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CONTEXT

This document presents the core thesis underpinning a programme that is currently in
development at ARIA. We share an early formulation and invite you to provide feedback
to help us refine our thinking.

This is not a funding opportunity, but in most cases will lead to one. Sign up here to
provide feedback, register your interest in joining a team, or to learn about any funding
opportunities derived from this programme thesis.

An ARIA programme seeks to unlock a scientific or technical capability that:

+ Changes the perception of what's possible or valuable.
+ Has the potential to catalyse massive social and economic returns.
+ Is unlikely to be achieved without ARIA’s intervention.

PROGRAMME THESIS, SIMPLY STATED

This programme thesis is derived from the ARIA Opportunity Space:
scalable-neural-interfaces-opportunity-space.pdf

By developing tools to interface with the human brain with unprecedented precision, this
programme will unlock new therapeutic methods to understand, identify and treat
neurological and neuropsychiatric disorders.

Brain disorders are the cause of an overwhelming social and economic burden: in 2019
they accounted for 21% of the global disease burden (compared with 7% for coronary
heart disease), costing an estimated 530M disability adjusted life-years (DALYs) [1, 2].

Many of these conditions are disorders of neural circuits, involving a diversity of cell

type, distributed across different brain regions, and with complex temporal dynamics.
This programme aims to develop new tools that can interact with the central nervous
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system at the circuit-level to understand the onset and progression of disease, identify
biomarkers of disease states and ultimately to treat these disorders.

PROGRAMME THESIS, EXPLAINED

A detailed description of the programme thesis, presented for constructive feedback

Why this programme

lt is becoming increasingly evident that targeted interaction with the human nervous
system can improve the human condition across an incredibly wide range of disease
states and cognitive domains. An existence proof is deep brain stimulation (DBS), which
has been approved by the U.S. Food and Drug Administration to treat movement
disorders such as Parkinson’s disease and essential tremor [3], and neurological
disorders such as epilepsy [4]. Emerging work suggests DBS can be effective for a much
wider range of treatments than previously envisioned, including treatment resistant
depression [5], mood and anxiety disorders [6], substance addiction [7] and potentially
even Alzheimer's disease [8]. In total, this points towards a vast pool of the population
that could benefit from neurotechnologies.

While neurotechnologies have improved the quality of life for hundreds of thousands of
people worldwide, these technologies have yet to see broad adoption. There are many
factors at play, including regulatory barriers, healthcare economics, clinical adoption
and patient hesitancy [2]. We believe that the development of precision
neurotechnologies, able to provide significantly more personalised and effective
treatment to a much wider patient population, will be the critical factor in overcoming
these barriers and driving downstream adoption.

Our theory of change is that circuitlevel neurotechnologies (Figure 1), with the ability to
read and write cell type specific information across distributed brain regions, will yield
breakthroughs in: (1) disease understanding and diagnosis by generating novel,
multi-modal data sets of the brain during disease onset, disease progression and in
health, which will lead to novel biomarkers of disease; (2) the identification of novel
therapeutic targets with either well understood mechanisms of action or Al derived
patterns of modulation that target specific circuit elements; and (3) personalised
treatments by building patient specific models of brain disorders that account for
disease heterogeneity, enabling interventions tfailored to the individual.

This new paradigm of precision neurotechnology (borrowing terminology from the field
of precision medicine [10], see also [11]) can avoid many of the challenges of existing
coarse grain interventions such as DBS or pharmaceuticals. Here, the mechanism of
action is often unclear [12], which coupled with significant disease heterogeneity [13]
leads to challenges in determining the eligibility of patients for a particular treatment,
variable patient outcomes when these treatments are administered [14] and poorly
understood side effects related to the treatment [15]. By uniting the frontiers of
engineered biology with engineered hardware, we believe precision neurotechnologies
2 | ARIA Confidential — Not for public distribution


https://www.ninds.nih.gov/about-ninds/what-we-do/impact/ninds-contributions-approved-therapies/deep-brain-stimulation-dbs-treatment-parkinsons-disease-and-other-movement-disorders#:~:text=Based%20on%20results%20from%20a,and%20STN%20for%20dystonia32.
https://www.ninds.nih.gov/about-ninds/what-we-do/impact/ninds-contributions-approved-therapies/brain-stimulation-therapies-epilepsy#:~:text=The%20FDA%20approves%20two%20new,medically%20refractory%20epilepsy18%2C19.
https://www.nature.com/articles/s41586-023-06541-3#:~:text=Deep%20brain%20stimulation%20(DBS)%20of,resistant%20depression%20(TRD)1.
https://www.nature.com/articles/nn1944
https://www.nature.com/articles/mp2011114
https://surgicalneurologyint.com/surgicalint-articles/deep-brain-stimulation-for-alzheimers-disease-an-update/
https://doi.org/10.1016/j.neuron.2020.10.001
https://www.healthaffairs.org/doi/10.1377/hlthaff.2017.1624
https://www.nature.com/articles/s41587-019-0234-8
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4760496/
https://www.nature.com/articles/s41593-023-01404-6
https://www.sciencedirect.com/science/article/pii/S0149763419305950/pdfft?md5=6cd82a571bbb72ea64a2bc5499bfca91&pid=1-s2.0-S0149763419305950-main.pdf
https://pubmed.ncbi.nlm.nih.gov/31452489/

can alleviate the bottlenecks with existing therapies and unlock significantly more
effective treatments for a wider array of brain disorders.
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Figure 1. The figure shows three depictions of a human brain at several stages in a loop.
In the centre of the loop is a caption which gives the heading ‘Precision
Neurotechnologies’ with the text underneath which is “Celltype specificity, Distributed
brain regions, Small volume of interaction, Large field of view” The loop starts with 1.
Measure (recording brain activity with a neurotechnology to record micro- and
macro-circuit activity) and shows a graph of activity versus time as an output, then 2.
Model (using new computer models to map and predict brain states based on the
recordings taken in number 1) and then 3. Perturb (using neurotechnologies to alter
brain states modelled in number 2 also depicting a graph showing the transition from
brain state A to brain state B) with the loop finally feeding back into 1. Measure to repeat
the cycle.

Figure caption: Precision neurotechnologies can enable (1) a new lens into the
functioning of the human brain, across brain regions (macro-circuits) and within brain
regions (micro-circuits). This data will form the basis for (2) new models of the brain
during disease states and in health which will enable the identification of (3) novel
therapeutic fargets to drive from brain state A (e.g. awake, seizure, tremor) to brain state
B (e.g. sleep, non-seizure, restored motor function).
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Circuitlevel brain disorders

“The brain is a highly complex, interconnected network that balances regional
segregation and specialization of function with strong integration; a balance that gives
rise to complex and precisely coordinated dynamics across multiple spatiotemporal
scales” [16]. We define a circuit-level disorder to be one where there is dysfunction
between these interconnected brain regions (macro-circuits) or within a brain region
(micro-circuits). Many of the most complex and common neuropsychiatric disorders are
now thought to be disorders of circuits [17] (e.g. posttraumatic stress disorder [18],
mood and anxiety disorders [6], Schizophrenia [12]). Indeed, even if the disorder is
known to be focal in origin (e.g. neurodegenerative disorders, stroke, focal epilepsy),
connectivity between brain regions can often drive the pathology [20].

Alongside connectivity between and within brain regions, another key circuit element is
cell type. The human brain consists of billions of neurons that are organised into
thousands of different cell types, each with distinct morphological, transcriptomic and
functional properties. Due to advances in singlecell transcriptomics, we are now
beginning to understand the full diversity of cell types in the human brain [21]. Neurons
of different cell types within close proximity can drive radically different downstream
functions and behaviours [22], and distinct cell types are often involved in disorders. For
example, disordered micro-circuit motifs involving excitatory and inhibitory neurons have
been implicated in certain forms of epilepsy [23].

Understanding the circuitry underlying disorder has given tantalising insights info new
therapeutic interventions. For example, modulation of distinct neuronal subpopulations in
the basal ganglia gave rise to longer lasting attenuation of motor symptoms in mouse
models of Parkinson’s disease compared with conventional ‘bulk’ neuromodulation [24],
and cell type specific modulation of superficial cortical regions reproduced many of the
therapeutic effects of DBS, without requiring a deeply implanted electrode [25]. In sum,
circuitlevel understanding of the brain points the way towards more effective and less
invasive therapies [26], which we believe will be further accelerated by advances in
artificial intelligence to correlate circuitlevel activity with biomarkers of disease states,
alongside advances in bioengineering, which will enable cell type specific interfacing.

What we expect to fund

We anticipate funding a variety of institutions (e.g. academic research groups, startups,
established industry) across three broad technical areas:

- Technical Area 1 (TA1) which is focused on the development of next-generation
precision neurotechnologies (estimated budget: £2—4M per project over four

years).

- Technical Area 2 (TA2) which is focused on applying precision
neurotechnologies to demonstrate the controllable transition between brain states
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(estimated budget: £8—10M per project over four years).

- Technical Area 3 (TA3) which is focused on patient and stakeholder
engagement related to the development of precision neurotechnologies
(estimated budget: £300k per project over one year).

Development of next-generation precision neurotechnologies (TA1)

The primary goal of this technical area is to develop a suite of next-generation precision
neurotechnologies to enable circuit-level access to the brain, with cell type specificity
and across distributed macro- and micro-brain circuits. In Annex 1 we have identified a
number of key performance metrics that should be optimised to achieve circuit-level
neural interfaces, which will be the target of TA1. By the end of this technical area, teams
should have demonstrated the fundamental principle of operation (including ground
truth validation), designed and developed a miniaturised prototype (if the technology is
device based) and demonstrated successful operation in vivo. Technologies which
fundamentally rely on large-scale facilities (e.g. MRI, benchtop microscopy) will likely be
out of scope, as will incremental advances of existing technologies.

A key principle of this technical area is that we fund a broad portfolio of breakthrough
early stage technologies, including approaches that may not traditionally be considered
‘neurotechnologies’ such as those based on advances in bioengineering. Approaches
may include, but are not limited to:

+ Bio-hybrid approaches including those based on functionalised bioelectronics [27]
or stem cells [28].

Cell type specific gene therapies [29].
Blood based neuromodulation (e.g. chemogenetics [30]) and neuromonitoring

131].

+ Nanotransducer networks controlled by external magnetic, optical, or acoustic
fields [32].

+ Next-generation focused ultrasound systems with cell type specific [33], multi-site
[34] and/or spatially precise [35] neuromodulation and recording.

+ Other ideas!

Even though we are developing early stage technologies, we believe there are a number
of steps that can be taken at this early stage to support the ultimate goal of clinical
translation. We therefore require teams to:

+ Consider how their technologies will be used with humans, e.g. by leveraging
novel surgical or delivery methods including (but not limited to) injectables [36],
skull implants (compatible with standard burr hole geometries) [37], endovascular
stents [38] and considering potential explantability.
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+ Specify the particular condition they anticipate applying their technology to and
outline the performance metrics that need to be met in Annex 1. This is not meant
to be binding and if new performance capabilities emerge during the course of
the programme, ARIA will work with teams to refine their technology for different
conditions.

+ Assess and report the safety of their technology via standardised histology and
toxicology tests [39, 40], as well as the longevity of their device via performance
tests over time [41]. ARIA intends to maintain and publish a database of safety
reports for the wider neurotechnology community.

This technical area is designed to develop high performance technology options, so we
anticipate teams focusing on novel one-way (readout or modulation) approaches.
However, we will also consider technologies that can be used bidirectionally (readout
and modulation), provided the combination doesn’t sacrifice performance. If teams
propose a neuromodulatory technology, it must be able to be controlled by an
exogenous signal (e.g. to dose the treatment) or an endogenous signal (e.g. closed-loop
operation based on neural activity or behaviour) and dose-response curves and
readout-modulation latencies must be carefully characterised.

Applying precision neurotechnologies (TA2)

While the overall goal of the programme is technological, we strongly believe that to
yield the greatest impact precision neurotechnologies should be integrated into a
measure-model-perturb cycle (see Figure 1) to demonstrate fundamentally new
therapeutic capabilities. We therefore plan to support multiple interdisciplinary teams to
develop and leverage precision neurotechnologies to demonstrate the controllable,
predictable and reversible transition between novel brain states, in vivo.

Recent work has shown it is possible to model the dynamics of brain networks and
predict the effects of targeted electrical modulation [42]. The goal of this technical area
is to go beyond prediction by using data-driven models to generate new modulation
patterns that can ftransition to a desired brain state (see e.g. [43] for a working
description of ‘brain state’). The driver here is to change the conversation about what is
possible with precision neurotechnologies. We therefore want teams to demonstrate a
capability that is fundamentally not possible with existing approaches, such as
transitioning the brain to out-of-manifold states that do not occur endogenously or
device-mediated plasticity to route around focal injury (for example due to stroke).

Teams applying to this technical area should incorporate the necessary systems
development (e.g. neuroengineers, bioengineers), computational neuroscientists and
modelling efforts, experimental neuroscientists and potentially even a clinical partner.
Teams should select the particular set of brain states they wish to focus on, provided the
states can be well defined, the transition between states verified via ground truth
methods and that the transition is reversible. We particularly encourage brain states with
relevance to neurological and neuropsychiatric conditions, although acknowledge the
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limitation of suitable models for many of these disorders. Potential examples may
include, but are not limited to: seizure to non-seizure states, awake to sleep states, tremor
to restored motor function states. Where demonstrations relate to brain states that are
already the target of existing therapeutics (e.g. DBS for movement disorders) teams must
show a capability that significantly advances the state-ofthe-art in terms of energy
efficiency, the mitigation of side effects, longer lasting therapeutic benefits or less
invasive (i.e. more superficial) modulation targets.

Multiple TA3 projects of varying lengths

I T T T 1
Year 0 Year 1 Year 2 Year 3 Year 4

Figure 2. Shows a horizontal bar chart depicting several technical areas of a project on
the Y-axis over a period of 4 years with years displayed on the x axis.

Figure Caption: Potential programme structure with possible project outcomes
(note: not representative of the number of projects expected to be selected).

As this technical area has more demanding in vivo requirements than TA1, we anticipate
proposed technologies may include refinements, augmentation and miniaturisation of
technologies whose fundamental principle of operation may have already been
demonstrated. However, we are looking for radically new technology systems and not the
direct application of existing technologies. If advances are made particularly fast in TA1,
we will also consider TAT teams moving onto the TA2 track (see Figure 2).

As in TA1, we require teams to design and develop a portable system and consider the
translation goals described above. In addition, to support the clinical translation of these
technologies, we anticipate the final demonstration may be in a non-mouse animal
model. Even though the key driver of the overall programme is to develop breakthrough
technologies we will consider applications whose goal is to reach first-in-human by the
end of a four-year programme, provided this doesn’t sacrifice technology performance.

We expect TA2 to yield breakthroughs in computational methods, for example in network
theory [44], optimal control theory [45], linear dynamical systems [43] or nonlinear
dynamical systems [46], and conjecture that cell type specific signals [47] distributed
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across distinct brain regions [46] will be critical for building accurate and practical
models of the brain.

Patient and broader stakeholder engagement into advanced neurotechnologies
(TA3)

During the scoping for this programme, we identified a gap in the literature for patient
engagement related to advanced neurotechnologies. Specifically, we found little
published work around what levels of intrusion into their life people with lived
experiences of neurological and neuropsychiatric disorders are willing to accept, and
how this trades off for a particular therapeutic benefit. This will be critical when
designing next-generation precision neurotechnologies. We therefore plan to solicit
applications for specialised teams willing to undertake patient engagement, and also
engagement with stakeholders more broadly across the ecosystem: e.g. family members
and other longterm caregivers, clinicians (including those on the referral path),
surgeons and regulators. The results of this work will be shared with the wider
neurotechnology community.

What we are still trying to figure out

+ In Annex 1 we identify a number of metrics that are critical for circuit-scale neural
interfaces. What have we missed?

+ We have provided estimates of project costs under ‘what we expect to fund’. Are
these reasonable? If not, tell us why. Any information about expected cost
breakdowns will be critical in helping us plan our budget.

+ TA2 requires the formation of multidisciplinary teams. If individual groups need
help forming these larger teams, in response to the programme thesis, we are
allowing groups who need help teaming to register their capabilities and what
expertise they are missing. ARIA is working to develop a system for sharing
capability gaps with other registered teams to support matching.

+ We welcome input from teams about how best to support the clinical translation
of these technologies, setting out what models (including potential non-mouse
models) may be most appropriate, and whether teams have the ability to facilitate
this. Note that ARIA- funded research must comply with the principles of the 3Rs.

+ We want a standardised set of tests to assess the safety and efficacy over time of
all technologies developed during this programme. Given this is an active area of
research and that funded technologies will likely be highly diverse (e.g. from
novel electrodes to gene therapies), what are the right tests to use? Are there
contract research organisations (CROs) ARIA can support to do this work?

+ Are there facilities or capabilities ARIA could support, which would be beneficial
for many teams within the programme? For example manufacturing capabilities,
regulatory support or computational resources.

SOURCES
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Annex 1: Precision Metrics
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Figure 3. Shows four depictions from left to right to describe precision metrics. The first
is describing cell type specificity, with neurons bounded by a cube with the equation S
equals n/T. n is shown by a picture of the cell type specific neurons being recorded or
written. T is given by a picture of the total number of neurons that contribute to the
recorded/written signal. The second picture left to right, shows the volume of
interaction, with neurons bounded by a cube and the equation V equals d-cubed with d
being the length of one side of the cube presented. The third depicts field of view, with
two cubes of neurons separated by a circular plane with the radius of the circle labelled
and the equation F equals 4/3 x pi x radius-cubed the fourth image depicts maximum
voxel number depicted by 5 cubes of neurons separated by an undefined distance.

Figure caption: Proposed precision metrics to enable circuitlevel neural interfaces.
While we believe that simultaneous advances in all these areas are important, we
anticipate (and encourage) certain technology platforms to spike against particular
performance metrics as well as certain conditions to require particular performance.

We have identified the following ‘precision metrics’ that should be simultaneously
advanced towards the goal of circuit-level neurotechnologies (Figure 3):

1. Cell type specificity (S)
To capture cell type specificity we define the unitless quantity S = n/T, where n
is the number of cell type specific neurons that contribute to the recorded/written
signal and T is the total number of neurons contributing to the recorded/written
signal. For example, if the intended modulation target are GABAergic
interneurons and n =5 are modulated in a particular volume, but 5
non-interneurons are also modulated, then S = 5/(5 + 5) = 0.5. We note that
different cell types in different brain regions will have different chance S values.
For example, in the cerebral cortex pyramidal cells make up ~80% of all neurons.
Therefore, with no specificity S = 0.8, so a normalisation factor should be
included that scales Se[1/N 1] where N is the number of cell types of interest.

We note that cell type can be defined in a number of ways (functionally,
morphologically, transcriptomically) and leave it up to teams to select their
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working definition.

2. Volume of interaction (V)
A smaller volume of interaction enables distinct circuit elements to be individually
addressed and to minimise offtarget effects. The term ‘volume of interaction’ is
intended to capture the functional volume that is directly recorded/written, rather
than simply the integrated field.

3. Field of view (F)

Field of view refers to the maximum addressable volume across the brain. We
define it volumetrically to account for differences between e.g. axial and lateral
fields of view. A larger field of view enables the simultaneous targeting of distinct
brain regions e.g. cortex and basal ganglia.

4. Maximum voxel number (N)
Increasing the maximum number of addressable targets enables multiple brain
regions or micro-circuit elements to be targeted simultaneously, for example, to
recruit plasticity mechanisms between disordered brain areas.

The first two elements refer to the ‘localisation’ of a neurotechnology, while the former
two elements refer to the ‘scale’ of a neurotechnology (see Figure 4). We now combine
these elements via the L2-norm to define a ‘precision metric’. This is intended to monitor
order of magnitude improvements over the state-ofthe-art and highlights how various
technologies might spike against different precision elements:

P =IGFIV_ og, (NI + |5/ )Log, (V/V, DI,

where S, is the cell type selectivity normalisation factor and v = 1200 cm® is the

volume of the human central nervous system [48]. In Figure 4 we plot the localisation
and scale for various neurotechnologies.

15 | ARIA Confidential — Not for public distribution

15


https://onlinelibrary.wiley.com/doi/pdf/10.1002/ajpa.10092?casa_token=LA2hycqLTE0AAAAA:nJwb7qScYc7yzOw_CH6dq5fif_2en-cRHFsMSB6h7nTNBVtfSSz1joAfawwjX84OSPpz8OX09UCeyw

* ARIA
N =100 voxels

10 = V = (100 pm)?
S = 95% cell type specificity
F = Vcns
c
i)
e
[4)
L2
©
o —
S 5
-
Utah array x 4
ADBS X 4 MR
0 | |
0 5

Scale

Figure 4. Shows a graph of the Pareto frontier of precision technologies. It shows
localisation on the Y-axis and scale on the X-axis. Three current neurotechnologies are
shown on the graph as data points and what an ARIA programme output could aim for:
DBS is labelled with a green triangle, Utah arrays are labelled with a red circle, fMRI is
labelled with a yellow circle. The three technologies sit within or on the limit of a blue
boundary region between roughly 3 on the localisation axis and 5.5 on the scale axis.
The ARIA target is given by a red star and sits above 10 on the localisation axis and
roughly 2.5 on the scale axis. The text underneath the ARIA star reads N equals 100
voxels, V equals one hundred micron cubed, S equals ninety five percent cell type
specificity, F equals V cns (volume of central nervous system).

Figure caption: Pareto frontier of precision neurotechnologies. The individual
components of scale and localisation are plotted for three different state-of-the art
technologies: fMRI [49], four implanted Utah arrays [50] and four implanted DBS leads
[51]. A potential precision goal for this programme (red star) is also plotted.
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