit on the maximum relative timing that can be
detected. However, using the time window prevents spurious matching of burst periods in
the first detected neural activity signal and the second detected neural activity signal that
are very far apart in time and unlikely to correspond to multiple detections of the same
underlying original neural activity signal from the source. The time window may have any
suitable size based on typically burst durations and intervals between bursts for the
condition to be treated, as well as expected maximum delays. For example, the time
window may be at least 100ms, optionally at least 200ms, optionally at least 300ms,
optionally at least 500ms. The time window may be centred in time around the beginning
of the first burst period.

To improve the accuracy of the timings determined using this method, an average
of the relative timings determined for several bursts may be used. In this case, a plurality
of burst periods is identified for each of the respective contacts. A plurality of relative
timings is then determined based on a corresponding plurality of first burst periods and

second burst periods by matching the first and second burst periods as discussed above.
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The timing between the first detected neural activity signal and the second detected neural
activity signal is then determined as an average of the plurality of relative timings. The
average may be calculated using the relative timings from burst periods detected in the first
detected neural activity signal and the second detected neural activity signal over at least 5
seconds, optionally 10 seconds, optionally at least 30 seconds, optionally at least one
minute. Longer periods may be used, for example at least 30 minutes or at least 1 hour,
depending on the duration and quality of signals that are available.

The method further comprises determining S40 the location of the source of neural
activity within the brain 2 relative to the plurality of contacts 6 by fitting a source model to
the timings 30 relative to each other. That is, although absolute or relative timings may
initially be determined from the detected neural activity signals, the model is always fitted
to a set of relative timings, for example in the form of the lag matrices shown in Fig. 7D.
The location of the source is a parameter of the source model, and determining S40 the
location of the source by fitting the source model to the relative timings comprises fitting
the location. The fitting may comprise optimising parameters of the source model. The
source model may vary depending on the type of waves, the region of the brain, or other
such factors.

The source model models an arrangement of the source of the neural activity
signals. The coordinates of source location in the source model may identify functional
groups of neurons. Three different arrangements are considered below in the context of
the spatial propagation of -activity in the STN, but other arrangements may also be used
depending on factors such as the region of the brain or type of neural activity signals that
are of interest. The three arrangements (forms of the source model) are illustrated in Fig.
8. These were a single point source model (Fig. 8A), a planar source model (Fig. 8C), and
a plural point source model (Fig. 8D). In this example, the plural point source model
assumed only two sources, but in general the number of point sources could be higher.

The source model models the neural activity signals as travelling waves that
propagate through the brain. In the point source model, travelling waves are modelled as
spherical waves and in the planar source model, travelling waves are modelled as planar
waves. The rationale behind the invention is that travelling waves from the source of
neural activity will reach contacts 6 closer to the source earlier than contacts 6 further from

the source. This will be represented in the relative timings of the detected neural activity
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signals from the corresponding contacts.

The plot on the right of Fig. 8B is a schematic representation of the expected lags
between the burst signals of contacts 1-8 of the VerciseTM Cartesia Directional Leads
(Boston Scientific) shown in Fig. 2 if the source were the plane shown in Fig. 8C. The
travelling waves are assumed to have constant velocity. In the two-point source model, the
travelling waves can interfere with one another. For simplicity, the centre position of each
contact is assumed to be the recording location for the electrical signals 10 (blue circles).
For the directional contacts (2-7), the centre positions are the centre of the contact’s
surface. For the omnidirectional contacts (1 & 8), the centre positions lie inside the lead.
The representation on the left displays this approximation.

Each of the three models is constructed with a set of parameters that describe the
source and propagation speed of the travelling waves. These are shown in Table 1.
Having calculated the relative timings as described, the relative timings are compared to
the expected timings derived from the source model. The fitting proceeds by optimising
the parameters of the source model to match the expected timings to the calculated timings.
Each model and its parameters are discussed further below. In all of the exemplary source
models, a speed of the travelling waves is a parameter of the source model, and
determining the location of the source by fitting the source model to the relative timings
comprises fitting the speed of the travelling waves.

To perform the fitting, a random starting point was chosen for each parameter
within predetermined limits. Exemplary limits for the application to beta frequency waves
are given in Table 1. A cost function is defined and the parameters optimised to minimise

the cost. In the results below, the cost of the model was calculated through the cost

function
8
2
Cost = z z (At ghod — 3)
j=2 k=1
(k)eA
where Atm"d is the relative timing predicted by the model A 4t is the relative timing

calculated from the detected neural activity signals, and A denotes the set of indices of
accepted contact pairs. The outer sum goes to 8 in this equation because the DBS leads
used in the data below each have eight contacts, but in general the outer sum should run up

to the number of contacts on the DBS lead.
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Any suitable optimisation process may be used, for example an interior point
optimization as provided by MATLAB’s fmincon algorithm (details on the optimization
algorithm are provided in Byrd, Schnabel, and Shultz 1988). The parameter values for a
given model were chosen that resulted in the lowest cost across N optimizations (e.g. N =
1000), where each optimisation began with a new random starting point within the

predetermined limits.

Source position on anterior-posterior plane Xe | STNAP: 836101772 mm
Bource pogiiion on medisl-lateral plane e | BIN <1800 10 ~R.28 mun
Source pogiilon on dorsal-veniral plane Zs 1 STNRV: -1189 o4 12 i

Beta wave speed % {10 18 man/ms
Souice position § on anterior-posteriey plane Xg, | SINAF: 6361w 1772 mm
Yg STH AL 1806 10-8 28 mm
Zg, | SINB-V: 1150 4 13
X S,‘ STN AP, 838w 1772 am
s BTN ML 1806 o -R 28 mum
STN DAV -1L3% to «4.12

Seures posttion 1 on medial-lateral plane

Soures postiton § on dorsal-ventead plane

Source position 2 on anfenor-posterior plans

Source position 2 on medial-laterad plane Y5

Source position 2 on dorsal-venival plane s,
-

Bews wave speed v 4.3 w | mmims

Position of a point on anterior-posterior plane Xp | STNAD: 65610 17.72mm
Position of a point on medial-laleral plane Y § STNM-L: -18.06 10 -R28 mm
Position of a point on doesal-ventral plane Zp | STND-V: 1159 w412 mem

Magnitude of normal vecior on anterior-postetior plane | o “fsasl
Maguitude of notmal vector on medial-lateral plane 2 sbsl
Magnituds of unrmel veotor on dorsal-vertral plane Ax el
Beta wave speed 3 { fo 10 mmwims

N = pumdey of oplimizations, Sym. = Symbol, §TN A-P = STN anicrior-posterior Hmits in MM spave,
STN M-L = §TN medisl-fateral Hmits o MNT space, STN IRV s §TN doesal-ventral mits in MNI space.

Table 1
In the first model, the source model models the arrangement of the source as a point
source, and determining the location of the source comprises determining a location of the
point source. The location of the point source is a three-dimensional location relative to
the plurality of contacts. In this case, the source of neural activity is assumed to be
represented by a single point source. The source model assumes neural activity signals
from the point source are emitted as spherical waves with a constant speed.

The single point source model optimizes four parameters describing the source
position (X cpYcp Z Ci) and wave speed (V) (see Table 1). For a given source position (),

the distance between § and a contact (C ]-) is obtained according to
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I GS lI= \/ (XCI. - XS)Z + (YCI. - YS)Z + (Zc,- - zs)2 , (4)

where |l C;S |l describes the distance between S and C;, and (X, Y5, Zs) the source
coordinates. Subsequently, the predicted lag between two contacts C; and Cy, (4 t}}‘{od) is

determined through

At = = , ®)

where v denotes the predicted speed of the traveling wave.

In the second model, the source model models the arrangement of the source as a
plurality of point sources, in this case two point sources, and determining the location of
the source comprises determining a location of each of the plurality of point sources. As
for the single point source model, the location of each of the point sources is a three-
dimensional location relative to the plurality of contacts. The source model assumes neural
activity signals from each of the plurality of point sources have equal amplitude and/or
equal phase and/or equal frequency. The source model also assumes neural activity signals
from each of the plurality of point sources are emitted as spherical waves, similarly to the
single point source model.

In the two-point source model, travelling waves are modelled as the linear
combination of two spherical waves originating from two point sources S; and S,. It was
assumed that the frequency, and amplitude of both waves are equal and that the waves
travel with the same constant speed. Furthermore, the waves were assumed to be
synchronized, displaying no phase difference at their sources. In this approach, the model

lags (relative timings) between two contacts C; and Cy are determined through the phase

differences of their recorded signals. The signal (1}) experienced by C; at time tis given by

Iy = 4, (t B I C:)Sl II) 4, (t B Il C;S, I|> ’ ©)

1 V2

where A, (t) is the wave originating from S;, measured at S; at time t, A,(t) the wave
originating from S, measured at S, at time t, v, and v, the wave speeds, and Il C;S4 Il and
Il ;S Il the distances between the C; and S; and S,. Assuming that A; and A, can be

approximated by sinusoids, Eq. 6 can be rewritten as
Il C;Sq |l

V1

¢S, |

V2

r;(t) = a;sin <21‘l’f1t —27ify + <p1> + a,sin <21‘l’f2t - 27f,
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where a, and a, are the wave amplitudes, f; and f, the beta wave frequencies, and ¢, and

@, the phase shifts of the signals A; and A,. By assumingthata, =a, =a,fi=f, =f

v; = v, = v, and @, = @, = 0 (see Table 2 for details), Eq. 7 can be simplified to

ISy | I GSz I
= ) . (8)

r;(t) = asin <Z1tft - 2nf ) + asin <Z1tft - 2nf

Using trigonometry, Eq. 8 can be simplified to a single sinusoid as
r;(t) = bsin(2rft + y;), 9)

where 1; is the phase recorded by contact C; at time t. To calculate 1/;, we define:

Il C;Sq Il Il C;S, i
4 :Sin<—21'l'f e >+ sin<—21tf 12 ) (10)
v v
and
Il C;Sq Il Il C;S, i
II; = cos <—21‘l’f ke >+ cos <—21‘l’f 12 ) (11)
v v
Accordingly, the phase recorded by C; is given by
A; '
atan F] , ifIll; >0,
tan| 2|, ifa,>0and M, <0
Y =41 aanﬁj, if A; and II; <0, (12)
i oo
—1 — atan|—|, otherwise.
I

where atan returns angles in the interval [-7 /2, m/2]. Consequently, the lag between ;

and Cy, is given by

1
At = z_nf(’l’f —Py). (13)

The cost function shown in Eq. 5 was minimized to optimize the coordinates of the two
sources (X s Ys, Zs, ), (X s, Ys,, Z 52) and the speed of the two traveling waves (v). Since
the two point-source model had overall more parameters than the one point-source model
(7 vs. 4), the number of optimizations may need to be higher (e.g. N = 10000). This
value was determined empirically to ensure stable model performance.

In the third model, the source model models the arrangement of the source as a
planar source, and determining the location of the source comprises determining a location
of the planar source and an orientation of the planar source. The location of the planar

source comprises a three-dimensional location relative to the plurality of contacts and the
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orientation of the planar source comprises a three-dimensional vector normal to the planar
source.

The planar model described travelling waves as originating from a neural sheet. It
was assumed that the waves travel at constant speeds normal to the plane in both
directions. The plane could take any orientation in space without anatomical constraints.
The model had seven parameters. The position and orientation of an infinite plane (L)
were defined with a point (P) on its surface and a normal vector (n) as

aXpt+a,Ypt+azZp+a, =0, (14)
where n = (a4, a,, as), (Xp, Yp, Zp) correspond to the coordinates of P, and a, measures

the distance between L and the origin. While n affected L’s orientation in space, P
determined its position. The distance between a contact C; and L (d(Cj, L)) was

determined as

a1 - |as (Xe, — Xp) + az (Yo, —¥p) + a3 (2, — Zp)|
j

’ (15)
\/a% + a3+ a

where (X cp YC]., Z C}.) denotes the coordinates of C;. The predicted lag between two contacts

C; and Cy, was determined according to a modified version of Eq. 4

d(C;,L) —d(Cy, L)
v ’

(16)

d _
Atj" =

where the speed of the planar traveling wave is denoted with v. The cost function
displayed in Eq. 5 was minimized to obtain the best estimates for (a,, a,, as), (Xp, Yp, Zp),
and v, across N = 1000 optimizations.

The assumptions of the three example source models discussed above are

summarised in Table 2.
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The wave i spherical ariglnating from a single somoe. -

The wave speed stavs constant as the wave spreads. v ponstant

The wave 18 2 Hinow combination of two sphencal waves Fom bwo sources, -

The wave specd originating from both sources s equal snd constant, Yy R

The wave smplitude of both waves 5 equal and constant. B =4 g

The wavey are synchronized and do oot heve & phase difference at their @ =0

respective sourees,

Roth waves have the same bela frequensy, Hefhwf

The wave is planar originating from a newral sheet, -

The wave speed stayvs constant as the wave spreads. v = gonglant
 The plane can take aay orientation i space withont anatomical constraints. § -1 < ay, a2, a3 K1

The wave is a planar wave traveling normal to the plane in both divections. -

Table 2

The invention may be implemented as a computer program comprising or a
computer-readable medium having stored thereon instructions which, when carried out by
a computer, cause the computer to carry out the method of any of the preceding claims.
The invention may also be embodied in an apparatus for determining a location of a source
of neural activity signals within a brain. The apparatus comprises a measurement unit 100
configured to measure electrical signals from respective contacts of a plurality of contacts
located at known relative positions within the brain, a processing unit 110 configured to
process the electrical signals to detect neural activity signals in the electrical signals from
the respective contacts, and a determining unit configured to: determine timings of the
detected neural activity signals and determine the location of the source of neural activity
within the brain relative to the plurality of contacts by fitting a source model to the timings.
As discussed above, the source model models an arrangement of the source of the neural
activity signals and models the neural activity signals as travelling waves that propagate
through the brain.

Also provided are methods that make use of the location of the source of neural
activity signals determined using the methods above in determining various aspects of how
to perform deep-brain stimulation.

Fig. 9 shows a method for selecting contacts 6 of a deep-brain stimulation lead 4
within a brain for application of deep-brain stimulation signals. The method comprises
determining S50 a location of a source of neural activity signals within the brain 2
according to the method described above.

The method further comprises selecting S60 one or more contacts 6 of the deep-

27



10

15

20

25

30

WO 2024/157001 PCT/GB2024/050182

brain stimulation lead 4 based on the location. The selecting S60 may comprise selecting
one or more contacts 6 to which a deep brain stimulation signal is to be applied. The
contacts most suited for application of the stimulation signals are likely to be the contacts
that detect the strongest electrical signals at the location of the source of neural activity
signals. Alternatively or additionally, the selecting S60 may comprise selecting which
contacts are to be used for sensing local field potentials in a closed-loop DBS application.
This may be advantageous because, depending on the location of the contacts 6 relative to
the source, different contacts 6 may provide a more accurate or lower-noise indication of
the relevant neural activity signals used in the closed-loop DBS scheme.

In the embodiment shown in Fig. 9, the selecting S60 is for contacts to which a
stimulation signal is to be applied, and the method further comprises determining S70 a
stimulation energy for application at each of the one or more selected contacts based on the
location. The appropriate energy to apply at each selected contact 6 may vary depending
on factors such as their proximity and orientation relative to the source. Varying the
stimulation energy can therefore improve reduction of symptoms while reducing side
effects by ensuring stimulation energy is most effectively directed.

The method in Fig. 9 further comprises repeating the steps of determining S50 the
location, selecting S60 one or more contacts, and determining S70 the stimulation energy
in response to a predetermined condition S80 being met. This allows the stimulation
schemes to be adjusted if the location of the source relative to the contacts 6 changes. This
could occur due to factors such as lead movement or disease progression. The
predetermined condition could be manual triggering by the subject or an attending
clinician, or may be another condition such as the elapsing of a predetermined length of
time.

Results

Multi-contact LFP recordings from 27 hemispheres of 17 PD patients (11 male, 6
female) were used to validate the application of the method to beta-activity (f-oscillations)
in the parkinsonian STN. The data were originally used for a study by Shah and
colleagues (Shah et al. 2022).

The lags (relative timings) between the detected neural activity signals of different
contacts were determined with cross-correlations. These lags were compared to predicted

delays obtained from three source models using the three example arrangements of the
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source of neural activity discussed above, i.e. a spherical single point-source model (1), a
spherical two point-source model (2), and a planar neural sheet source model (3),
optimized to fit the observed lags.

Exemplary neurophysiological recordings from 27 hemispheres (labelled H1 to
H27) of 17 PD patients implanted with DBS electrodes served to exemplify the source
localisation algorithm (Cohort, Bern University Hospital). Subjects were implanted in the
STN with a multi-contact DBS lead. This DBS lead has a hybrid contact geometry
consisting of eight contacts (C). The bottom (C1, bullet tip) and top contacts (C8, ring)
only allow for omnidirectional recording (see Fig. 2). Contact levels two (C2-4) and three
(C5-7) are segmented, enabling directional recording along three directions angled at 120°
from each other.

As described by recent studies (e.g. Horn et al. 2019), DBS lead localisation was
reconstructed using the Lead-DBS toolbox (version 2.3.2) along with MATLAB 2019b
(The MathWorks, Inc., Natick, MA). Using the Statistical Parametric Mapping 12
(SPM12) software and Advanced Normalization Tools (Avants et al. 2014), preoperative
MRI images and postoperative CT images were co-registered and normalized into the
Montreal Neurological Institute (MNI) space (MNI 152 NLIN 2009b). To account for
error-introducing movements of the brain during lead implantation, coarse and fine masks
were used to perform a brainshift correction (Schonecker et al. 2009; Horn et al. 2019).
Co-registrations and normalizations were checked manually prior to further processing.
Electrode positions and trajectories were reconstructed with semi-automatic PACER
processing and manual corrections (Husch et al. 2018). The DiODe algorithm (Hellerbach
et al. 2018) was used to determine lead orientations, which were further checked with post-
operative X-ray images. After performing all the above steps, contact locations were
described with cartesian XYZ-coordinates in the MNI space, which were then aligned with
the anatomical STN from the Distal atlas (Ewert et al. 2018). All analyses were performed
in MNI space. Coordinates of contacts implanted into the left STN were converted to right
STN analogues with the Lead-DBS toolbox, thus facilitating group analyses.

LFPs were recorded during DBS surgery from all eight contacts simultaneously
with the patient awake and at rest. The mean recording duration across hemispheres was
90.7 + 29.7 s. The recording was conducted with a common average referencing and using

a TMSi-Porti amplifier (Twente Medical Systems International, Netherlands) at a sampling
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frequency of 2048 Hz.

The electrical signals in the form of the LFPs were processed to detect neural
activity signals according to the steps outlined above. PSDs were manually inspected and
corrections made in rare cases when the FOOOF algorithm failed to model the data.

To prevent overtitting, a third rejection criterion was applied in addition to the two
rejection criteria discussed above. Namely, hemispheres with fewer than four contacts
accepted according to the first two rejection criteria were excluded from the study. Four
was chosen because this represented half of the contacts available using the DBS lead with
which the electrical signals were measured. Seven hemispheres were excluded because
they did not have a minimum of four contacts with f-activity above aperiodic noise levels.

Details on contact and hemisphere rejections are shown in Table 3.
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H = hemisphere, he¢ = highly correlated, P = pass, (N
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Table 3
As in the example of Fig. 7, data lags were summarized in 8 X 8 matrices, with
each entry describing the lag between the neural activity signals detected at two contacts
calculated based on the burst signals. Cross-correlation matrices were symmetrical across
their diagonals, which were filled with ones, as shown in Fig. 10. In Fig. 10, H =

hemisphere. R, = normalized cross-correlation coefficient. Entries for rejected contacts
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appear white in the figures. Lag matrices were antisymmetrical across their diagonals,
which were filled with zeros, as shown in Fig. 11. In Fig. 11, H=hemisphere, f —
freq.=hemisphere’s peak beta frequency.

To provide an intuitive metric for model performance, models were evaluated with
correlation coefficients instead of relying on the model cost as an estimate. Agreement
between data and model lags was assessed with non-parametric statistics, using
Spearman’s Rank-Order Correlation Coefficients (SRCC, p). Importantly, higher SRCCs
correspond to more accurate models with a lower cost. Since the data and model lag
matrices contained redundant information and were antisymmetric across the diagonal,
only the lower triangle below the diagonals was used for calculating SRCC. For a given
hemisphere, a model was classified as successful if it significantly fitted the data lags well
(p > 0.5 and p < 0.05). Additionally, the model’s p had to be greater than the 95
percentile p of a surrogate distribution obtained from fitting randomly shuffled burst
signals as described below.

A surrogate distribution of correlation coefficients obtained from shuffled burst
signals was used to control for overfitting. For each hemisphere, the burst signals of all
accepted contacts were separated into multiple segments. The segment length was set at
5% of the total recording time to maintain the integrity of individual bursts as much as
possible. For example, a 100s recording would, according to this procedure, be separated
into 20 segments of 5s each. Segments were then randomly allocated across the
hemisphere’s accepted contacts to generate spatiotemporally dissociated burst data for each
contact. Data lags were calculated as outlined in Eq. 4. Model lags were obtained by
performing the optimizations described above. The model performance on the shuffled
signals was estimated with SRCCs. This shuffling analysis was performed 5120 times for
each accepted hemisphere to construct a distribution of p values for predictions on the
shuffled data sets.

The magnitude of the optimized wave speeds (v) was monitored across all three
models to determine if the predicted speeds were within the physiological range. The
ranges of cortical - and hippocampal 8-waves were displayed alongside the distribution
of predicted wave speeds.

The model performance was also calculated using LFPs bandpass filtered around

different centre frequencies. Understanding the model performance at different oscillatory
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frequencies is insightful for two reasons. First, reconstructing the single point-source
model for signals obtained from various oscillatory frequencies could establish whether
STN traveling waves are present at different frequencies. Second, this analysis can
provide an additional control for overfitting. A consistently good reconstruction at various
oscillatory frequencies other than the physiologically expected range would indicate that
our model can fit any signal.

It was expected that the reconstruction of sources would be most accurate with
LFPs bandpass-filtered in the f-range. The source reconstruction was performed with
LFPs filtered around different centre frequencies (CFs, filter-width + 3Hz), ranging from 5
Hz to 86 Hz with a step size of 1.27 Hz. The model performance (p) was plotted against
the CF of the bandpass filter. Subsequently, a group-level analysis was performed by
plotting the mean p across hemispheres for each CF. A paired two-sample t-test was
performed to test if the model performance for CFs within the f-range (13 Hz < CF < 35
Hz) was better than outside (CF < 13 Hz or 35 Hz < CF). Therefore, for each hemisphere,
p-values for CFs within and outside the f-range were averaged. This provided a single p
estimate for each hemisphere within and outside the f-range. The t-test was validated by
confirming that the average p-distributions were normally distributed (Anderson-Darling
test) and had equal variances (two-sample F-test).

The results for the single point-source model for a representative hemisphere with
good reconstruction are shown in Fig. 12A-C. Fig. 12A shows an example of a data lag
matrix showing the delays between the burst signals of contact pairs in hemisphere three.
The white rows indicate rejected contacts. Fig. 12B shows the optimized lag predictions
for the same hemisphere with the single point-source model.

Fig. 12C shows that the optimized single point-source model approximated the data
lags well, as indicated by the high SRCC (p = 0.569) between the data and model lags
shown in Fig. 12A and Fig. 12B. The correlation between data and model lags was
significant (p* = 0.027). In this context, high SRCCs indicate good models with low cost.
Fig. 13 shows the full set of fitted lag matrices in the single point-source model. White
rows correspond to rejected contacts. H = hemisphere, v = wave speed. Across all
hemispheres with high correlation coefficients greater than the threshold of 0.50, the

performance of the single point-source model was unlikely to be caused by chance (p <
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0.05, see also Table 4).

In all nine hemispheres in which the single point-source model fitted the data lags
well (p > 0.5, p<0.05), the model performance was better than the 95® percentile of the
surrogate distribution obtained from shuffled burst signals (Table 4). A representative case
is displayed in Fig. 12D, in which the correlation coefficient of the data was larger than the
95" percentile of a p distribution obtained through random spatio-temporal shuffling of
beta bursts. This indicates that the single point-source model performs worse on random
beta burst signals. In Fig. 12D, H = hemisphere, n = number of shuffles, 95th = p
corresponding to the 95" percentile of the distribution, data = p of actual data. Fig. 14
shows a similar shuffling analysis for the single point-source model across all hemispheres.
In Fig. 14, H = hemisphere, n = number of shuffles, 95th = p corresponding to the 95"
percentile of the distribution, data = p of actual data.

Fig. 15 shows the predicted source position for the same representative hemisphere
as shown in Fig. 12. The source was relatively close to the contacts. The STN is a generic
left STN in MNI space taken from the DISTAL Atlas (Ewert et al. 2018). H = hemisphere,
Rej. Contacts = rejected contacts. Fig. 16 shows the full set of predicted source positions
in the single point-source model. The STN is again a generic STN in MNI space. It can be
seen that the predicted source locations were often within or close to the generic STN.

Fig. 17 shows the reconstruction performance of the single point-source model at
different oscillatory frequencies (i.e. different bandpass filter centre frequencies). Since
elevated f-oscillations in the STN are indicative of PD, it was expected that model
performance would peak with frequencies in the £-band.

Fig. 17A shows model performance of hemisphere three. Fig. 17B shows the
average model performance across all accepted hemispheres. Reconstruction peaked in the
B-range. The model performance in the alpha and gamma range was worse compared to
the f-band. This indicates that the single point-source model cannot fit LFPs at any
frequency and so overfitting was unlikely. This also suggests a lack of evidence for other
types of traveling waves beyond f-oscillation being present in the electrical signals.
However, using the model in different frequency ranges may still be useful in other brain
regions depending on what condition is of interest.

Fig. 17C shows a comparison of the model performance with signals extracted
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within and outside the f-range. “Within" refers to CFs in the ff-range (blue areas in panels
A and B), and “outside" to all other CFs. Each blue and orange dot is the average p of a
hemisphere. Overall, the model performance was statistically better using f-oscillations
(Paired two-sample t-test: Student’s t = 4.04, p*** = 2.52 X 10~*, n = 20 hemispheres).
This confirmed the statistical significance of better reconstructions with signals extracted
from the f-band. In Fig. 17, H = hemisphere, Freq p = model performance at different
CFs of the bandpass filter, Data FR = f-frequency used for this hemisphere, Mean p =
average model performance at different CFs, Mean FR = average f-frequency across all
hemispheres, SEM = standard error of the mean.

Fig. 18 shows the distribution of wave speeds in the single point-source model.
The median wave speed was 0.233 mm/ms. Most of the predicted speeds were
physiologically plausible and are in accordance with previously reported traveling wave
speeds. The range for traveling cortical f-waves was drawn from Mohan, Zhang, and
Jacobs 2022, and sub-cortical theta-wave speeds from Zhang and Jacobs 2015.

Results for the two-point source model for a representative hemisphere are shown
in Fig. 19A-C. Fig. 19A shows the data lag matrix showing the delays between the beta
burst signals of contact pairs. The white rows indicate rejected contacts. Fig. 19B shows
optimized lag predictions for the same hemisphere as Fig. 19A with the two point-source
model.

Fig. 19C demonstrates that the optimized model approximated the data lags well, as
indicated by the high SRCC (p = 0.816) between the data and model lags shown in Fig.
19A and Fig. 19B. The correlation between data and model lags was unlikely to be a
random effect (p*** = 2.0 x 10™*). Fig. 20 shows the full set of fitted lag matrices in the
two point-source model. White rows correspond to rejected contacts. H =hemisphere, v =
wave speed. The two-point source model fitted the data lags well in 14 out of 20
hemispheres. In the other six hemisphere, the two point-source model could not account
for the data lags.

Fig. 19D shows that the correlation coefficient of the data was larger than the 95
percentile of a p distribution obtained through random spatio-temporal shuftling of beta
bursts. In Fig. 19, H = hemisphere, C = contact, 5-freq. = hemisphere’s peak beta

frequency, v = optimized wave speed, SRCC = Spearman’s rank-order correlation
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coefficient (p). Fig. 21 shows the full set of shuftling analysis results for the two point-
source model across all hemispheres. The distribution was obtained through spatio-
temporal shuffling of beta-bursts. H = hemisphere, n = number of shuffles, 95th = p
corresponding to the 95 percentile of the distribution, data = p of actual data. The two-
source model performs much worse on random beta burst signals, indicating overfitting is
unlikely.

Fig. 22 shows the predicted point source positions for the same representative
hemisphere corresponding to the data shown in Fig. 19. The two point source positions
were close to each other and near the centre of the STN. The STN is a generic left STN in
MNI space taken from the DISTAL Atlas (Ewert et al. 2018). H = hemisphere, Rej.
Contacts = rejected contacts.

Fig. 23 illustrates the variability in the distance between the two point sources in
the two point-source model. In hemisphere 22, the “sources" were relatively close,
whereas in hemisphere 3 the distance between the estimated positions was comparably
larger. These hemispheres are representative of similar cases across the population. Fig.
24 shows the full set of predicted source positions for all hemispheres in the two point-
source model. The STN is again a generic STN in MNI space. The two point sources
were relatively close to each other in some of the other hemispheres (H=3, 9, 11, 12, 13,
17, 21, 22).

Using the same approach as for the single point-source model, the relationship
between oscillatory frequency and model performance in the two point-source model was
investigated. Fig. 25 shows reconstruction performance of the two point-source model at
different oscillatory frequencies. Fig. 25A shows model performance of hemisphere 16.
Fig. 25B shows average model performance across all accepted hemispheres. The
reconstruction was statistically higher and peaked in the f-range. This illustrated that
overfitting was unlikely.

Fig 13C shows a comparison of the two point-source model performance with
signals extracted within and outside the f-range. “Within” refers to CFs in the blue
segment of panels A and B, and outside" to all other CFs. Each blue and orange dot is the
average p of a hemisphere. Overall, the model performance was statistically better using
LFPs extracted from the f-band (Paired two-sample t-test: Student’s t = 5.66, p™* =

1.67 x 1076, n =20 hemispheres). H = hemisphere, Freq p = model performance at
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different CFs of the bandpass filter, Data FR = f-frequency used for this hemisphere,
Mean p = average model performance at different CFs, Mean FR = average f-frequency
across all hemispheres. SEM = standard error of the mean.

At low travelling wave speeds, the model parameters of the two point-source model
are non-identifiable (i.e. several source positions result in similar costs). For LFPs
extracted from the beta range (f = 13-35 Hz), the parameters of Eq. 10-12 become non-
identifiable in the STN when v is lower than approximately 0.3 mm/ms. This is illustrated
in Fig. 26. Fig. 26A shows that at a constant beta-frequency (f), for speeds below 300
mm/s (0.3 mm/ms), multiple distance combinations (S, C; and S, ;) between the sources
(57 and S,) and a given contact (C;) could lead to the same signal phase at C; (y;). Distance
combinations resulting in the same y; are color-coded. Raising the wave speed above 300
mm/s as shown in Fig. 26B resolves the indeterminacy described in Fig. 26A, such that for
each recorded signal phase ;, there is only one pair of S;C; and S,C;. The vertical
surfaces in Fig. 26B represent discontinuities and should be ignored. f = hemisphere’s peak
beta frequency, v = wave speed.

For this reason, the minimum speed was limited to 0.3 mm/ms in the two point-
source model. Wave speed predictions in the two point-source model therefore
represented an upper limit of the possible speed observed in a hemisphere. In more general
applications of the method, recording with leads that have more contacts would overcome
this limitation, as more recording sites will increase the spatial power of the method by
refining the cost landscape.

Fig. 27 shows the distribution of maximum wave speeds in the two point-source
model. Across hemispheres, the upper limits of wave speeds were within the physiological
range. The range for traveling cortical f-waves was drawn from Mohan, Zhang, and
Jacobs 2022, and sub-cortical theta-wave speeds came from Zhang and Jacobs 2015.

The planar source model illustrates that the method could be used to account for
the presence of other possible traveling wave shapes. Results for a representative fit for
the planar source model are shown in Fig. 28. In Fig. 28, H = hemisphere, C = contact, -
freq. = hemisphere’s peak beta frequency, v = optimized wave speed, SRCC = Spearman’s
Rank-order correlation coefficient (p). Fig. 28 A shows an example of a data lag matrix
showing the delays between the beta burst signals of contact pairs in hemisphere 14. Fig,

28B shows optimized lag predictions for the same hemisphere with the planar model. The
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white rows indicate rejected contacts.

Fig. 28C shows that the optimized planar model failed to approximate the data lags
well (p = 0.356). This indicates that planar waves are unlikely to be present in the
parkinsonian STN. Fig. 29 shows the full set of fitted lag matrices in the planar neural
sheet source model. White rows correspond to rejected contacts. H = hemisphere, v = wave
speed. The fit to contacts’ lags with the planar source model was only plausible in a single
hemisphere (H = 3). In a second hemisphere (H = 20), the p-value of the SRCC between
model and data lags was significant. However, the coefficient was strongly negative,
likely indicating that the optimizer failed to identify a plausible source position.

Fig. 28D shows the position and orientation of the planar source corresponding to
the same hemisphere as in Fig. 19A-C. Fig. 30 shows the full set of predicted source
positions in the planar source model for all hemispheres. The STN is a generic STN in
MNI space.

Fig. 31 shows planar wave speeds predicted for the planar source model. In
contrast to both spherical wave models, predicted speeds for the planar waves were slower
than previously reported traveling brain waves and are outside the physiological range.
The range for traveling cortical f-waves was drawn from Mohan, Zhang, and Jacobs 2022,
and sub-cortical theta-wave speeds came from Zhang and Jacobs 2015.

The results establish that the single point-source and two point-source models both
approximate the data lags well, as shown in Table 4. Spherical beta-waves emerging from
a single point-source were consistent with data from 9 out of 20 hemispheres. Spherical
waves emerging from two point-sources were consistent with data from 14 hemispheres.
Predicted wave speeds for both point-source models agreed with previously reported
speeds in other structures. Probabilistic maps calculated for source positions demonstrated
that sources are most likely located in the anterior portion of the motor STN. Although the
planar source model as not effective in the application to detecting beta frequency signals
in the parkinsonian STN, it may nonetheless be applicable to other neural activity signals
or other parts of the brain.

Table 4 provides an overview of model performance for all three models. A “pass”
was assigned to models which were statistically significant p>0.5 and p<0.05).
“Successful” hemispheres, highlighted in blue, additionally survived the shuffling control.

No shuffling analysis was performed for the planar model given its performance.
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Table 4

Hemispheres in which the model was significant, and the shuffhng succeeded.

For most hemispheres that were successful in both the single point source model

and the two point-source model, the two point-source model fitted the data lags better than

the single point-source model. This is demonstrated in the hemisphere-specific p-values in

Table 4. However, some variability was observed in model performance across

hemispheres. For three hemispheres (H=7, 21, 22), the single point-source model
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outperformed the two point-source model. For seven hemispheres (H=1, 4,9, 11, 13, 16,
20) for which the single point-source model did not work well, the two point-source model
approximated the data lags well. The lags of four hemispheres (H=15, 10, 17, 18) could
not be fitted well with either point-source model. This indicates variability in hemisphere
source characteristics which may require different choices of model for different
hemispheres. This variability may be indicative of various factors such as the size and
spatial consistency of the source of neural activity signals.

For both the single point-source model and the two point-source model, the
predicted wave speed estimates agree with the conduction speeds of mono-synaptic
unmyelinated connections (0.1-0.6 mm/ms) (Gonzalez-Burgos, Barrionuevo, and Lewis
2000; Girard, Hupé, and Bullier 2001).

Understanding the likelihood of source locations across the STN can be useful for
DBS. For example, if STN locations with a high source probability are known, physicians
can target the implantation of leads towards these regions. Anatomically, the stimulation
sweet spot for PD is localized in the dorso-lateral region of the STN. A modified version of
the single point-source model was implemented to identify areas of low and high cost in
the STN, which illustrate the likelihood of source positions across the STN for individual
hemispheres. The STN was placed at the center of a 15 X 15 x 15 3D grid, with 15% grid
points. For each hemisphere, the wave speed was optimized at each individual grid
position (G;) according to Eqs. 3-5, where source coordinates (X, Ys, Zs) were replaced

with grid coordinates (X cp Yo Z Gi)' Iso-potential surfaces were then drawn with

MATLAB’s isosurface function. The cost for the points on the surface of the STN was
interpolated with the cost of the closest grid point. Therefore, for each point (P) on the
surface of the STN, the distance to all points on the grid was calculated. The cost at P was
estimated as the cost of the closest grid point. A spatially smooth representation was then
created through linear interpolation with MATLAB’s interp3 function.

The cost landscapes for two representative hemispheres are shown in Fig. 32. Fig.
32A shows isocost-surfaces (i.e. surfaces of equal cost) for a tight region around the
generic STN. The orange dot is the predicted source position of the single point-source
model for the hemisphere. Areas of low cost correspond with source positions where data

lags can be modelled more accurately. Sources are more likely to be located in such areas.
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Fig. 32B shows the interpolated cost landscape for the surface of the STN. Fig. 32C shows
isocost-surfaces of another hemisphere. Fig. 32D shows the interpolated cost landscape for
the surface for the hemisphere shown in Fig. 32C. Notice the variability in absolute cost
(range of the colour scale) and overall landscape between the two hemispheres.

Although hemisphere-specific cost landscapes can be helpful in optimizing DBS,
they can only be revealed after implantation. After surgery, the leads might be positioned
away from the source so that efficient silencing of f-activity might not be possible.
Therefore, having a rough idea of potential source positions prior to implantation can be
beneficial, guiding the selection of implantation sites. To identify areas of high source
probability across hemispheres, a population-level analysis was performed to identify
overall areas of low cost. Because the absolute cost range was variable across
hemispheres, the cost landscape of each hemisphere was scaled to its maximum cost. The
average cost landscape was computed as the mean cost landscape across all hemispheres,
and is shown in Fig. 33. In line with previous studies, sources were found to be more
likely to be in the motor STN. Two regions of low cost (high source probability) were
identified in the anterior portion of the motor region and are indicated with arrows in Fig.
33. Compared to the area of highest cost (dark red), the cost was approximately 7% lower
in the low-cost regions.

While the motor STN seems a reasonable implantation site for leads, it is likely that
exact source locations are variable across hemispheres. Even after implantation, the
present hemisphere-specific source-probability landscapes would allow individualized
tuning along the dorso-ventral axis by identifying the position of the source along this
direction and stimulating at the level of the source.

The above traveling wave models were designed with the smallest number of
parameters required to describe the data. This makes the models easily interpretable and
prevents overfitting the data lags. The amplitude of beta oscillations is likely partially
driven by noise. An advantage of the present methodology is that it is not affected by
stochastic amplitude variations. By computing beta-bursts with contact-specific amplitude
thresholds, the effect of the interaction between LFP amplitude and distance from the
source 1s avoided.

Computational considerations are an important factor in designing

neurophysiology-guided DBS systems. In addition to being easily interpretable, the
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present source identification algorithms have relatively low computation times. The main
analyses (including data pre-procession and excluding the shuffling and frequency
analyses) were conducted on a personal computer. The most computationally-expensive
model was the two point-source model, with a run-time of approximately 4.5h for 20
hemispheres. This suggests that the reconstruction for a single hemisphere can be
accomplished in roughly 12 minutes, which is a practical time frame in clinical settings to
update source positions on a slow time scale. The single-point source approach was
considerably faster at approximately 2 minutes per hemisphere. It is expected that these
run-times can be significantly improved with optimisation. Furthermore, the mean
recording duration across hemispheres was 90.7 = 29.7s in the data set used above, which

demonstrates that the method can be implemented with a reasonable amount of data.
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CLAIMS

1. A method for determining a location of a source of neural activity signals within a
brain, the method comprising;

measuring electrical signals from respective contacts of a plurality of contacts
located at known relative positions within the brain;

processing the electrical signals to detect neural activity signals in the electrical
signals from the respective contacts;

determining timings of the detected neural activity signals; and

determining the location of the source of neural activity within the brain relative to
the plurality of contacts by fitting a source model to the timings relative to each other,
wherein the source model models an arrangement of the source of the neural activity
signals and models the neural activity signals as travelling waves that propagate through

the brain.

2. A method according to claim 1, wherein the processing of the electrical signals
comprises, for each of the respective contacts, determining a peak frequency for the

contact as the frequency having the highest power within a predetermined frequency range.

3. A method according to claim 2, wherein the peak frequency is determined using a
net power spectral density calculated by subtracting a background power spectral density
from a power spectral density of the electrical signals from the contact,

optionally wherein the background power spectral density comprises an estimated

power spectral density of aperiodic noise.

4. A method according to any one of claims 2 to 3, wherein the predetermined

frequency range is a range of beta brain wave frequencies, optionally 13-35 Hz.

5. A method according to any one of the preceding claims, wherein the processing of
the electrical signals comprises filtering the electrical signals from the respective contacts

to detect the neural activity signals, optionally using a frequency bandpass filter.
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6. A method according to claim 5 when dependent on any one of claims 2 to 4,
wherein the processing of the electrical signals comprises determining a hemisphere peak
frequency as an average, optionally a median, of the peak frequencies of contacts within
the same hemisphere of the brain, and the frequency bandpass filter is centred on the
hemisphere peak frequency,

optionally wherein the hemisphere peak frequency is determined as an average of
the peak frequencies of contacts within the same hemisphere of the brain for which a

power at the peak frequency of the contact is above a predetermined power threshold.

7. A method according to claim 5, wherein the frequency bandpass filter is configured
to pass frequencies within a predetermined frequency range, optionally wherein the
predetermined frequency range is a range of beta brain wave frequencies, further

optionally 13-35 Hz.

8. A method according to any one of claims 2 to 7, wherein the timings are
determined for a subset of the detected neural activity signals, the subset comprising neural
activity signals detected at contacts for which a power at the peak frequency of the contact

is above a predetermined power threshold.

9. A method according to any one of claims 2 to 8, wherein the timings are

determined for a subset of the detected neural activity signals, the subset comprising neural
activity signals detected at contacts for which an average of a statistical dependency metric
between the neural activity signal for the contact and the neural activity signals for each of

the other contacts is above a predetermined correlation threshold.

10. A method according to any one of the preceding claims, wherein the timing
between a first detected neural activity signal from a first contact of the plurality of
contacts and a second detected neural activity signal from a second contact of the plurality
of contacts is a relative timing that, when applied to the first detected neural activity signal,
maximises a statistical dependency metric between the first detected neural activity signal

and the second detected neural activity signal.
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1. A method according to claim 10, wherein the statistical dependency metric is a
temporal cross-correlation, a coherence, or a mutual information between the neural
activity signal first detected neural activity signal and the second detected neural activity

signal.

12. A method according to claim 10 or 11, wherein:

the determining of the timings comprises calculating, for each of the respective
contacts, a burst signal representing timings of periods in which an amplitude of the
detected neural activity signal from the contact is above a predetermined amplitude
threshold; and

the timing between the detected neural signal from the first contact and the detected
neural signal from the second contact is a relative timing that, when applied to a first burst
signal calculated for the first contact, maximises a statistical dependency metric between

the first burst signal and a second burst signal calculated for the second contact.

13. A method according to any one of the preceding claims, wherein:

the determining of the timings comprises identifying, for each of the respective
contacts, one or more burst periods in which an amplitude of the detected neural activity
signal from the contact is above a predetermined amplitude threshold for at least a
predetermined duration;

the timing between a first detected neural activity signal from a first contact of the
plurality of contacts and a second detected neural activity signal from a second contact of
the plurality of contacts is the relative timing between a first burst period for the first
contact and a second burst period for the second contact, the second burst period being a
burst period that begins closest in time to the beginning of the first burst period,

optionally wherein the second burst period is a burst period that begins within a

predetermined time window around the beginning of the first burst period.

14. A method according to claim 13, wherein:
a plurality of burst periods are identified for each of the respective contacts;
a plurality of relative timings are determined based on a corresponding plurality of

first burst periods and second burst periods; and
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the timing between the first detected neural activity signal and the second detected

neural activity signal is an average of the plurality of relative timings.

15. A method according to any one of the preceding claims, wherein the location of the
source is a parameter of the source model, and determining the location of the source by

fitting the source model to the timings relative to each other comprises fitting the location.

16. A method according to claim 15, wherein the source model models the arrangement
of the source as a point source, and determining the location of the source comprises
determining a location of the point source,

optionally wherein the location of the point source is a three-dimensional location

relative to the plurality of contacts.

17. A method according to claim 16, wherein the source model assumes activity signals

from the point source are emitted as spherical waves.

18. A method according to claim 15, wherein the source model models the arrangement
of the source as a plurality of point sources, optionally two point sources, and determining
the location of the source comprises determining a location of each of the plurality of point
sources,

optionally wherein the location of each of the point sources is a three-dimensional

location relative to the plurality of contacts.

19. A method according to claim 18, wherein the source model assumes:

neural activity signals from each of the plurality of point sources have equal
amplitude and/or equal phase and/or equal frequency; and/or

neural activity signals from each of the plurality of point sources are emitted as

spherical waves.

20. A method according to claim 15, wherein the source model models the arrangement
of the source as a planar source, and determining the location of the source comprises

determining a location of the planar source and an orientation of the planar source,
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optionally wherein the location of the planar source comprises a three-dimensional
location relative to the plurality of contacts and the orientation of the planar source

comprises a three-dimensional vector normal to the planar source.

21. A method according to any one of the preceding claims, wherein a speed of the
travelling waves is a parameter of the source model, and determining the location of the
source by fitting the source model to the timings comprises fitting the speed of the

travelling waves.

22. A method according to any one of the preceding claims, wherein the electrical

signals are time-resolved measurements of local field potentials.

23. A method according to any one of the preceding claims, wherein one or more of the
plurality of contacts are within the subthalamic nucleus or the globus pallidus internus of

the brain.

24, A method according to any one of the preceding claims, wherein the plurality of
contacts are located on the same deep-brain stimulation lead, and/or the plurality of

contacts comprises at least four contacts, optionally at least eight contacts.

25. A method according to any one of the preceding claims, wherein the neural activity

signals are beta brain waves.

26. A method according to any one of the preceding claims, wherein the neural activity
signals have a duration of at least 5 seconds, optionally 10 seconds, optionally at least 30

seconds, optionally at least one minute.

27. A method according to any one of the preceding claims, wherein the neural activity
signals have a duration of at most 10 seconds, optionally at most 30 seconds, optionally at

most one minute, optionally at most 5 minutes.

28. A computer program comprising, or a computer-readable medium having stored
50



10

15

20

25

30

WO 2024/157001 PCT/GB2024/050182

thereon, instructions which, when carried out by a computer, cause the computer to carry

out the method of any of the preceding claims.

29. A method for selecting contacts of a deep-brain stimulation lead within a brain for
use in deep-brain stimulation comprising;

determining a location of a source of neural activity signals within the brain
according to the method of any of claims 1-27; and

selecting one or more contacts of the deep-brain stimulation lead based on the

location.

30. A method according to claim 29, further comprising determining a stimulation

energy for application at each of the one or more selected contacts based on the location.

31 A method according to claim 29 or 30, further comprising repeating the steps of
determining the location, selecting one or more contacts, and, if performed, determining
the stimulation energy in response to a predetermined condition being met, optionally

wherein the predetermined condition is the elapsing of a predetermined length of time.

32. An apparatus for determining a location of a source of neural activity signals within
a brain comprising;

a measurement unit configured to measure electrical signals from respective
contacts of a plurality of contacts located at known relative positions within the brain,;

a processing unit configured to process the electrical signals to detect neural
activity signals in the electrical signals from the respective contacts; and

a determining unit configured to:

determine timings of the detected neural activity signals; and

determine the location of the source of neural activity within the brain relative to
the plurality of contacts by fitting a source model to the timings relative to each other,
wherein the source model models an arrangement of the source of the neural activity
signals and models the neural activity signals as travelling waves that propagate through

the brain.
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Fig. 21 (Cont. 1)
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