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Abstract

Spinal cord injury is a significant cause of disability worldwide. Interruption of
white matter tracts results in a loss of function below the level of the injury
with a devastating impact on quality of life. Recent work on epidural electrical
stimulation combined with rehabilitation has, however, challenged the traditional
narrative that the resulting disability is irreversible following the acute phase. Using
spatiotemporally patterned stimulation to activate specific spinal nerve roots at
corresponding phases of the gait cycle, weight bearing and volitional movement
have been restored in patients with clinically complete, chronic spinal cord injuries.

Functional gains made during stimulation-aided rehabilitation were maintained
even in the absence of ongoing stimulation, suggesting that stimulation facilitated
repair of the damaged neural circuits. Interestingly, this raises the possibility of using
non-invasive electrical stimulation during rehabilitation to provide functional gains
without the need for a permanent implant. However, it is not clear whether non-
invasive stimulation can reliably produce activation of spinal structures, whether the
structures activated are the same as those activated by epidural stimulation, whether
selective activation of specific regions for spatiotemporal targeting is possible, what
the optimal electrode position is or how to account for inter-individual differences
in anatomy. Answering these questions requires the ability to model the effects
of variations in electrode positions and stimulation parameters on detailed models
of individual anatomy and physiology. The techniques necessary to carry out this
analysis currently do not exist in a form that allows these questions to be answered.

We therefore developed a set of techniques for modelling the effects of electrical
neuromodulation on individuals. We present methods for deriving patient-specific
computational models directly from routine clinical imaging with simulated place-
ment of electrodes, for solving for the electric field produced by stimulation on these
detailed models, for coupling these electric field models to detailed biophysical axon
models to investigate the physiological effects of stimulation and for optimising
electrode positioning and stimulation parameters to maximise activation of target
structures. This provides a comprehensive set of computational methods for carrying
out detailed investigations of the effects of electrical neuromodulation.

Using these techniques, we investigated the feasibility of targeted non-invasive
spinal cord stimulation. We demonstrate that non-invasive stimulation of spinal



structures is feasible and is likely to mediate its effects via activation of nerve roots,
and that targeted activation of segmental nerve roots at a single level unilaterally is
possible with specific electrode positioning. We further outline the principles required
to achieve targeted non-invasive spinal cord stimulation in individuals. These results
demonstrate that targeted stimulation of the spinal cord with non-invasive methods
is feasible and provides the principles necessary to do this, opening the possibility
for individually targeted non-invasive spinal cord stimulation based on detailed

computational models for stimulation-aided rehabilitation in spinal cord injury.
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Outline

This thesis presents the development of a set of methods for carrying out detailed
computational modelling of the effects of electrical neuromodulation using standard
clinical imaging and the application of these techniques to investigate non-invasive
spinal cord stimulation as a potential therapeutic modality for spinal cord injury. We
demonstrate that targeted non-invasive stimulation of neural structures is possible
and describe the principles of achieving this as a means of developing a technique
suitable for clinical application to spinal cord injury.

Section 1 provides an introduction to the application of electrical neuromod-
ulation to functional restoration in spinal cord injury, and of the importance of
computational modelling techniques in the development of these therapies.

Section 2 describes a mathematical framework for modelling electrical neuro-
modulation. This demonstrates how the clinical problem of targeting stimulation can
be re-formulated as an optimisation problem using a biophysical objective function.
Each step of the process from selecting stimulation parameters to the resulting
physiological effects can be modelled mathematically to create an individualised
function describing the effects of stimulation, which can then be optimised to
determine the ideal stimulation parameters or electrode positions for a desired effect.

Section 3 outlines the implementation of the theoretical framework outlined
in Section 2. In order to solve for the optimal electrode positions and stimulation
parameters required for achieving a desired effect in an individual, we demonstrate
techniques for deriving reliable simplified metrics for investigating the effects of
stimulation (Chapter 3), for creating patient-specific computational models with
detailed anatomy and for simulating arbitrary electrode placements (Chapter 4),
for solving the physical problem posed by electrical neuromodulation (Chapter

5), and for automatically coupling finite element models of the electric field in



List of Figures 2

detailed anatomy to biophysical axon models for assessing the physiological effects
of stimulation and for optimising stimulation parameters using biophysical objective
functions to achieve physiologically and clinically meaningful measures.

Section 4 applies these developed techniques to non-invasive spinal cord
stimulation. This demonstrates the value of these methods in answering scientifically
and clinically meaningful questions and provides a method for developing a non-
invasive stimulation technique potentially suitable for clinical application to spinal
cord injury rehabilitation.

Section 5 provides an overall conclusion and outlook for potential future
applications of these techniques.

A number of appendices are included. Appendix A outlines the derivation of
the variational forms of the system of partial differential equations used to model
the physical problem of electrical neuromodulation. Appendix B describes a
generalisable tool for carrying out patient-specific modelling of neuromodulation
using the techniques developed. Appendix C demonstrates the development of a
hardware system for flexible control of stimulation parameters in order to allow for

clinical testing and translation of the results of computational modelling.
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Neuromodulation for functional

restoration
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[1.1  Spinal cord stimulation & neural repair{ . . . . . . ... 4
[1.1.1  Spinal cord injury and loss of function| . . . . . .. . .. 4
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1.1 Spinal cord stimulation & neural repair
1.1.1 Spinal cord injury and loss of function

Injury to the spinal cord results in interruption of motor and sensory pathways
[1]. This produces loss of function below the level of the injury, with loss of the
ability to walk, bladder and bowel control, autonomic regulation, arm movement
and even breathing depending on the level of the injury. This produces significant

morbidity [1, [2]. The resulting disability may improve in the immediate phase
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post-injury, but following this acute phase the neurological deficit has traditionally
been viewed as being permanent and irreversible, with most intervention at this
stage focused on assistive technology and adaptation to disability rather than
on regaining function [3-5].

Spinal cord injury is commonly traumatic, and as such tends to affect young
people [1]. Spinal cord injured patients can then survive for many years following
injury with significant neurological disability. There are an estimated 2500 new
spinal cord injuries every year in the UK alone, with a total of 50,000 spinal cord
injured patients in the country [6]. In addition to their established disability, spinal
cord injured patients have increased healthcare needs and are at risk of complications
such as autonomic dysregulation, deep vein thromboses and pneumonia [1]. This
represents a significant burden of morbidity and of healthcare costs. The ability
to restore function in this patient population would have a major impact on

individuals’ quality of life and on the healthcare system.

1.1.2 Neuromodulation for spinal cord injury

The emergence of epidural spinal cord stimulation as a treatment modality for
improving function in chronic spinal cord injury has challenged the belief that
neurological deficits are permanent following the acute phase of injury. The use of
epidural electrode arrays in combination with physiotherapy has been demonstrated
to restore weight bearing and volitional movements, with participants able to regain
locomotor function even many years following their injury [7-12].

Further evidence has shown the ability of epidural stimulation to restore
autonomic control and trunk stability |13], highlighting the potential for electrical
neuromodulation as a promising means for restoring function in this patient group.

The ability to produce motor responses with epidural electrode arrays placed
over the posterior aspect of the spinal cord is mediated by activation of motor
reflexes [14, [15]. Activation of sensory dorsal nerve roots as they enter the spinal
cord at high intensities can produce the H-reflex, or at lower intensities can produce

posterior root-muscles reflexes through activation of proprioceptive afferents [14-
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18]. This allows production of motor activity at specific segmental levels with
stimulation of posterior spinal elements [11] 18] 19]. Stimulation has further been
demonstrated to alter excitability of local spinal networks, resulting in a reduction
in spasticity and activation of pattern generator circuits, producing involuntary
locomotor activity [19-25]. While it is possible to produce patterned activity with
targeted activation of specific spinal motor circuits through these reflex mechanisms,
this is entirely involuntary. It is, however, possible using the same approach
to restore volitional control of movement by combining this neuromodulation

approach with rehabilitation [7-12].

The precise factors important to achieving functional restoration following spinal
cord injury remain unclear. One group of studies have focused on the use of simple,
tonic stimulation paradigms in combination with high volumes of rehabilitation
[7, 8]. This approach assumes that the underlying pattern of stimulation is less
important, and that the essential factor is the rehabilitation load.

All of these studies are uncontrolled case series demonstrating improvement in
functional measures with intensive rehabilitation. There are no controlled studies.
In particular, it remains unclear what the actual magnitude of the effect of electrical
stimulation on rehabilitation outcomes is.

The volume of rehabilitation received by participants in these series [8] greatly
exceeds the routine rehabilitation received by most spinal cord injured patients. It
is currently not entirely clear whether functional gains would be seen over time
with intensive rehabilitation alone in this group. Conventional wisdom has dictated
that there is little functional gain following the acute phase of injury; it may be
that these patients would benefit from intensive rehabilitation alone.

There is clearly a need for higher-quality studies in this area. An ongoing trial
is currently aiming to address this question of whether tonic epidural electrical
stimulation can improve functional outcomes [26]. Using stimulation and sham
stimulation, this aims to determine whether stimulation offers a benefit on top

of intensive rehabilitation in these patients.
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1.1.3 Augmenting rehabilitation

These studies aim primarily to use tonic stimulation to augment the effect of
intensive rehabilitation. Other groups aim to use specifically targeted stimulation
to facilitate motor function [9-11].

These studies are again uncontrolled. However, they appear to show a functional
benefit without the need for the level of intensive rehabilitation used in other trials.
This is suggestive of a specific benefit of targeted stimulation, although the exact
contribution of patterned stimulation is hard to define with the existing evidence.

Much of the work around optimising the potential effects of electrical stimulation
has focused on trying to understand how it interacts with the damaged nervous

system.

Although the precise mechanism of action remains unclear, it appears as though
residual neural pathways across the level of injury remain, even in patients with
clinically complete injuries [27, [28]. While these residual fibres are not sufficient
to induce voluntary movement in isolation, the addition of electrical stimulation
to targeted rehabilitation appears to be sufficient to allow signals to cross the
level of the injury and produce movement distally, with reorganisation of local
spinal circuits [12, [28-32]. Interestingly, it appears that this effect is maintained
in the absence of stimulation [9, |10}, 33]. Once functional gains are made during
stimulation-assisted rehabilitation, these gains are maintained with the stimulation
system deactivated. This suggests that electrical stimulation in combination with
rehabilitation produces some kind of neuroplasticity or regenerative effect that
restores communication across the level of injury and potentially provides a means
for developing long-term, stimulator-independent gains in function.

The ability to facilitate rehabilitation and encourage the transmission of neural
signals across the level of injury is based on the use of spatiotemporally patterned
stimulation [9]. Using detailed computational modelling of spinal circuits, stim-
ulation patterns were designed that targeted specific spinal levels at the point

in the gait cycle that those neural subpopulations are usually engaged [11} [19].
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This targeted stimulation approach allowed for the injured neural pathways to
become active and to restore function across the injury. Targeting of other spinal
levels and the use of other stimulation patterns further allows for the restoration
of other functions, such as autonomic regulation of blood pressure reflexes [13].
In this way, the use of specifically targeted stimulation based on neurophysiology
and detailed computational modelling allows for the restoration of normal neural

dynamics across the injured spinal cord [11, |14, [1§].

These results suggest a good mechanistic basis for the use of spatiotemporally
patterned stimulation. This is supported by the case series data showing a functional
benefit. This approach differs from the use of tonic stimulation with intensive
rehabilitation by more strongly emphasising the role of electrical stimulation with
a mechanistic basis.

While more rigorous clinical studies are still needed to accurately characterise
the specific benefit conferred by spatiotemporally patterned stimulation - in contrast
to tonic stimulation, or no stimulation at all - there is sufficient mechanistic and
case series data to suggest that this is a promising approach to improving functional
outcomes following spinal cord injury.

These technologies offer much promise to patients with spinal cord injuries.
However, these new treatment modalities must be evaluated with appropriate
rigor and caution. Their exact contribution has yet to be determined. Properly
randomised, blinded studies will be needed to unmask the true effects of stimulation
on top of rehabilitation. In addition, the minimum rehabilitation load will need to be
defined. It may not be practically possible to offer the kind of intensive rehabilitation
used in some of these trials on a routine basis. The specific contributions of
stimulation and of rehabilitation need to be characterised prior to this approach

being impactful on a large scale.
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1.2 Noninvasive stimulation

1.2.1 Transcutaneous neuromodulation

The ability to maintain functional gains achieved during stimulation-facilitated
rehabilitation raises the possibility of applying stimulation only during rehabilitation
sessions. If sufficient targeting can be achieved using non-invasive electrical
stimulation, this could be used in place of an implanted system during rehabilitation,
providing the benefits of electrical stimulation without the need for a permanent
implant. This would reduce the risk associated with neuromodulation for functional
restoration in spinal cord injury and would make this emerging therapeutic approach
available to a much larger group.

Non-invasive electrical stimulation of the spinal cord has been demonstrated to
produce posterior root-muscle reflexes, analogous to those produced by epidural
stimulation [21, |34]. This suggests that non-invasive stimulation may be able to
produce activity in the spinal cord using similar mechanisms to that produced
by epidural stimulation. Similarly, targeting different regions of the spinal cord
along the rostrocaudal axis has been shown to produce activity in different muscle
groups [34H36], and to produce step-like movements, suggesting activation of motor
circuitry non-invasively [35, 137].

The application of non-invasive spinal cord stimulation to spinal cord injury has
been investigated in a number of studies [35, |37-42]. A recent systematic review
of these studies has indicated that while all showed some effect of stimulation,
there were significant issues with the evidence generated [43]. The protocols and
outcome measures used are inconsistent and poorly standardised, and in many cases
unsuitable to determine whether there was any useful long-term effect, although
they appear to indicate that activating motor circuitry is possible. Similarly, most
studies did not have a control group or used only within-subject comparisons,
although this difficulty with implementing a placebo control is common with many

applications of neuromodulation.
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While these results generally indicate a positive signal towards functional effects,
small sample sizes and poor study design make confident statements about the effect
of noninvasive stimulation challenging. Although many studies with widely varying
protocols report positive effects, the level of evidence of any individual study is low
in isolation, and the effects of publication bias need to be considered when assessing
groups of low-quality studies in aggregate; it is likely that many of the studies
showing positive effects would not have been published had they not produced these
effects. Equally, many negative studies not evident in the literature may exist. The
more accessible nature of non-invasive technologies has meant greater access, but

this has also resulted in a large volume of poorly standardised studies.

On reviewing these studies on non-invasive spinal cord stimulation for spinal
cord injury, electrode positioning emerges as a key parameter for determining the
response achieved [43]. Although not standardised, most studies use stimulating
electrodes placed in the midline at the T11/T12 or L1/L2 levels, or at C3/C4
or C5/C6 for upper limb targets |35, 37-42]. Return electrode positions varied
substantially, with most studies using either a dorsoventral arrangement with a
return electrode on the anterior body wall or a rostrocaudal arrangement with a
return electrode on the back either above or below the stimulating electrode.

This lack of standardisation of experimental protocols, stimulation methods and
reporting of experimental methods and results is a significant issue with the literature
surround noninvasive electrical stimulation. The determination of standardised
protocols and electrode positions to achieve activation of specific targets remains a

priority for advancing the field towards robust clinical studies.

Similarly, it is not clear what level of selectivity is possible. Alterations of
electrode positioning suggest that some rostrocaudal selectivity is possible [34-H36],
and there is some evidence for lateralised effects [44]. However, it is not clear whether
it is possible to achieve targeted activation of neural populations at specific segmental
levels in order to achieve spatiotemporally patterned stimulation analogous to the

methods used for rehabilitation with epidural stimulation.
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Much of the work on noninvasive stimulation has not benefited from the
same level of mechanistic motivation as has been seen in epidural stimulation.
While advances in epidural stimulation have been drived forwards by detailed
computational modelling and insights into the mechanisms underlying the effects of
stimulation, much of the non-invasive literature relies on unprincipled placement
of electrodes and inconsistent stimulation protocols.

Overall, the literature on noninvasive stimulation in spinal cord injury is highly
varied. Systematic reviews suggest that this is a promising approach [43], however
these results need to be interpreted cautiously. Effects have been reported over
short follow-up times with a wide range of stimulation set ups. Importantly, some
of these results suggest a level of spatial selectivity that is greater than might
be anticipated for noninvasive methods.

Larger, more rigorous studies are required to better characterise the potential
benefits of noninvasive approaches. In order to move in this direction, the field would
benefit from a firmer mechanistic basis, as has been used to drive forwards progress
in the area of spatiotemporally patterned epidural stimulation. Identifying potential
mechanisms and building stimulation trials around these would be beneficial to

provide greater direction to tests of noninvasive stimulation

1.2.2 Modelling of stimulation

Computational modelling of non-invasive stimulation has provided some insights
into its mechanism of action [45-48]. Simple models suggest that non-invasive
spinal cord stimulation can achieve activation of spinal nerve roots. However, these
models are simplistic geometric models and do not represent true anatomy. While
useful for these questions, they lack the detail required to examine the effects
of electrode position and to determine the level of selectivity that it is possible
to achieve. It has been repeatedly demonstrated that the inclusion of detailed
anatomy in models of neuromodulation therapies produces more reliable results

and allows individualisation of therapies [49, |50]. In order to determine whether
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spatiotemporally patterned stimulation using non-invasive methods is feasible and
what electrode positions are needed to achieve this, we therefore require a method
for explicitly representing detailed anatomy in our models. Further, in order to be
able to account for inter-individual differences in anatomy, we require a method
that can be easily applied to new individuals to optimise treatment in order to
make this model-guided stimulation approach clinically viable.

The use of geometric models for investigation, as has been standard, is therefore
unsuitable. Existing methods for individualised anatomy involve significant simpli-
cations of anatomy and laborious workflows [49, 50|, making them also unsuitable.

Existing methods used in noninvasive stimulation lack explicit representation
of detailed anatomy; the use of techniques developed in other applications can
potentially help to address this. However, existing methods will need to be adapted
to maximise their utility in this area.

New methods are therefore required in order to thoroughly investigate this
question and to develop an approach to model-guided non-invasive spinal cord
stimulation that is potentially useful. An ideal method for modelling the response
to stimulation for investigating the effects of neuromodulation, determining optimal
parameters and individualising therapies should allow for computational models
to be developed with explicit representation of detailed, patient specific anatomy.
Further, it is necessary to be able to simulate interventions. Modelling solutions in
other domains are dependent on post-procedure imaging [49-51]; this is unsuitable
for individualisation of therapy and determination of optimal parameters for a given
target as it requires electrodes to be held in a fixed position. Ideally, we need to
be able to assess the effects of arbitrary electrode positions in detailed anatomy
without the need for physically iterating over and imaging all electrode positions.

The use of biophysical axon models for modelling the effects of electrical
stimulation has become standard in the field |11} |14} |18, |19} |50} 52]. We therefore
require a method to link detailed anatomical models to these detailed biophysical
models. Existing methods rely either on simple geometries [45-48], or on laboriously

hand-drawn trajectories [14, 18]. Neither is suitable for the task of carrying out
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individualisation of therapy for model-driven treatment. Novel methods are therefore
also required for coupling anatomical and physical models for this purpose. Lastly,
in order to determine the optimal electrode positions required to achieve targeted
spinal cord stimulation and to carry out individualisation of therapy, it is necessary
to be able to use these models in order to determine the optimal parameters for a
specific goal. The selection of electrode positions and stimulation parameters from a
set of clinically acceptable options is, in an informal sense, an optimisation problem;
it is necessary to formalise this clinical problem as a mathematical optimisation
problem and to solve this in order to answer the question of whether spatiotemporal
patterned stimulation is possible with non-invasive methods and whether automated

individualised of therapy is feasible.

1.3 Contributions
1.3.1 Targeted non-invasive spinal cord stimulation

We demonstrate that non-invasive spinal cord stimulation can reliably achieve
activation of spinal structures. We show that it mediates its effects via activation
of nerve roots. Further, we demonstrate that targeted activation of segmental
nerve roots is possible, including control of the rostrocaudal level and laterality of
stimulation. We outline the principles of electrode positioning for achieving this
targeted stimulation, which differ from those used in the field up to now. This
approach opens the possibility for spatiotemporally patterned stimulation using
non-invasive methods. This represents a novel approach to non-invasive spinal cord
stimulation which has significant potential applications to stimulation-facilitated
rehabilitation for functional restoration following spinal cord injury. This approach
will require validation in experimental studies. Off-target effects not modelled here,
such as the activation of cutaneous afferent fibres and resultant discomfort, may limit
the application of noninvasive stimulation in this area. However, this approach allows
the design of principled, mechanism-focused studies for the assessment of noninvasive

electrical stimulation, bringing an increased level of rigor to studies in this area.
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1.3.2 Modelling for individualised therapy

We present a set of novel methods for carrying out individualised computational
modelling of the effects of electrical stimulation using routine clinical imaging. This
allows for automated derivation of detailed models of individual anatomy, simulation
of arbitrary electrode placements and solving for the electric field produced by these
electrodes in that individual. We further demonstrate methods for coupling these
detailed anatomical models to detailed biophysical axon models to investigate the
effects of stimulation on specific neural structures. We show how these biophysical
measures can be used to derive clinically and physiologically meaningful objective
functions for numerical optimisation, allowing scientific questions to be investigated
and for therapies to be optimised for individuals. This provides a comprehensive and
generalisable set of computational methods for carrying out detailed investigations
of the effects of electrical neuromodulation. Care must be taken to ensure that
the generated models are adapted to fit the target area before interpreting results.
However, this provides a useful means of generating patient-specific models of
anatomical regions with coupled biophysical models while retaining local anatomy

in a way which adds to established methods.
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2.1 Electric fields

Electrical neuromodulation is based on the application of electricity to influence the
activity of the nervous system. By understanding how our selection of stimulation
parameters interacts with the body to produce an electric field within the tissues
and how that electric field interacts with excitable tissues to produce a physiological
effect, we can start to build an integrated physical framework that describes how our
selection of stimulation parameters is linked with our desired effects. This allows
us to mathematically model how activation in specific structures is related to our
clinical decisions. By re-expressing this as an optimisation problem, we can then
develop a means of rigorously identifying the mathematically optimal electrodes

and stimulation parameters to activate specific target structures.

2.1.1 The electrodynamics of neuromodulation

The behaviour of electrical charges is well characterised experimentally and can be
accurately described by mathematical theory. The laws of electromagnetism describe
how electrical charges behave and interact with one another [53} 54]. Applied charges
produce an electric field. This is broadly defined as the region within which the
charges exert a force on other charges. This effect drives changes in biological tissues
by exerting an effect on specific cellular components, producing a physiological effect.

Applying a voltage, or ditference in electric potential, results in the flow of
current within the underlying tissues. This current, effectively a "flow" of charge,
results in changes in the electric potential throughout the applied electric field.
These potential differences can then drive a biological effect in excitable tissues
with voltage-sensitive components.

The amplitude and the direction of the current produced by stimulation is
determined by the voltage applied, by the positions of the electrodes and by the
geometry and electric properties of the underlying tissues. This current is closely

related to the effects produced by stimulation. The "dose" of charge delivered is
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determined by the amplitude of the applied current and the time for which it is
applied. As the impedance between the electrodes is difficult to approximate and
tends to change over time, resulting in changes in the applied current as the two are
related by Ohm’s law, it is common in modern systems to apply a regulated current
rather than a regulated voltage. This results in alteration of the voltage applied at
the stimulating electrodes as the impedance changes in order to maintain a fixed
current output. This is current-controlled rather than voltage-controlled stimulation.

The behaviour of electric fields is well understood and can be described using
systems of partial differential equations based on the laws of electromagnetism.
Appendix[A]describes in detail how the system of equations describing the behaviour
of electrical fields produced by stimulation are derived, beginning from physical
conservation laws. Solving these equations allows for the behaviour and influence
of electric charges to be accurately predicted. In some simple scenarios, such as
individual point charges in homogeneous media, the system of equations can be
solved directly to produce a general answer to how charges behave. In the context
of clinical neuromodulation, the scenario is significantly more complex.

The electric field produced by stimulation can broadly be considered to be
determined by stimulation factors and patient factors. Stimulation factors include
the position, shape and material of the electrodes and the stimulation parameters
used, including the amplitude of the voltage or current applied and the pulse width
used for square-wave stimulation. Patient factors include the patient’s anatomy
and the electrical properties of the tissues. These factors interact to produce
the electric field within the tissue which mediates the effects of stimulation. In
practice, it is not possible to fully describe the complex interactions between
applied currents and human anatomy mathematically in a way that permits a
straightforward general solution. Rather, it is necessary to take advantage of well-
developed methods for numerical approximation of solutions to complex systems
of partial differential equations in order to determine results and predict effects

for specific situations. This allows us to take advantage of our understanding of
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the physics of electric fields to predict their behaviour even in situations which

are too complex to solve directly mathematically.

2.1.2 Finite element approximations

The finite element method offers a means of approximating the solution to systems of
partial differential equations [55]. It provides a well-developed means of computing
solutions to arbitrarily complex systems of equations, allowing solutions to be
determined even where the system is too complex to be solved analytically. This
method is of enormous importance in science and engineering.

The finite element method is based on solving the complex system of equations
in a specific domain under specific conditions rather than generally. In the case of
neuromodulation, this means we can solve for the electric field produced by specific
stimulation settings in specific anatomy, but we cannot produce a general expression
for all stimulation settings in all anatomy. This is done computationally by, in
essence, breaking down the complex domain into many small, simple problems,
solving each of these and then combining them back together into an overall solution.

To do this, we must first define the set of equations describing the behaviour of
electric fields produced by neuromodulation. We can then specify the conditions
used, i.e. the stimulation applied, and the domain of interest, i.e. the anatomical
region being investigated, and solve computationally. In order to use this method,
the system of equations must be defined in a specific mathematical form to allow
methods from variational calculus to be used to determine a numerical solution. The
derivation of the equations describing clinical neuromodulation and their variational
forms are outlined in appendix [A]

Figure shows the basic system of equations describing steady-state stim-
ulation. This is relevant for non-time-dependent stimulation, for example when
examining the effect of the "on" part of square-wave stimulation or for constant-
current stimulation. This same approach can also be used for stimulation which
changes over time if we assume that the changes are sufficiently slow that the

system is in "steady state' at all times; this is quasistatic approximation. This may
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Figure 2.1: System of partial differential equations determining the electric potential
produced in tissue by electrical stimulation.

introduce errors around timepoints where the stimulation changes, but provides a
computationally much simpler approach to time-varying stimulation.

This method can be straightforwardly extended to include time-dependent
stimulation responses, such as when examining complex waveforms and responses
with short timescales. This is done by altering this system of equations to incorporate
time-dependent changes as outlined in appendix [A]

The behaviour of steady-state currents in materials governed by Ohm’s Law
is given in the first equation shown in figure [2.1] o is the electrical conductivity
of the tissues, while V' is the electric potential produced by stimulation. €2 is the
domain within which we want to compute a solution. In our case, this is the
region of anatomy of interest. The second equation describes the conditions on
the external boundary of the domain, 9. Here, we set an insulating condition,
stating that no current passes through the external skin boundary. This defines
the behaviour at the edges of the domain.

The last two lines of figure [2.1] describe the boundary conditions defining the
stimulation we wish to apply. The surfaces of active, I' 4, and return, I'g, electrodes
arc defined. We then apply stimulation by defining the voltage between the
stimulating electrodes. In the case of voltage-controlled stimulation, the externally

applied voltage, V., is defined directly.
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In the case of current-controlled stimulation, the applied voltage V. can be
adjusted such that the total current across the active electrode is equal to the

desired input current: fFA Z—Z = Jupplied, Where Jopnieq is the applied current. In
this way, voltage-controlled and current-controlled stimulation can be applied by
determining how V, is calculated.

Note that it is also possible to define a Neumann-type boundary condition
on the active electrode to define current density directly for current-controlled
stimulation. However, this generates a uniform current density across the electrode

surface, which may not be appropriate.

This system of equations can then be solved computationally in order to calculate
the electric potential throughout the domain of interest given the specified boundary
conditions. This provides us with a general expression for the physical system
of clinical neuromodulation. However, in order to provide a useful means of
investigating the effects of stimulation with specific electrodes and parameters
in specific individuals, we need to consider how to adapt this framework to the
specific situations we are investigating.

We therefore define the set 6 of all controllable parameters, i.e. those that

are clinically determined.
0 = (geometry, position, amplitude, pulse width, .. .)

This includes the geometry and position of the electrodes and the stimulation
parameters used. These are not fixed components of the physical model of
neuromodulation and will change in any new scenario that is modelled. These set

parameters will then result in changes to other parts of the physical framework:

Q= foa(0) (2.1)

Japplied = eamplitude (22)

Equation [2.1| shows that the domain we solve over is dependent on our selected

parameters 6. While we cannot control individual anatomy, though this will change
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from person to person and is variable in that sense, we can control electrode position.
This changes the overall domain by altering the position of electrode boundaries
and therefore the field produced. These complex interactions between electrodes
and anatomy can be modelled mathematically by incorporating electrodes into
the computational domain. The construct of the physical region that we consider
therefore changes whenever the electrodes are moved. The overall computational
domain, which is used to define a finite element mesh as part of the overall method,
is linked to the clinically controllable parameters by some function fy_.q which
generates a new domain €2 for a given set of clinical parameters 6.

Equation shows that the amplitude applied is determined directly by the
clinical parameters selected. In the case of voltage-controlled stimulation, voltage is
determined in an analogous way by setting this parameter based on the corresponding
0 parameter. In time-dependent stimulation, specific waveforms can also be specified
by setting the voltage or current at each timepoint.

We can then re-express the system of equations describing neuromodulation

in terms of our clinically controllable parameters.

V-oVV =0 in fgﬁg(e),
8—‘/ =0 on 012,
on (2.3)

V= 6)amplz’tude on FA7
V=0 on g

This gives us a set of partial differential equations describing the potential field
produced by stimulation in a given individual for some set of clinical parameters
defined by #. This system can then be solved in a standard fashion to compute
the electric potential throughout the domain of interest. Given that the clinical
parameters # are the only parameters not fixed by the physical system and all
equations describing the relationships between parameters are constant, we can
then define this as a fixed mapping to compute the electric potential produced

for a given set of clinical parameters.

V= fo_v(0) (2.4)
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By making the appropriate selections of the parameters 6, we can then use
this function to solve for the electric potential produced for any set of electrode
geometries, positions or stimulation parameters. This gives us a general method for
determining the physical effects of stimulation in any individual for any given

clinical parameters.

2.2 Electrode-tissue interface

The physical effects of applied stimulation are also influenced by the physics of the
electrode-tissue interface. When considering the effects of electrical stimulation on
biological systems, we must also consider how these two systems interact. There are
multiple reactions at the interface with an important effect on the physical effects

of stimulation which must be considered when modelling clinical neuromodulation.

2.2.1 Coupling between electrical and neural systems

The interface between electrodes and biological tissue is complex, with many
factors affecting these interactions [56, 57]. These interactions are characterised
by electrochemical reactions to facilitate charge transer between eletronic and
biological systems.

Charge is carried in electronic systems are free electrons. When we apply
electrical stimulation, we apply a current by changing the flow of electrons out of
the surface of the electrodes. However, in biological tissues charge is usually carried
as charged ions. It is therefore not possible to directly transfer charge between
a stimulating electrode and the underlying tissue. This requires either capacitive
charge transfer or a series of reactions at the electrode-tissue interface to facilitate

the interaction between electronic and biological systems.

2.2.2 Charge transfer

Charge transfer primarily occurs via two mechanisms: capacitive charging and
Faradaic reactions [56-58]. The relative importance of each type of charge transfer

differs depending on the electrode material used, and each has differing behaviour
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in terms of ability to transfer charge and potential for tissue damage. Electrode
material therefore has significant impacts on stimulation, including on charge
injection capacity, side effects and total stimulation limits beyond simply the gross
electrical properties of the material selected.

Capacitive charging occurs where build-up of electrons at the electrode-tissue
interface due to stimulation causes local ion species to form an electrode-electrolyte
double layer [59]. This double layer can then charge and discharge, passing
electrons between the metallic conductor of the stimulating electrode and ions
in the electrolye surrounding the electrode. This produces a stable interface over
time, even with repetitive stimulation. However, this mechanism has a relatively
low charge injection capacity, limiting the amount of charge that can be injected
for a given electrode surface area.

Faradaic charge transfer is characterised by chemical reactions at the electrode-
tissue interface. Oxidation and reduction of ionic species at the electrode-electrolyte
interface results in rapid charge transfer between electrode and tissue. This allows for
a large charge injection capacity, facilitating high stimulation volumes even with very
small electrodes. However, this comes at the cost of potentially irreversible chemical
reactions at the interface causing gradual degradation of the electrodes over time,
and the potential for tissue damage. Biphasic stimulation waveforms, where the
polarity of stimulation is rapidly reversed after stimulation, are often used to try to
take advantage of rapid Faradaic charge transfer mechanisms while rapidly reversing

electrochemical reactions to avoid long-term irreversible degradation [56-5§].

2.2.3 Mathematical models

The complex interactions at the electrode-tissue interface can be incorporated into
models of the effects of stimulation. Particularly in the case of microelectrodes,
these interactions can have important effects on the behaviour of stimulation [60].

The most common model of the electrode-tissue interface is a simple capacitor
in line with a resistor [58]. The capacitive component represents the formation of

the capacitive double layer for passive charge transfer. The resistive component
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represents the resistance to transfer of metal ions into the electrolyte due to
electrochemical reactions. Altering the relative proportions of these two components
determines the behaviour of the electrode-tissue interface. More complex models
have also been developed which attempt to take into account other factors such
as the diffusion of ions around the electrode-tissue interface [61}-63].

By altering the boundary conditions used in our system of partial differential
equations, it is possible to explicitly incorporate the impedance at the electrode-
tissue interface [64]. This can be done by applying a Robin boundary condition

at the interface.

oV
0-8771 = g(‘/electrode - V) (25)

This describes an interface where the current through the electrode is pro-
portional to the voltage difference across the electrode, Vi ciroqe — V, and the
surface conductance g.

Note that where the current density over the surface of the electrode is close to
uniform, this interface can be described using a Neumann boundary condition as
described earlier. For this reason, it is more common to model the electrode-tissue
interface as either a Neumann-type boundary condition for describing current-
controlled stimulation or a Dirichlet-type boundary condition for describing voltage-

controlled stimulation [65-69].

2.3 Biophysics

The laws of electromagnetism and an understanding of the electrode-tissue interface
can tell us how stimulation will interact with the body and what the resulting
electric field will look like. This does not tell us what the physiological effect of
stimulation will be. We need to then understand the influence that the electric
field produced by stimulation will have on excitable tissues. Biophysical models
allow us to describe mathematically the electrical behaviour of excitable tissues
and their interaction with electric fields. This allows us to predict the physiological

effects produced by electrical neuromodulation.
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2.3.1 Multicompartment cable models

In order to understand how electric fields relate to neural activity, we need to
understand how external electric fields influence the electrical activity of excitable
tissues. Neurons, or other excitable tissues, can be modelled using multicompartment
cable models . These models are the gold standard for describing the physiological
activity of neurons. The "cable theory" of excitable tissues is based on the recognition
that the cable equation, a partial differential equation derived for applications to
transatlantic telegraph cables by Lord Kelvin, could be applied to describe the
electrical behaviour of parts of neurons [71H73].

To describe the activity of complex cells, excitable tissues are considered to be
made up of a series of "compartments'. Each compartment is electrotonically
compact, i.e. has uniform electrical properties, and is described by a set of
equations. These compartments are then coupled together to describe how adjacent
segments influence each other. This allows for even very complex cells with variable
morphology and electrical properties to be described by considering individual
segments separately.

Based on the law of conservation of currents, we assume that the currents into
and out of each segment are equal, i.e. that no current is spontaneously created or
destroyed inside a cell. The currents influencing any given segment of tissue can
then be described as a sum of a local capacitive current, active ionic currents, a

passive leak current and an axial current along the neuron, as shown in figure

Capacitive
current

capacitance lonic Axial current

Intracellular Cp,

potential

v d(Vip — Ven) 2R
dt +]ionic,n + Ga ( ‘/i,n - V;,n—l ) + Ga ( V;,n - ‘/i,n—l—l ) =0

Extracellular potential

Axial conductance

Figure 2.2: Equation describing the behaviour of a segment of a multicompartment
cable model neuron with capacitive, ionic and axial currents.
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The capacitive current describes a passive current across the cell membrane,
as the cell’s phospholipid bilayer causes it to act as a capacitor, i.e. an insulating
material with a difference in charge across it. This current is determined by the
membrane capacitance, a fixed physical quantity for a given segment, and the change
in the potential across the membrane over time. V; ,, is the intracellular potential, i.e.
the potential inside the cell relative to a distant ground, at the nth segment, while
Ve is the extracellular potential, i.e. the potential just outside the cell membrane
relative to a distant ground, at the same segment. As the local intracellular and
extracellular potentials change, this passive current flows in or out of the cell.

The ionic current describes the current into or out of the cell driven by active ion
channel dynamics. This produces much of the rich electrophysiological behaviour of
neurons. These dynamics result in the generation of action potentials and other
behaviours, often in response to passive changes in membrane potential. The
dynamics of this ionic current are described in more detail below.

The axial current is determined by the axial conductance, G, i.e. the reciprocal
of the resistance to current flow along the inside of the cell, and by the difference in
intracellular potential between the present compartment, V; ,, and adjacent compart-
ments, V;,_1 and V1. Therefore, if there is a change in intracellular potential in
a given compartment, driven by a change in ionic currents or capacitive currents,
this will drive a current into or out of adjacent compartments. This allows, for
example, action potentials to propagate by driving changes in intracellular potential
at nerve segments adjacent to those that have experienced a sudden ionic current.

Note that in any given segment, the local membrane voltage is given by the
difference between the local intracellular and extracellular potentials, each measured

relative to a distant ground.

V=V = Ve (2.6)

This formulation of membrane voltage V,,, is more commonly used in neurophysi-

ology. Changes in this membrane voltage is what triggers action potential generation.
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The goal of electrical neuromodulation is therefore frequently to manipulate the
membrane voltage of specific target cell populations.

The effects of electrical neuromodulation are mediated by generating an electric
field in the tissue, governed by the laws of electromagnetism as described previously.
This electric field then alters the extracellular electric potential, V.. Based on
the cable model of neurons, this can then drive a passive capacitive current into
the cell by altering the membrane voltage. These changes in membrane voltage
can then produce complex electrophysiological responses by inducing activation

of local ion channels and action potential generation.

2.3.2 Hodgkin-Huxley dynamics

The behaviour of voltage-sensitive ion channels and their contribution to active
membrane potential dynamics such as action potential generation can be described
mathematically. This can be done by describing the behaviour of active ion channels
as a set of ionic currents driven by alterations in the membrane conductance of
specific charged ion species in response to changes in membrane potential. As
described by Hodgkin and Huxley, this behaviour can be captured by a set of
ordinary differential equations [74]. Solving the cable formulation of a neuron
model with Hodgkin-Huxley dynamics allows us to predict the physiological effects

of stimulation.

Potassium gating variable

Potassium equilibrium

Leakage _
current lonic current

Iionic: gL(vm - EL)+ gK n4(Vm - EK)_'_ gNa m3h<vm - ENa)

Leakage equilibrium

Membrane potential

Leakage conductance

Figure 2.3: Equation describing the Hodgkin-Huxley model of ion channel dynamics.
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Figure shows the Hodgkin-Huxley equation describing the overall ionic
current, I;,.;... This is made up of a sum of a constant leakage current and a
number of variable ionic currents. Each current is defined by a conductance and a
potential, where the potential driving each current is simply the difference between
the current membrane potential V,,, and the equilibrium potential for that current.
This equilibrium potential is exactly equivalent to the reversal potential or Nernst
potential, commonly used in electrophysiology.

The leakage potential is a current with a constant conductance which aims to
drive the membrane potential to the leakage equilibrium. This contributes to the
overall resting potential of the cell. This component of the ionic current is driven
by channels open at rest and describes an overall, non-specific ionic current.

The potassium and sodium currents are explicitly represented in the equation due
to their complex dynamics and importance in determining the electrical behaviour
of excitable cells. The potential driving each current is determined by the current
membrane potential, V,,, and the equilibrium potentials for potassium, Ey, and
sodium, Ey,. The actual ionic current is determined by the driving potential
and the conductance to that ionic species. Physically, this is determined by the
number of ion channels that permit passage of that ion which are open at any
given time. This will alter the conductance and therefore the current that flows
for any given driving potential.

These dynamic ionic conductances are described by the maximum conductance
and a gating term. The maximum potassium and sodium conductances, gx and
Jgna respectively, are fixed quantities for a given segment of cell membrane and
are determined by the density of ion channels in that segment. These terms give
the conductance to the relevant ion if all ion channels in the relevant segment
were open simultaneously.

The actual ion conductance at any given time is determined by the gating
variables, n for potassium and both m and A for sodium. These gating terms vary
between 0 and 1, where 0 represents all channels closed, i.e. no conductance, and

1 represents all channels open, i.e. maximum possible conductance. These terms
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vary over time and are dependent on the membrane potential. It is these terms

that govern the complex dynamics of ionic currents in cell membranes.

Potassium channels contain four n gates which operate independently; these
open and close slowly in response to changes in membrane voltage. They gradually
open on membrane depolarisation, causing repolarisation; when the membrane has
been repolarised, it closes slowly. This contributes to the after-hyperpolarisation
and to the relative refractory period of the neuron.

The sodium channels dynamics are determined by three n gates, or activation
gates, and one h, or inactivation, gate. On depolarisation, the n gates open rapidly,
causing activation of the channel and passage of a sodium current. The h gate,
which closes in response to depolarisation, then closes to inactivate the channel,
preventing further depolarisation. The m gates will then close when the membrane
is repolarised. However, even if the membrane is depolarised again, the channel
cannot reopen while the h gate remains closed; this is the absolute refractory period.
The h gate will then re-open, a process called de-inactivation, returning the channel

to its initial state, able to respond again to depolarisation.

The dynamics of these gating terms are described in the remainder of the

Hodgkin and Huxley equations:

dn
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where o and 3 are rate constants for each ion channel type. These describe
how channel conductances vary with time and membrane potential. They were
determined empirically and provide a highly accurate model of how excitable
tissues behave.

The combination of a multicompartment cable model with Hodgkin-Huxley active
ion channel dynamics provides a highly accurate means of describing the behaviour
of neurons and other excitable tissues. Cable theory helps us to understand

how electrical impulses are transmitted along axons with varying resistive and
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capacitive features. By dividing complex axonal morphologies into multiple discrete
segments and describing each as a "compartment" with uniform physical properties,
coupled together along their lengths, we can model the behaviours of complex axons
with varying physical parameters. By introducting ion channels with Hodgkin-
Huxley dynamics to these compartments, we can accurately model the physiological
behaviours of complex neurons.

In combination with an accurate model of electric field generation, this allows
the physiological effects of electrical neuromodulation to be described mathemat-
ically with great precision. However, these models require some adaptation to
represent the specific dynamics present in myelinated axons, often the target of

neuromodulation interventions.

2.3.3 Myelinated axon models

Myelinated axons present more complex dynamics than models with uniform
biophysical properties. The restriction of active ion channels to the nodes of
Ranvier and the specific dynamics of segments insulated by myelin changes the
behaviour of these cells. These factors must be taken into account to produce
a realistic description of the behaviour of these cells, including dynamics such
as saltatory conduction of action potentials. Many models of myelinated axons
have been developed [75]. The McIntyre-Richardson-Grill axon model remains
one of the most widely used [76].

This defines multiple repeating segments with differing dynamics, representing
the nodes of Ranvier with active ion channel dynamics, the myelin attachment
zone, the fluted sections between the attachment zone and the primary myelinated
segment, and the fully insulated myelinated region, all with specific biophysical
properties. This model further describes a passive current running between the
myelin and the axonal membrane by adding an additional "external cable" in the
periaxonal space defined by a myelin resistance and capacitance and the periaxonal
axial conductance, as well as a means for this passive current to discharge through

the myelin attachment zones.
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This model has been shown to accurately describe the behaviour of myelinated
axons [76] and has been shown to capture the response of these axons to electrical
stimulation [77H79).

Multiple other models exist which capture different aspects of the behaviour of
axons. For example, the Bostock model captures differences in the expression of ion
channels and gating parameters between motor and sensory fibres to characterise
the differences in electrophysiological behaviour between these fibre types [80,
81]. The selection of a specific model and the parameters will influence the
results produced and needs to be well-matched to the question being investigated.
However, the McIntyre-Richardson-Grill model is well suited to extending over
long physical distances to simulate long axons and is well validated in modelling
the response of axons to external electrical stimulation [76, 82-87], making it
suitable for examining the link between externally applied electrical stimulation
and activity in target structures. Adaptations of this model to incorporate features
in other models, such as differential responses of motor and sensory fibres, may

be useful in some circumstances.

2.3.4 Measures of activation

These descriptions of the electrical behaviour of neurons allow us to determine how
the electric field produced by stimulation influences the membrane potential of
specific target neurons. This allows us to define a mapping between the applied

field and the membrane response.

Vin = fV—>Vm(V) (28)

Using these biophysical models, we can define a function fi .y, which describes
the response of the membrane potential, V,,, at our target to any given electric
field, V', produced by stimulation. The link between the externally applied electric
field and the membrane response is determined by the potential field produced in
the tissue and the response of the neural tissue to this field, i.e. the relationship

described in equation is biophysically fixed, so we can use the mapping from



2. A physical framework for therapeutic neuromodulation 33

clinical parameters, ¢, to external electric field described in equation to define

a mapping from clinical parameters to membrane response.

Vin = fG—)Vm (9) (29)

This provides us with a function fy_,y,, which links, via the electromagnetic
behaviour of stimulation and the biophysics of cell membranes, our selection of
stimulation parameters to the membrane response at our target structures. This
gives us a rigorous mathematical description of the physiological effects of our clinical

decisions and allows us to begin to robustly examine the effects of these parameters.

2.4 Approximations of neural activation

While a model such as equation 2.9 which links our selection of parameters to
membrane activity, provides a highly realistic and rigorous means of evaluating the
effects of stimulation, this comes at the cost of high computational complexity, and
to date reliable implementation has been an issue. This can limit application

in some settings.

2.4.1 Simplified metrics

For this reason, there has been significant interest in finding other metrics that
predict neural activation. If we consider some metric of activation of our target
structure, A, this therefore aims to find some function fy _, 4 which links the potential
field produced by some model of electrical stimulation to a prediction of the effect of
stimulation. This is often much simpler than modelling the intervening biophysics,
but comes at the cost of reduced accuracy.

There has been much work on the idea of "volume of activated tissue' methods
for approximating the effects of stimulation [78]. These aim to predict the neural
response by using a range of simplified models to determine the area in which
activation of neural structures is likely. A wide range of models have been used,
from extremely simple models such as assuming a sphere of activation around a

fixed point to sophisticated biophysical measures.
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Metrics derived directly from the potential field have been used to approximate
neural activation |51} [77, |88]. This is based on the assumption that the activity
of neurons is directly related to the amplitude of the applied electric field. While
simple to compute and providing a rapid response, this has little relationship
to biophysical reality.

Other measures attempt to use simplified biophysical models, such as axons
placed at fixed distances from the electrode, while some use an understanding
of the biophysics of stimulation to derive measures that are related to neural

activation [51, |77, 88|.

2.4.2 The activating function

The activating function is a metric which describes the "driving force" of the potential
field which produces a neural response [89, 90]. By manipulating the equation
shown in figure it is possible to show that the current flow into a given segment
of a neuron is proportional to this activating function. This describes the influence
of the external electric field on the membrane potential:

@
 da?

/() (2.10)

Neural activation is therefore related to the second spatial derivative of the
external potential along the axon. While this does not allow direct determination
of the effects of stimulation, this provides a useful approximation of the effects of
neuromodulation. However, this method was developed for analysis of the behaviour
of one-dimensional neurons. It does not translate in a straightforward way to the
setting of complex three-dimensional geometries.

Simplified metrics for determining measures of activation, A, based on a potential
field, V', are valuable to the analysis of the effects of neuromodulation. These are,

however, limited and current methods have significant issues with limit their use.
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2.5 Optimisation of stimulation parameters

Creating a mathematical model which accurately describes the potential field
produced by stimulation and the physiological effect produced by this potential
field for a given set of clinical parameters allows us to rigorously investigate the
effects of altering these parameters. Further, by deriving mathematical expressions
which capture our clinical objectives, e.g. activation of specific target structure,
we can apply optimisation methods to determine the optimal clinical parameters

to achieve our end goal in any specified individual.

2.5.1 Activation as a function of stimulation parameters

After defining the effects of electrical neuromodulation in this mathematical frame-
work, we can express our clinical goals in a mathematical expression. For example,
we can aim to produce significant membrane potential responses, representing action
potentials, in a proportion of the axons in a target structure. We can also express
more complex goals, such as achieving activation at a given target while avoiding
activation at a second location to minimise side effects. These goals can be expressed
in terms of the desired effect on the membrane voltage, V,,, of target cells. We can
then define our target metric, A, and a function that maps the membrane voltage

of our target structures to this quantity which captures our therapeutic goal:

A= fy a(Vi) (2.11)

This function fy, 4 gives us a measure of how well we have achieved our
therapeutic goal following stimulation based on the membrane potential responses.
As shown in equation 2.9] we can link our selection of clinical parameters, 0,
to the physiological effect of stimulation on membrane voltage, V,,,. By combining
this with equation 2.11] we can create a mapping from parameter selection to

activation of our target structures:

A= fosu(0) (2.12)
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This provides us with a rigorous mathematical model which explicitly links our
selection of clinical parameters to activation at our target structures.

This allows us to use this framework to create detailed, patient-specific models
which express our clinical goals, i.e. activation at specific targets, as a function

of our selection of clinical parameters.

Simulated intervention

Biophysical coupling

Activation metric

Patient-specific model k

|

Josa = fosv - fvov, - fu.—a

Figure 2.4: Derivation of patient-specific models of activation as a function of stimulation
parameters by composition of numerical methods for simulating interventions, coupling
the computed electric field to biophysical models and generating measures of activation
from biophysical parameters.

Figure [2.4] shows how composition of the models we have described into an
integrated physical system allows us to derive patient-specific models which deter-
mine the clinical effects of stimulation using specified parameters. This provides
a mapping, fg_ 4, from our selection of clinical parameters, 8, to our expression
describing our clinical goal, A.

The first term, introduced in equation [2.4] simulates a therapeutic intervention
by determining the electric field produced in the patient’s anatomy given simulated
electrode placements with specified geometry and stimulation parameters. This can
be solved using the finite element method to determine effect of electrical stimulation
in the region of interest, giving us the potential field produced by stimulation with
our desired parameters in specific patient anatomy.

The second term, introduced in equation [2.8] couples the potential field produced
by stimulation to the physiological effects of stimulation. A detailed biophysical
model is used which determines the effect of electrical stimulation on the membrane

voltage at the target structures.
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The third term, introduced in equation [2.11] expresses our measure of activation.
This describes how we determine success based on membrane response, such as
achieving action potential generation in target structures.

Combining these models gives us a means of expressing how our selection of
clinical parameters determines the physiological effect of stimulation. This then
allows us to systematically vary these input parameters in order to rigorously
evaluate their effects on our target metrics, providing a firm physical basis for

individualised parameter selection for individualised electrical neuromodulation.

2.5.2 Numerical optimisation

The derivation of patient-specific models which map clinical parameters to activation
also allows us to go further than examining the effects of varying clinical parameters
on activation. By explicitly representing the links between parameters and activation,
we can apply optimisation methods to determine individually optimised parameters.

The system of equations making up this framework is complex and it is not
possible to solve this system analytically. However, methods from numerical optimi-
sation are well developed for this purpose [91]. This allows us to use our numerical
function, fy_, 4, to determine the optimal set of clinical parameters to achieve our
therapeutic goal in a specific individual by systematically varying the inputs and

applying optimisation algorithms to identify the best possible set of inputs.
Optimised parameters Patient-specific model

l l

Ooptimal = ar% I‘IglaX fosa (0) (2.13)
e !

Constrained optimisation algorithmT

Figure 2.5: Determination of optimum stimulation parameters within some constraints
by numerical optimisation of a patient-specific function mapping selected parameters to
biophysical measures of activation.

Figure shows the application of this approach of framing our clinical goal
as an optimisation problem in a rigorous physical framework. The patient-specific

model, fy_, 4, describes how our selected stimulation parameters produce activation
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at our target structures as described above. Our set of clinically controllable
parameters, 6, is used as an input, producing a measure of the level of activation
achieved given our current set of clinical parameters.

These input parameters, 6, are then allowed to vary over some set, 6. This
constrained optimisation approach allows clinical information to be incorporated into
our optimisation approach. For example, we can define safe limits for stimulation
of a possible set of permissible electrode locations. This ensures that the resulting
set of parameters is both mathematically optimal and also clinically acceptable.

This optimisation approach will vary our parameters over the defined acceptable
range in order to identify the set of parametets which produce the maximum level
of activation. This allows us to determine 6,,timar, the set of stimulation parameters
which best achieves our therapeutic goal in that individual.

This provides a general physical framework for describing the effects of electrical
neuromodulation and for determining individually optimised stimulation parameters
by expressing clinical goals in this framework. This opens possibilities for individu-
alised neuromodulation, targeting of specific structures, and the investigation and

development of novel targeted neuromodulation techniques.

2.6 Technical challenges

This chapter has outlined an integrated physical framework for describing the
physiological effects of electrical neuromodulation. It has further shown how
clinical goals and decisions can be expressed in this framework, and how this
allows optimisation methods to be applied to identify individualised parameters.
However, while well-developed methods for numerically solving the systems of partial
differential equations representing the behaviour of electrical fields [55], the ordinary
differential equations describing the biophysical behaviour of excitable tissues [92],
or the optimal inputs to maximise the output for a function [91], realisation of the
potential impact of this integrated system for electrical neuromodulation requires

several challenges to be overcome. Table details the factors which need to be
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implemented to allow this physical framework to be applied in practice, along with

the chapters in which each part of this system are implemented.

Table 2.1: Numerical implementations required to solve problem

Function Description Implementation
Jvoa Simplified metric for approximating activation Chapter 3
Josa Generation of patient-specific meshes Chapter n
foov Solver for finite element problems Chapter 5
fvov,,  Coupling of FEM and biophysical models Chapter 4
fv.. 4 Definition of objective function for optimisation Chapter g
Jo—a Composition of solver, coupling and objective function Appendi;

2.6.1 Embedding information in domains

The use of finite element models to simulate electrical stimulation is well-established
19, 11, (14} |18} |19, 49, 50]. However, this has generally been restricted to simplified
geometric models [45, 47]. Attempts to include more detailed patient-specific
anatomy have consistently shown that model performance is improved by repre-
senting anatomy in detail |49} 50]. This is because of the interactions between the
tissue geometry and the electric field, which are lost in simplifications of anatomy.
However, existing methods are restricted to either highly simplified geometries or
laborious reductions in anatomic complexity in order to "parameterise" specific
aspects of anatomy so that they can be expressed mathematically and modelled.
This is highly limiting and prevents these methods from being used in a robust
way for individualised modelling of neuromodulation.

Further, existing methods have been restricted to either simple geometries or
inclusion of fixed electrodes based on post-operative positioning [45, 50, |51]. This
is highly limiting, as it prevents examination of the potential effects of altering
electrode position to inform clinical decision making. However, simulation of
electrode positioning to model the effect of stimulation is limited by the same
restrictions around need for highly simple geometries or parameterisations. This

prevents the use of this system for true optimisation of electrodes.
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Chapter [4] outlines the development of a method which derives detailed, patient-
specific models suitable for finite element analysis directly from clinical imaging.
Further, this shows how electrode positioning using arbitrarily complex electrode
arrangements can be simulated and incorporated into the computational domain. By
embedding information on highly detailed patient anatomy and electrode positioning
directly in the computational domain, this avoids the need for simplifications and
parameterisations. Chapter [5| shows how these detailed, individualised models
can then be solved using standard methods, with results at least as good as
gold-standard finite element solvers.

These developments allow us to automatically generate a computational domain,
(), containing detailed individualised information on anatomy and electrodes, given a
set of clinical parameters, 6. This function, fy_.q, can be combined with the custom
solver to define a function fy_,,y which generates the potential field produced by

stimulation in highly detailed individual anatomy given a set of clinical parameters.

2.6.2 Coupling electric fields and biophysics

Having solved for the potential field produced by stimulation, it is necessary to be
able to examine the physiological effects of stimulation using biophysical models.
The use of these models to examine the effects of stimulation is well-established [9,
11} |14} 118,119, 49, [50], however their use has again been limited to highly idealised
geometries, limiting realism and application to individualised therapies. Where
more detailed models have been used, these are limited by the need for hand-drawn
trajectories, limiting practical application.

In order to implement an integrated framework for individualised neuromodula-
tion, it is necessary to be able to map complex neuron geometries into individual
anatomy and to couple these models to the simulated electric field to examine its
effect. Chapter [0] describes a method for achieving this. This shows that complex
biophysical models can be automatically coupled with complex anatomic models
and potential fields, allowing the physiological effects of stimulation in detailed

individualised models to be investigated. This provides a function fy_,y. which
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allows us to link the potential field produced by stimulation to the membrane

voltage response.

2.6.3 Clinically relevant optimisation

In order to be useful for individualised neuromodulation, we need to be able to
apply this framework to clinically meaningful problems. Chapter [6] shows how
clinical goals can be expressed in a useful way in this framework, and how these
clinically meaningful quantities can be used as goals for optimisation. This provides
us with a method fy, _,4 which links the physiological response to stimulation
to our clinical goals.

Chapter [3| shows how measures of activation can also be derived directly from
the potential field using simplified metrics, i.e. a function fy,_, 4. This provides an
alternative, more computationally simple, means of carrying out rapid assessments
and optimisation of stimulation in some settings.

Appendix |B| shows how these implementations for individualised modelling,
solving the physical system produced by neuromodulation, coupling with biophysical
models and clinically relevant optimisation can be combined into an integrated
framework for individualised neuromodulation. This provides an overall function
fo—.a which allows us to investigate the effects of clinical parameters on meaningful
measures of activation in individualised models. This opens possibilities for
individualised neuromodulation and the development of novel targeted electrical

neuromodulation interventions.
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3.1 Introduction

Computational methods for determining the neural response to extracellular stimu-
lation are of increasing importance, both in the development of novel devices [9,
18}, 52}, |93] and the optimization of stimulation parameters for neuromodulation
therapies [49, 50].

The biophysical response to extracellular stimulation can be modelled very

43
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accurately using multi-compartment neuron models with Hodgkin-Huxley dynamics
[74]. However, this is computationally intensive and does not easily provide
visualizations of the regions activated by stimulation. In scenarios where more
rapid iterations of designs and parameters are required, more computationally
efficient metrics are desirable.

The activating function provides a classic simplified metric for approximating
the response to stimulation [89, 90]. A detailed neuronal model shows that current
flow in the nth segment of the model is determined by a capacitive current, an
ionic current and a current along the inside of the axon:

d(‘/;,n - ‘/e,n)

Chn
dt

+ [ionic,n + Ga(‘/i,n - ‘/;,n—l) + Ga(‘/;,n - ‘/i,n—i-l) =0
By introducting the reduced voltages
Vn = ‘/i,n - ‘/e,n - ‘/rest

We get:

an Ga(Vn—l - 2Vn + Vn+1 + ‘/e,n—l - 2V€7 n—+ ‘/e,n—i-l) - ]ionic,n

dt Ch,

We then insert G, = wd?/4p;Az and C,, = wdLc,, (where L is the active
membrane length, i.e. the length of the nodes of Ranvier, or L = Az in the case of

unmyelinated axons) and introduce the ionic current density %ionicn:

dv, (dAz (Vn—1 =2V + Vi n Ven—1—2Ve, + Ve,n+1> i /c
dt o 4sz AI’2 A[L’Q ionic,n m

Examining the source term, we can see that the contribution of the extracellular

field produced by stimulation is given by

‘/e,n—l - 2‘/e,n + ‘/e,n—l-l

falt) = Ax?

The current flow in the nth segment is therefore proportional to this activating
function, defined as the second difference of the extracellular potential along the
axon. As Az — 0, this becomes the standard expression for the activating function:

0?V,(z,1)
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This simple metric provides a useful means of approximating the neural response
to stimulation. However, this metric is defined as a second difference along a specific
1D trajectory (i.e. the length of the axon considered). It therefore only allows
us to consider axons in specific locations with specific orientations, limiting the
application to situations where we wish to compute the region likely to be activated

by stimulation and to scenarios with homogeneous axon properties.

Metrics such as the volume of tissue activated |78] have attempted to overcome
this issue for applications such as deep brain stimulation. Previous attempts
have been made to derive measures analogous to the activating function from the
simulated potential field [82], and to account for the relative orientations of electrode

and axons in the calculation of the metric for approximating activation [77].

However, these metrics either disregard axon orientation or assume a tangential
orientation of the axon with respect to the electrode. These assumptions make
these methods unsuitable for accurate evaluation of the effect of stimulating fields
on axons with specific orientations, such as those encountered in peripheral nerve
stimulation, spinal cord stimulation or deep brain stimulation when specific fibre
tracts are targeted.

We therefore require the ability to calculate an activating function in a manner
that can be generalized to a field, while maintaining explicit representation of
the target axons’ orientation. We consider the Hessian matrix (H) of the electric
potential produced by stimulation, containing second derivative information for all

directions at each point in the field; we then apply a rotation R, : z — n:
H =R,'HR,

Where R,, is a rotation matrix that rotates the x-axis of the co-ordinate frame
onto the orientation of the axon (n), defined by the angles between the x-axis
and the axon of interest. We can then extract the first element of the rotated
Hessian, giving us the second partial derivative along the axon’s orientation, i.e.
the activating function, defined for a field:

0V

~ on2

(H')n
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We demonstrate that this metric can be computed and that it provides a
computationally efficient method of approximating activation for fields with axons
of specified orientations. It accurately predicts the level of neural activation as a
function of axon orientation, with high measures of this rotated Hessian metric
indicating a low activation threshold (i.e. only a small amount of current required to
induce an action potential), and low levels of this metric predicting a high threshold,
where a large current needs to be used to produce an action potential.

This provides a computationally efficient means of linking the electric field
produced by stimulation, V', to the activation of specific fibre tracts, i.e. fy_a.
This allows us to investigate the physiological effects of stimulation in detailed
anatomy in a meaningful way while bypassing the computationally expensive steps
involved in biophysical modelling of axons by taking advantage of the geometry of the
electric field. While detailed biophysical models remain a gold standard in modelling
of the physiological effects of stimulation, this provides a simple to compute means

of rapidly assessing the effects of stimulation in even very complex models.

3.2 Methods

We calculated the electric field produced by stimulation using a simple geometric
model of surface stimulation of a peripheral nerve. Activation of axons of varying
orientations was assessed using detailed biophysical models and the rotated Hessian
activating field. These metrics were compared to evaluate the ability of the rotated
Hessian to approximate neural activation. The correlation coefficient between
these measures was used to assess the ability of the rotated Hessian to capture the

orientation-dependence of biophysical activation thresholds.

3.2.1 Electric field computation

A three-layer tissue model (skin, subcutaneous fat, muscle) was created. A bipolar
electrode arrangement was simulated on the skin surface, with 5cm x bem electrodes
separated by bem (figure . The physical properties, derived from a standard
database [94], applied to each tissue type are shown in table [3.1]
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Table 3.1: Physical properties of tissue types

Tissue type Conductivity (S/m)

Skin 2F~4

Fat 3.7TTE?
Soft tissue 2.02E~!
Nerve 1.71E-2

The domain is made up of a thin skin surface overlying a 5mm layer of fat.
Beneath this is a large domain of homogeneous muscle tissue (figure [3.1]A). Within
this tissue, a nerve volume is inserted 5cm below the surface with its midpoint
halfway between the active and return electrodes (figure [3.1B). The nerve volume is
rotated through 360 degrees with its midpoint remaining fixed beneath the electrodes
(figure [3.1]C) in order to evaluate the effects of changing the orientation of the nerve
relative to the electrodes on the response to the generated electric field (figure [3.1D).

The electric field produced by stimulation was computed by solving the Laplace
equation with variable coefficients with homogeneous Neumann boundary conditions
on the external skin boundaries using the finite element method with COMSOL
Multiphysics [95]:

V.-oVV =0 in 2,
o _
on

where V' is the electric potential generated by stimulation, o is the tissue

0 on 0N

conductance, 2 is the domain modelled and 0f? is the external (skin) boundary
of the domain.
Additional Dirichlet boundary conditions were added to simulate the effect of
stimulation through the simulated electrodes:
V=1V, on "4,
V=0 onI'p
Where I' 4 and I'g are the surfaces of the active and return electrodes respectively.
and V, is the voltage applied through the active electrode. The applied voltage V,

is computed such that [n, %—Z = J, where J is the target current to deliver.
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Figure 3.1: Geometry and sample electric field. A Simple three-layer model of tissue
used for assessing activation metrics. Active (red) and return (blue) electrodes overlie the
skin (orange) surface. Beneath this is a 5mm uniform layer of fat (green). Below this is a
large uniform layer of muscle (pink). B Insertion of simulated nerves. A nerve volume,
into which biophysical axon models are mapped, is inserted below the skin surface. This
is centred below the electrodes. C Altering axon orientation. The target nerve volume is
rotated, keeping the midpoint fixed under the electrodes. This allows evaluation of the
effect of orientation on the response to stimulation. D A 2D slice through the computed
potential field showing the potential produced by stimulation.

3.2.2 Biophysical model

The effects of the computed electric field on an axon at 5cm depth under the
electrodes was assessed by coupling the results of the finite element simulation to a
biophysical model of a myelinated axon with Hodgkin-Huxley dynamics [74]. The
orientation of the axon was varied in order to assess the effect of axon orientation.
Target axons were mapped into the nerve volume of the tissue model, with a total
length of 10cm and an orientation following that of the nerve volume.

The McIntyre-Richardson-Grill model of a myelinated axon was used to simulate
stimulation of an 11.5um axon of a peripheral nerve using the default parameters
defined by McIntyre et al. All biophysical models were implemented in NEURON

. Extracellular fields were coupled using the cable equation with the extracellular
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field defined at each point of the axon. Simulations were run and whether the
model generated an action potential was measured.

Thresholds for the amplitude required for activation were computed using a
binary search algorithm. Stimulation amplitude was altered and simulations re-run

until activation thresholds were identified to within 1mA.

3.2.3 Computation of activation

The Hessian matrix of the electric potential produced by stimulation was approxi-
mated numerically by computing the second differences of the field at each point
over a regularly spaced grid sampled every 0.05mm, producing a 3x3 matrix of
second partial derivative information at each point in the field.

A rotation matrix was computed to rotate the x-axis of the original co-ordinate
frame onto the trajectory of the axon of interest. This rotation matrix was then
applied to the Hessian field.

The activating function for an axon with the given orientation was extracted
from the Hessian matrix at each point in the field by taking out its first element,
corresponding to the second partial derivative along the orientation of the axon,
i.e. the activating function. This was performed for every point in the field,
providing a metric over the whole field.

This approximation was then compared to the thresholds required for stimulation
for axons with a range of orientations in order to evaluate its ability to approximate

neural activation using a simple metric while maintaining orientation information.

3.3 Results

The geometric tissue model used is shown in figure . The potential field in the
tissue model due to stimulation can be computed and visualized. These results
were then used to compute the activation metrics assessed, demonstrating that
the rotated Hessian approximation provides a computationally efficient, accurate

method of assessing the effect of stimulation on neural tissue.
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3.3.1 Orientation sensitivity

The rotated Hessian approximation can be computed for axons of arbitrary ori-
entations, providing a metric defined everywhere on the domain modelled of the
activation of an axon with that orientation at that position.

Activating fields for a selection of axons of differing orientations are shown in
figure [3.2] The rotated Hessian approximation is able to capture the orientation
selectivity of axons and to provide straightforward visualizations of the activating

fields produced by stimulation.

Activating function (V/cm?)

90° =5

104 l{

20
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Figure 3.2: Rotated Hessian approximations for axons of varying orientations; slice taken
through centre of electrodes. Yellow indicates high activation, blue indicates low activation.
90° to the x- axis,. 45° to the x-axis and 0° to the x-axis are shown. The pattern of
activation differs for axons of differing orientations. This highlights the importance of
using metrics for approximating activation the retain orientation information.

3.3.2 Performance comparison

The rotated Hessian approximation shows a similar orientation selectivity to the

biophysical models (figure . The amplitude required to induce an action potential
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in an axon model changes as a function of the orientation of the axon with respect
to the electrodes (figure [3.4). The rotated Hessian approximation captures this
rotation and provides a computationally efficient means of evaluating the response

to stimulation for axons with a specific orientation.

—— Threshold Rotated Hessian

Figure 3.3: Polar plot of amplitude threshold and rotated Hessian approximation for
a range of orientations. Angles represent the orientation of the axon of interest. The
radius indicates the normalized magnitude of the activation metric for an axon of that
orientation, i.e. the amplitude required to activate it and the rotated Hessian metric. The
rotated Hessian successfully captures the orientation selectivity seen in the biophysical
model. High rotated Hessian metrics occur where the amplitude threshold is lower.

Where the electric field is oriented along the primary axis of the axon, little
current is required to induce an action potential. Its threshold is therefore low, and
its activation metrics are high, indicating a high likelihood of firing in response
to stimulation. When the electric field is not aligned with the trajectory of the
axon, it requires relatively more current to activate it. Its threshold is higher. The
rotated Hessian metric captures this orientation-dependence.

The amplitude required for producing an action potential in an axon model

and the rotated Hessian approximation at the location of the axon are highly
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Figure 3.4: Amplitude threshold and rotated Hessian approximation shown over a range
of axon orientations; the rotated Hessian captures the behaviour of the biophysical model,
with high rotated Hessian metrics predicting low amplitude thresholds.

correlated (r = —0.92; p < 0.0001), as shown in figure . The rotated Hessian
provides an accurate means of approximating the orientation-specific neural response

to electrical stimulation.
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Figure 3.5: The amplitude threshold and the rotated Hessian metric are highly correlated
over a range of axon orientations (r = —0.92; p < 0.0001).
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3.4 Discussion

These results show that it is possible to rapidly compute a metric that predicts
the neural response to electrical stimulation that can be generalized to a field and
that accounts for the orientation selectivity of axons.

This method is, however, only applicable to fibres with a constant trajectory, i.e.
regions where the fibres are locally straight. This is useful for cases such as the spinal
cord or peripheral nerves or central tracts outside of local changes of orientation.
Accounting for activation with locally complex morphology is more challenging —
requiring, for example, projection of the field onto the trajectory of interest. These
methods, while useful, lend themselves less well to generalization to a field.

Biophysical measures are useful and highly accurate, but are slow to compute
and are not easily applied to the field produced by an extracellular electrode in order
to evaluate the regions where activation is likely to occur. The metric presented
here provides a simple means to generalize a classic approximation of the effect of
stimulation on neural tissue to a field, while retaining information on orientation.

Approaches to calculating the volume of tissue activated in response to deep
brain stimulation have provided a number of methods of computing the regions likely
to be activated by stimulation on a field [77]. These include very simple metrics
like the electric field norm, methods based on Rattay’s activating function and
complex methods based on detailed biophysical models. However, these methods
are largely invariant to axon orientation. This provides a poor approximation
for scenarios where local, directional axons are targeted, such as in the case of
peripheral nerve stimulation. The orientation of axons with respect to the electric
field is an important consideration, and any simplified metrics should maintain
this relationship as much as possible.

The present work demonstrates a method derived from generalizing Rattay’s
activating function to a field. By using rotations of the Hessian matrix of the electric
potential produced by stimulation, it is possible to compute the activation for axons

of arbitrary orientation and to generalize this to the entire domain modelled. This
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allows rapid computation and simple visualizations of the regions of activation

for axons of specific orientations.

Higher values of the activating function metric are related to a higher probability
of generating an action potential. Positive values are related to a net "flow" of
current into a given point, while negative values are related to a net "flow" of current
away. However, it is difficult to determine an absolute threshold for activation
of an axon using this metric alone - rather, it provides a means for predicting
where action potential initiation is likely to occur by comparing relative values
across conditions and locations.

This provides a useful, computationally efficient method for approximating
activation for the development of novel neural interfacing techniques and the
optimization of parameters for neuromodulation therapies.

In the context of developing an integrated system for targeted neuromodulation,
this provides us with a simplified metric fy _ 4, which links the extracellular field
produced by stimulation to the physiological effects of stimulation. This allows for
the activation produced by stimulation to be approximated in a simple way, without
the need for the intermediate steps of coupling and solving detailed biophysical
models. This comes at a cost in terms of the accuracy of models using this simplified
metric, but provides a valuable method for conducting work examining the effects
of varying patterns of stimulation, with potential applications to the optimisation
of stimulation parameters and the development of novel neuromodulation therapies.
The development of truly reliable models for designing and optimising therapies will
require methods for deriving individualised computational models, computing the
extracellular field produced by stimulation and either coupling this to biophysical

models or using simplified metrics such as the one outlined here.
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4.1 Introduction

Stimulation of the spinal cord using implanted electrodes has been well established
in the management of pain . Following this paradigm, implanted stimulation

systems have shown promise in functional restoration after spinal cord injury [749].

55
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These implanted systems carry several important limitations. These include the
small risks of bleeding or infection associated with the procedure, and longer-term
risks associated with device migration; as many as one-third of patients with
an implanted system experience an adverse event, which in a small number of
cases can cause worsening of neurological status [97], with up to 38% requiring
revision in some series [98].

The ability to achieve spinal cord stimulation noninvasively would potentially
allow for reduction of these risks. Even used in conjunction with implanted systems,
the ability to reliably stimulate noninvasively would open the possibility of carrying
out trial periods noninvasively, reducing risks and improving the efficiency of
existing spinal cord stimulation care pathways for pain, while widening access to
these treatments. Noninvasive methods would also make emerging indications,
such as rehabilitation, more viable and easily scalable, making these technologies
available to more patients.

Despite its potential clinical value, it is not clear that it is possible to achieve
meaningful stimulation of the spinal cord noninvasively. There are reports of series
using noninvasive stimulation in the context of rehabilitation after spinal cord
injury [40], including improvements in the function of the lower limbs [41], upper
limbs [99] and urinary tract [42], as well as temporary improvements in spasticity
[100]. Recent systematic reviews of these series further suggest that there may be
a functional impact of noninvasive stimulation in rehabilitation [43].

However, the combination of stimulation with other rehabilitation interventions
without any control groups, and the complex outcome measures made up of a
statistical construct of a large number of functional outcome measures, render
interpretation difficult. Further, there are large variations in the electrode montages
and stimulation parameters used, making it unclear whether an electric field within
the canal is consistently being produced, and what the essential components of a
stimulation configuration are for achieving improved outcomes. It remains unclear
whether it is possible to reliably generate an electric potential within the spinal

canal noninvasively. Emerging techniques such as interferential stimulation [101],
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using multiple interfering electric fields applied simultaneously, offer a potential
means to achieve greater penetration and targeting, but it remains equally unclear
whether these can achieve sufficient depth in humans, and whether meaningful
targeting is possible.

Computational modeling offers a promising means of answering these questions
around the electric field generated by stimulation. The physics underlying the
behaviour of electric fields are well characterised, and sophisticated methods for
solving the associated equations numerically have been developed [95], allowing
even very complex systems to be assessed.

Some modeling work on noninvasive stimulation has suggested it may be possible
to stimulate the spinal cord [45]. However, these approaches used highly idealised
geometries, which were not representative of true anatomy. Recent work on
implanted stimulators has highlighted the importance of individual variations
in anatomy on the effects produced [49], while work in deep brain stimulation has
shown that even small variations in individual anatomy can produce important
differences in the stimulation parameters required [50]. These effects are likely to be
even more pronounced with noninvasive stimulation. The need for precise, accurate
assessments of the electric fields produced by stimulation is further underlined by
the importance of spatiotemporally precise stimulation patterns seen in applications
such as rehabilitation [9].

To definitively evaluate the feasibility of noninvasive spinal cord stimulation,
computational models are required that take account of explicit, detailed anatomy.
Methods are required to create such realistic models with complex electrode
montages and stimulation parameters in order to simulate their effects on a realistic
domain. An approach using such detailed modeling would allow us to more rigorously
address the question of whether it is possible to generate an electric field within
the spinal canal in real anatomy, and whether meaningful targeting of stimulation
is possible noninvasively. This would allow for a thorough, accurate assessment of

the feasibility of targeted noninvasive spinal cord stimulation.
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We aimed to develop a system for determining the potential field produced by
simulated placement of electrodes on patient-specific models with highly detailed
anatomy. We demonstrate a method for deriving models directly from routine
clinical imaging, allowing for simulation on realistic models of individual anatomy.
This allows for a realistic investigation into the feasibility of noninvasive spinal
cord stimulation. We further investigate whether the developed methods allow
for targeting of stimulation, potentially allowing for development of systems for
individually optimised, targeted noninvasive stimulation.

In the context of the development of a system for model-based neuromodulation,
these methods provide us with the ability to generate a patient-specific domain
Q) over which to solve for the potential field produced by stimulation given a set
of desired electrodes, locations and stimulation parameters 6, i.e. fy_.q. This
can then be combined with methods for solving for the potential field over these
domains to produce patient-specific models of the effects of neuromodulation,
allowing for the effects of specific electrode geometries and positions to be assessed

in detailed individual anatomy.

4.2 Methods
4.2.1 Strategy

To investigate the effect of stimulation using patient-specific models, computational
models with simulated electrode placements were created directly from clinical
imaging and solved to determine the potential fields produced.

Electrode geometries were mapped into the image volume to simulate interven-
tion. A tetrahedral mesh, suitable for physics simulation using the finite element
method, was then formed from the processed imaging. Physical properties and
stimulation parameters were then applied to the model, and the resulting potential
field solved, providing a realistic simulation of the potential field produced by a

given set of stimulation parameters in patient-specific anatomy.
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The developed method was then applied to the case of non-invasive spinal cord
stimulation. A series of models were tested to assess the ability to simulate complex

electrode arrangements and stimulation parameters in patient-specific models.

4.2.2 Implementation

These methods were implemented in a purpose-built software package (Figure [4.1)).

Clinical Segment _| Segmented
imaging 1 volume
A\ 4
Electrode Insert | Simulated
geometry “| montage
\(Generate mesh
Physical _| Volumetric
properties . mesh
Stimulation | FEM
parameters "l model
(Solve
Potential
field

Figure 4.1: Flowchart of implemented method. Arbitrary electrode placements are
simulated using clinical imaging, and the resulting potential fields solved. This allows for
the testing of the physical effects of bioelectronic interventions in patient-specific models.

Image segmentation

Clinical imaging was segmented into discrete tissue types using 3D Slicer seg-
mentation software [102].

Semi-automated tools were used to convert the three-dimensional image volume
into a volume of tissue IDs. Segmentations were then inspected and manually
corrected where necessary. Custom software tools were then used to process

the segmented volume.
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The original image volume was processed into a segmented volume, M, with
the same dimensions as the original volume, made up of n segments, K;, such that
these segments do not overlap, i.e. each voxel is assigned a single tissue ID, and

every voxel is assigned an ID, i.e. there are no unassigned voxels:

In this application, images were segmented into bone, soft tissue, lung, skin,
cerebrospinal fluid and spinal cord as outlined below. Overlapping segments were
avoiding by ensuring every voxel is assigned a single tissue ID; in the case of overlaps
between segments within a voxel, the order of priority of tissues was spinal cord,
cerebrospinal fluid, skin, bone, lung, soft tissue. This ensured all voxels were
assigned and no segments overlapped while ensuring that the morphology of the

most functionally important tissues were maintained.

The end result of the segmentation process was a three-dimensional volume of
the same dimensions as the original image volume, where each voxel is assigned a
single scalar tissue ID. The anatomy is unchanged, while the image is decomposed
into n segments based on tissue type, where n is the number of tissue types
used in the model.

This allows for explicit representation of the specific anatomy of differing tissue

types within the image volume.

Simulating intervention

Electrode placement was simulated by mapping electrode geometries into the
3D image space.

Geometries were defined using a simple image editor to outline the 2D footprint
of each electrode. These geometries were then mapped into the image volume. The
geometry footprint was rescaled such that the aspect ratio and size of the image
pixels defining the geometry matched the aspect ratio and size of the image voxels
in the target plane. The centrepoint of the electrode geometry was then mapped

onto the 2D coordinates of its desired position on the tissue type of interest.
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The electrode geometry was then projected onto the surface of the tissue of
interest such that it is contact with it at every point. During projection, the
geodesic distance over the anatomic surface of projection is used to adjust the
electrode dimensions, allowing for projection onto non-planar anatomic structures
without warping the dimensions of the electrode. This is achieved by rescaling
the electrode geometry such that the ¢; norm from the geometry centrepoint
along the projection surface in each direction is equal to the desired length of

the geometry in that direction:

l|d||1 = |xn — zo| + |Yn — Yol

where d is the desired electrode size from the centrepoint, (¢, yo) are the coordinates
of the centrepoint on the projection surface and (z,,y,) are the coordinates of
the n'* step along the surface.

The electrode geometry was then extruded to a defined thickness to give it a 3D
volume within the image, in contact with the defined surface with its centrepoint
at the defined position. This allowed for arbitrary electrode geometries to be
accurately placed within the image volume in order to simulate the effects of
any desired geometry or montage. This allows this approach to be generalised
to applications involving implanted electrodes, although only surface electrodes

were used in this application.

Mesh generation

A three-dimensional tetrahedral volume mesh, suitable for finite element simulation,
was derived from the processed image volume.

The processed volume was discretised using a Delaunay triangulation algorithm,
as implemented by the Computational Geometry Algorithm Library [103], via a
wrapper built on the iso2mesh library [104].

During the mesh generation process, a mapping from the tetrahedral mesh

elements to the voxelwise tissue IDs in the original volume was created, i.e.

f(E) = K;
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where F£; is a given mesh element and Kj; is the corresponding tissue ID.

The raw volumetric mesh data was then further processed to associate this
tissue ID with each discrete mesh element based on its location within the volume.
This method allowed the generation of a volumetric mesh from the processed image,
while maintaining the ability to identify the tissue type represented at any location
within the volume. In this way, the underlying patient-specific anatomy remains

explicitly represented in the volumetric mesh.

Finite element analysis

To simulate the effect of stimulation through the electrode mapped into the
image, physics simulations were carried out on the generated mesh using finite
element analysis.

Conductivity and permittivity values at the frequency of interest can be defined
for each tissue type based on standard databases [94]. This allowed the definition

of a mapping:

f(Ki) = (0, €5)

where K is a given tissue type and (0, ¢;) is a tuple of the associated conductivity
and permittivity values.

By using our mapping from mesh element to tissue type and from tissue type
to physical properties, values could then be assigned to each individual mesh

element based on its anatomic location:

f(E) = (0j,€5)

where E; is a mesh element and (o}, €;) are the associated physical properties.
This allows the patient-specific anatomy and its corresponding physical properties
to be explicitly represented within the physics simulation.

The potential field within the tissue in response to stimulation was then calcu-

lated by solving the Laplace equation for linear materials with Neumann boundary
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conditions numerically using a quasistatic solver in COMSOL Multiphysics [95]:

V-oVV =0 in (),
v

8771 =0 on 89

where V' is the electric potential generated by stimulation, ¢ is conductance,

Q2 is the domain modeled and 0f) is the external surface of the region modeled

(i.e. skin at limits of modeled region).

Note that as we are assuming electrostatic conditions, the tissue permittivity is
not used; this becomes necessary if this approach is used to evaluate time-varying

fields without this assumption.

Additional expressions are then added to specify the boundary conditions

applied on the electrode surfaces:
V=V, on ['4,
V=0 onI'p

where I'4 is the boundary of the active electrode, V, is the applied electric
potential, computed such that the target stimulation current applied is the integral
of the current density over the active electrode surface [n, %—Z = Japplied, and I'p
is the boundary of the return electrode.

Simulations on imaging were implemented using custom software. This allowed
for automated solving for the electric potential for any arbitrary electrode geometry,
placement or stimulation parameters on a detailed patient-specific anatomic domain.

The physiological effects of stimulation were then approximated using the second
spatial derivative of the electric potential along the orientation of the target fibres
as described in chapter [3, This activating field approximation allowed the effects

of stimulation on the neural elements to be straighforwardly visualised.

4.2.3 Application

The developed methods were applied to a series of increasingly complex models
of noninvasive spinal cord stimulation in order to assess whether this approach

can simulate the effects of complex stimulation modalities and answer the question
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of whether these methods can produce an potential field within the spinal canal
with properties that produce action potential generation.

A simple transabdominal electrode arrangement, a more complex dorsal electrode
arrangement with bilateral return electrodes and two independent pairs of electrodes
were evaluated, as shown in figure [£.2A. The interferential electrode arrangements

were evaluated a range of electrode spacings, as shown in figure [£.2B.

A
@

Figure 4.2: Electrode montages. A Simple transabdominal electrode montage, more
complex dorsal montage and two electrode pairs for interferentials timulation. B
Interferential electrode pairs were evaluated at a range of electrode spacings.

Transabdominal stimulation

A CT myelogram was segmented into bone, soft tissue, lung, skin, cerebrospinal
fluid and spinal cord tissue segments and the associated physical properties applied
as shown in table .1l

A 3.2cm diameter cathode was placed in the midline over the T11 vertebra.
A 3.2cm diameter anode was placed at the same level in the midline on the
anterior surface of the model.

A constant current of 30mA was applied via the cathode and the resulting
electric field calculated to assess whether this simple arrangement could generate

an electric field within the spinal canal.
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Table 4.1: Physical properties of tissue types for constant current stimulation

Tissue type Conductivity (S/m)
Bone 2E2

Soft tissue 2.02E1
Lung 3.89 2

Skin 2E~*

CSF 2

Spinal cord (transverse) 8.30E2
Spinal cord (longitudinal) 0.6

Complex montage

A model with a more complex multi-electrode arrangement was set up using the
same image and physical properties, with parameters based on Sayenko et al’s
work [40] to assess whether these parameters could feasibly produce an electric
field within the spinal canal.

A 3.2cm diameter cathode was placed in the midline over the T11 vertebra.
7.5cm x 13cm anodes were placed over the iliac crests bilaterally. 150mA of current

was applied via the cathode.

Interferential stimulation

A model was created using the physical properties shown in table [4.2]

Table 4.2: Physical properties of tissue types for 2kHz stimulation

Tissue type Conductivity (S/m)
Bone 2FE 2

Soft tissue 3.3E71

Lung 8.35E2

Skin 2E*

CSF 2

Spinal cord (transverse) 8.30E~2
Spinal cord (longitudinal) 0.6

3.2cm diameter cathodes were placed lateral to the midline bilaterally at the
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upper border of the T11 vertebra. Corresponding 3.2cm diameter anodes were
placed lateral to the midline bilaterally at the lower border of the vertebra.
30mA of current was applied to each anode. The first electrode pair was driven
at 2kHz, and the second at 2.02kHz, producing an envelope amplitude modulation
of 20Hz in the region of interference between the two fields. The electric fields
produced by each electrode pair were solved separately.
The resulting overall electric field was then determined, as well as the spatial

distribution of the envelope modulation amplitude, given by:
Eam(n,r) = [|[(Ei(r) + Ex(r)) - n| = [(Ey(r) — Ex(r)) - nl]

where (1) and Es(r) are the electric fields generated by the first and second elec-
trode pairs at position 7, and n is a unit vector along the direction of interest [101].
The amplitude modulation of the activating function was also calculated in

order to evaluate the regions in which axonal activation was likely to occur [105]:
AF Ay = ||AFi(r) + AFy(r)| — |AFi(r) — AFy(r)||

where AF;(r) and AFy(r) are the activating functions generates by the first

and second electrode pairs at position 7.

This allows for extension of the described methods to complex electrode montages

and physics, including the targeting of interferential stimulation.

4.3 Results
4.3.1 Generation of patient-specific models from imaging

The developed methods allow for the generation of patient-specific computational
models directly from clinical imaging. Segmentation allows clinical imaging to be
decomposed into sections corresponding to specific tissue types; these segmentations
can then be combined over the image volume to directly create 3D models of
individual anatomy, as shown in Figure [4.3

These models can be automatically generated from clinical imaging, allowing for

straightforward creation of models containing detailed explicit representations
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of individual anatomy. The 3D structures created can then be processed to
automatically generate a volumetric mesh suitable for physics simulation, as shown
in Figure [4.4] This allows for detailed models for physics simulation to be derived

directly from clinical imaging.

Figure 4.3: Image segmentation. A Example of an axial slice of a CT myelogram. B
Segmentation of example slice into discrete tissue types; each colour represents one tissue
type. C Surface mesh of segmented volume demonstrating 3D structure of segmented
tissue types

4.3.2 Simulation of interventions

We can successfully create detailed 3D models that include simulated electrode
placements. This allows for the effects of arbitrary electrode geometries and
montages to be assessed and compared.

As shown in figure [£.4] even arbitrarily complex electrode geometries can be
converted into a 3D volume. These can then be mapped into the image space at

specified positions. Rescaling the electrode geometry according to image resolution
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and aspect ratio and accounting for warping during projection onto anatomic
surfaces allows electrode placement to be realistically simulated, with electrodes in
contact with anatomic surfaces throughout. This allows for any electrode geometry

or position to be simulated.

Figure 4.4: Electrode insertion. A Example of an arbitrarily complex electrode geometry,
defined as a 2D image (left) and converted converted into a 3D structure for simulation
(right). B Axial slice of segmented volume demonstrating insertion of electrode geometry
into image space; electrodes (white) visible in axial section anteriorly and posteriorly on
the midline. C 3D volume mesh derived from image with electrode inserted; muscle and
soft tissue removed for visualisation. Demonstrates ability to insert arbitrary electrode
geometries at specified locations in image volume and simulate their effects. Note figure
shows a simple round electrode rather than a complex geometry.

As shown in figure [£.4)C, a volumetric mesh for physics simulation can then
be generated from the combined volume. This allows for assessment of the
effects of stimulation through the applied electrodes. In this way, the effects
of arbitrary interventions can be assessed using a patient-specific model built with
pre-intervention imaging, as shown in figure [4.5]

This shows that we are able to carry out physics simulations on patient-specific
models with simulated interventions. Figure [4.5] further shows that this method can
be readily extended to complex systems with multiple electrodes and to systems

with complex, interacting, time-varying electric fields.
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Using these techniques, we were then able to assess the effects of variations
in electrode montage and stimulation parameters on noninvasive stimulation of
the spinal cord.

The arrangement of electrodes had a clear impact on the electric field generated
(Figure [4.5)). A transabdominal arrangement, with 3.2cm diameter round electrodes
in the midline at T11 on the anterior and posterior skin surfaces, generates a
potential across the body, with an electric field oriented orthogonal to the spinal
cord. A more complex multi-electrode arrangement with a single anode and bilateral
cathodes on the posterior wall produces a more localised distribution of potential,
as well as a field with a different orientation. The combination of two interfering
fields, as 2kHz and 2.02kHz, applied along the long axis of the spinal cord lateral to
the midline bilaterally also produces a more focused potential distribution, and an
overall electric field oriented along the point of overlap of the two independent fields.

Each of these methods demonstrates the ability generate a potential within the
spinal canal. While the orientation of the electric fields produced varies, the natural
bony canals formed by the intervertebral foramina and the spinal canal itself tend
to direct the electric field along the long axis of the spinal cord. This ability to
generate a potential within the canal and the orientation of the resulting field along
the axis of the spinal cord suggests the possibility of generating a gradient along

the cord, which could produce activation noninvasively.

4.3.3 Noninvasive spinal cord stimulation

A more detailed analysis of the effects of transabdominal 30mA DC stimulation
is shown in figure [4.6] Figure [1.6]A shows the same view as figure [1.5] with 3.2cm
diameter electrodes across the abdomen and streamlines representing the field
orientation. Here the vertebrae have been removed for visualisation and the spinal
cord is shown in its anatomic position, coloured by the electric potential. The spinal
cord, coloured by the electric potential, is also shown in isolation for visualisation.

Simple transabdominal stimulation with midline electrodes produces a potential

gradient along the spinal cord. The magnitude of the potential gradient produced
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Figure 4.5: Electric fields produced by a series of electrode montages. Demonstrates
ability to solve for the effects of complex electrode configurations and stimulation
parameters. Streamlines in upper figures represent electric field orientation, coloured by
potential (max 15V). Arrows in lower figures show electric field orientation; colourmap
represents potential (max 15V). A 3.2cm diameter cathode over midline at T11, 3.2cm
diameter anode anteriorly in midline at same level; 30mA of DC current applied. B 3.2cm
diameter anode over midline at T11, 7.5cm x 13cm anodes bilaterally above iliac crests;
150mA of DC current applied. C Electrode pairs placed bilaterally for interferential
stimulation; 30mA applied to each pair, at 2kHz and 2.02kHz.

along the surface of the spinal cord is on the order of 0.2V /m. The electric field
appears to be directed through the natural bony foramina at the posterior aspect
of the vertebral column, and then down along the spinal canal; this produces a
potential gradient along the long axis of the spinal cord.

Figure shows the same view, with the spinal cord coloured by a general-
isation of Rattay’s activating function to a field, i.e. ‘327‘2/, where n is a unit

vector along the principal axis of the axon of interest, as described in chapter [3]
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Figure 4.6: Effect of transabdominal 30mA DC stimulation. A Projection of the electric
field generated; cathode (posterior midline) shown in red, anode (anterior midline) in
blue. Streamlines represent the orientation of the electric field, coloured by potential
(max 15V). Spinal cord is shown within the field streamlines in its anatomic position,
coloured by potential. On the right the surface of the spinal cord is shown in isolation;
the geometry shown generates a 0.2V /m gradient along the long axis of the spinal cord.
B Projection of the electric field with spinal cord in situ, coloured according to activating
function (%QTV;, where n is the long axis of the spinal cord). On the right, the surface of
the spinal cord is shown in isolation; the geometry shown generates segmental activation
where the electric field is directed along the spinal canal. C Demonstration of solving for
arbitrary electrode montages; solutions shown for anodes placed on the left, midline and

right.

This provides a straightforward approximation for areas likely to be activated by
stimulation. We see here areas of segmental activation (high activating function)
corresponding to entry and exit points of the field along the canal. This shows

that the gradient produced by simple transabdominal stimulation can produce a
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pattern of segmental activation of the spinal cord based on the level at which
stimulation is applied.

Figure [4.6/C shows a series of alternative transabdominal electrode arrangements.
By altering the locations of the electrodes, we can "shape" the resulting electric
field to better direct stimulation. This demonstrates the ability to easily simulate
arbitrary montages and assess their effects, and also shows that careful assessment
of electrode positions may help to shape the resulting field to maximise stimulation.

Figure [4.7] shows the effect of a complex multi-electrode arrangement using
a montage previously described for transcutaneous spinal cord stimulation [40]
(figure [.7A), with a 3.2cm diameter midline anode and bilateral cathodes on
the posterior skin surface.

Figure shows the same view as figure [£.5B, with vertebrae removed for
visualisation. The spinal cord is shown, coloured by potential. The spinal cord
is also shown in isolation, demonstrating the generating of a potential gradient
along its surface. The gradient generated by this multi-electrode arrangement is
on the order of 1V/m. This again appears to correspond to redirection of the
electric field along the spinal canal.

Figure shows the same view, with the spinal cord coloured by activating
function. This again shows a pattern of segmental activation, suggesting that
this electrode arrangement may be able to produce activation of the underly-

ing spinal cord.

4.3.4 Targeting interferential stimulation

The same techniques can be extended to the case of multiple interfering electric
fields. Figure shows the creation of a model with pairs of electrodes aligned
superior-inferior along the long axis of the spinal cord, parallel and lateral to the
midline bilaterally. This shows the orientation of the resulting electric field, with
orientation of the overall electric field along the point of interference, producing

modulation of the envelope amplitude along the axis of the spinal canal.
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Figure 4.7: Effect of stimulation with parameters used by Sayenko et al. , i.e. 150mA
through a midline anode with cathodes interolaterally on each side. A Projection of the
electric field generated; cathode (posterior midline) shown in red, anodes (inferolateral) in
blue. B Streamlines represent the orientation of the electric field, coloured by potential
(max 15V). Spinal cord is shown within the field streamlines in its anatomic position,
coloured by potential. On the right the surface of the spinal cord is shown in isolation;
the geometry shown generates a 1V/m gradient along the long axis of the spinal cord. C
Projection of the electric field with spinal cord in situ, coloured according to activating
function (‘327‘2/, where n is the long axis of the spinal cord). On the right, the surface of
the spinal cord is shown in isolation; the geometry shown generates segmental activation
where the electric field is directed along the spinal canal.

Figures and shows that we can modulate the depth and location of the
focus of interference. These plots visualise E 4,7, the modulation of the envelope
amplitude, i.e. the area of interference, where stimulation is likely to occur.

Figure[d.§shows the effect of altering the distance between the electrode pairs. As
the pairs are moved further from the midline (figure [4.8A), the focus of interference
becomes deeper within the tissue (figure [£.8B). The focus of activation also becomes

deeper, with less cutaneous activation while still maintaining a high activating
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Figure 4.8: Control of depth and steering with interfering fields. Effects of varying
positions and parameters on an index of field amplitude modulation shown. A Moving
electrode pairs further from the midline moves modulates depth of maximum intensity. B
Altering the ratio of stimulation amplitude between electrode pairs allows steering of the
focus of maximum intensity with fixed electrode positions.

function at depth (figure [4.8C).

Figure 4.9 shows the effect of varying the ratio of the stimulation amplitudes
between the electrode pairs with the electrode positions fixed. By changing the
stimulation parameters, we are able to steer the focus of interference from left to
right. Figure [4.9)A shows that as the ratio of stimulation between two electrode
pairs at a fixed distance is varied, the focus of interference of the electric field is
steered from left to right. In line with this, figure shows that the focus of

activation can also be steered using the same approach. In this way, activation of
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Figure 4.9: Control of depth and steering with interfering fields. Effects of varying
positions and parameters on an index of field amplitude modulation shown. A Moving
electrode pairs further from the midline moves modulates depth of maximum intensity. B
Altering the ratio of stimulation amplitude between electrode pairs allows steering of the
focus of maximum intensity with fixed electrode positions.

different spatial targets can be achieved with electrodes in a fixed position.

4.4 Discussion
4.4.1 Targeted noninvasive spinal cord stimulation

The results of the simulations indicate that noninvasive spinal cord stimulation has
the potential to produce an effect by generating an electric field within the spinal
canal. Further, it is possible to target stimulation by altering the electrode geometries
and stimulation parameters used to manipulate the electric field produced.
Noninvasive stimulation creates a potential within the spinal canal in both simple
transabdominal stimulation and with more complex multi-electrode montages at
stimulation amplitudes which are in line with those used in experimental studies, and
which are likely to be within a tolerable range for practical use, though further testing
to determine limitation due to activation of cutaneous skin atferents and associated
discomfort is needed. This indicates that it is possible to produce an electrical effect

on the spinal cord with purely noninvasive stimulation using acceptable parameters.
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In all of the simulations, the bony anatomy of the vertebral column resulted
in redirection of the electric field produced. The field was directed into the spinal
canal through the intervertebral foraminae, and then channeled along the long axis
of the spinal cord by the bony channel of the spinal canal. This resulted in the
creation of a potential gradient along the surface of the spinal cord, which supports
the possibility of generating a physiological response.

Neural activation is classically proportional to the second spatial derivative of
the extracellular potential along the long axis of the axon of interest [89,|90]; the
extracellular field acts as virtual sources along the extent of the axon where this
activating function is high, inducing transmembrane current flow. The activating
function shows segmental areas of high value where the field has been directed
to produce a potential gradient along the surface of the spinal cord, suggesting
that the channeling of the electric field through natural bony openings and along
the canal produces a field that could plausibly produce activation of the spinal
cord or the nerve roots.

Although it appears to be possible to generate a field with characteristics that
would produce activation, the magnitude of activating function is relatively low with
30mA transabdominal stimulation. This may not be sufficient to consistently
produce a physiological response. Higher amplitude stimulation with 150mA
produced a much stronger gradient; however, stimulation at these kinds of amplitudes
is unlikely to be well tolerated in patients with intact sensation.

While additional work, including biophysical modeling, will be required to more
accurately assess the threshold required for producing activation, our results indicate
that it is possible to generate an electric field with useful characteristics within
the spinal canal. This provides significant support to the results demonstrated in
rehabilitation series |40, |41, 99], and raises the possibility of noninvasive spinal cord
stimulation in the clinical setting, with potential application to pain, as well as
emerging indications such as spinal cord injury rehabilitation.

These results also suggest a potential strategy for stimulation: by designing

electrode geometries and montages to better direct the resulting field into the
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natural foraminae of the vertebral column and allowing the bone to redirect the field
along the axis of the neural elements, it may be possible to optimise the electrode
montage to allow effective stimulation at lower amplitudes.

Simulation allows for electrode montages to be designed to direct an electric
field into foraminae and to produce activation at specific levels. Designing montages
based on individual anatomy and assessment of the resulting field potentially allows
for accurate targeted stimulation, overcoming issues with lack of proper targeting
with undirected surface stimulation.

The use of interferential stimulation also relies on the ability to accurately
simulate the electric fields produced. In this case, the interactions between two
overlapping, interfering fields allows for control of the depth and position of the
focus of the resulting field. We show that interferential stimulation, using electrode
pairs oriented along the long axis of the spinal cord, can produce an electric field
within the spinal canal, and the focus of activation of the field can be steered by
altering the ratio of amplitudes of the electrode pairs.

Simulation on patient-specific anatomy allows for the assessment of the effect of
any electrode arrangement, providing a means for determining the positions and
amplitudes required to activate our target structures. This opens the possibility
of true targeted noninvasive spinal cord stimulation, with individualised electrode
montages and stimulation parameters based on imaging and simulation to target
specific structures. The ability to steer the focus of the field potentially offers a level
of spatiotemporal precision required for useful neuromodulation in precision-critical
contexts such as rehabilitation [9]. The ability to achieve this noninvasively would
greatly increase the access to these technologies by providing an easily accessible

and low-risk means of augmenting spinal cord injury rehabilitation.

4.4.2 A generalisable system for patient-specific modeling

Beyond the present application to noninvasive spinal cord stimulation, the techniques

developed have the potential to be applied to other regions and to patient-specific as-
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sessments. This offers a valuable tool for the development of novel neuromodulation
systems, as well as a potentially useful system for patient-specific therapies.

The ability to derive computational models directly from imaging allows these
techniques to be easily applied to other anatomic regions, allowing for investigation
of neuromodulation therapies throughout the body. The same process can also
be applied to assess variations in stimulation modality, or even to assess other
physics, such as fluid dynamics through segmentation of blood vessels. This
potentially offers a generalisable system for modelling physical phenomena in
detailed anatomic models.

Beyond the investigation of the feasibility or effect of physical interventions,
the ability to easily conduct detailed physics simulations on anatomic models is
potentially useful for developing novel stimulation systems. It is straightforward
to assess the effects of changes to electrode geometry or simulation parameters in
realistic models, allowing for rapid testing of feasibility, and for rapid iteration of
designs based on simulations on real anatomy. This has the potential to offer a

useful tool for accelerating translational work in neuromodulation.

4.4.3 Precision neuromodulation

The ability to carry out detailed simulations on individual anatomy using standard
clinical imaging offers the future possibility of truly individualised precision stimula-
tion. Using imaging to create a model and defining a target region, the ideal electric
field characteristics can be determined to cause activation; it is then possible to
iteratively determine the electrode geometry, position and stimulation parameters
that will cause maximal activation in that patient. This sort of optimisation at the
level of the individual patient allows for individual differences in anatomy to be
taken into account, and potentially opens the possibility of genuine precision
neuromodulation.

The current simulation methods extend to solving for the electric field produced
by a given set of parameters. This allows derivation of metrics such as the activating

function [89] or its extension to a three-dimensional field as described in chapter
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[B, an approximation for neural activation based on a cable approximation of
the axon which links depolarisation and activation to transmembrane currents
induced by virtual sources along the one-dimensional extent of the idealised axon.
However, it does not allow us to directly assess the neurophysiological effects of
the fields generated, and interpretation is rendered challenging by the lack of a
clear threshold for activation.

By linking the present simulations to realistic biophysical axon models based
on the Hodgkin-Huxley formalism [74], such as the Mclntyre-Richardson-Grill
model of myelinated nerves [76], it is possible to extent the present system to
include automated biophysical measures. This would allow direct assessment of the
effects of a given set of stimulation parameters on the underlying electrophysiology,
providing more detailed, and clinically useful, information than is provided by
the electric field alone.

The methods developed here allow the determination of electric field character-
istics from electrode location and stimulation parameters. The ease of iterating
simulations with arbitrary parameters offers the possibility of optimisation of
stimulation. Using biophysically relevant metrics, such as the focus of interferential
stimulation or biophysical measures of nervous system activation, optimisation
algorithms could be applied iteratively to compute the optimal configuration for
a given patient for a given target. This ability to provide individually optimised
stimulation could then offer the potential for reliable stimulation by overcoming

the effects of variations in anatomy.

4.4.4 Conclusion

The present results demonstrate the feasibility of noninvasive stimulation of the
spinal cord, including via interferential stimulation, in simulation. Further, the
methods developed offer a potentially rigorous means of assessing the effects of a
bioelectronic effects on an individual patient using routine pre-intervention imaging.

These techniques, if properly validated in physical models and in human testing,
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could open the possibility of optimised neurmodulation using noninvasive stimulation
for a range of existing and emerging indications.

In the context of the development of a broader system for model-based neuro-
modulation, this work provides us with a method for deriving a patient-specific
model, €2, with simulated placement of electrodes or other interventions specified by
a set of parameters 6, i.e. fy_.g. By combining this with a method for numerically
solving for the electric field produced by stimulation, this allows us to determine
the physical effects of stimulation in detailed individual anatomy for any given
set of stimulation parameters or electrode positions.

This method can then be extended by the use of either simplified metrics to link
the electric field to neural activation, i.e. fy 4, or by coupling these individualised
results to detailed biophysical axon models to model the physiological effects of
stimulation. By considering this physiological effect of stimulation in individualised
models, we open the potential for individualised, targeted neuromodulation therapies
based on biophysical targets, as well as a potential platform for the evaluation

of novel neuromodulation devices.
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5.1 Introduction

Clinical neuromodulation involves the controlled application of electricity to influence

the activity of the nervous system. The generation of an electric field in the tissue

81
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produces a transmembrane potential at cells within the field. The excitable cells
of the nervous system are sensitive to changes in transmembrane potential, with
depolarisation of a sufficient magnitude producing opening of voltage-sensitive ion
channels and generation of action potentials.

The ability to predict the electric field produced by neuromodulation therapies
is potentially valuable for planning targeted modulation of specific structures
and the design of novel stimulation systems [11, |18, 49, 50, 106]. The use of
computational models of stimulation has shown predictive ability in the use of
spinal cord stimulation [49], deep brain stimulation [50], and peripheral nerve
stimulation [107, 108|, as well as the design and testing of new targeted approaches
[11, 18, 119, {106, {109].

The ability to predict the electric field produced by stimulation is made possible
as the behaviour of electricity is well understood. The characteristics of electric
fields are accurately described by the physical laws of electromagnetics [53]. This
allows us to mathematically describe the physical problem encountered in human
therapeutic neuromodulation. In the simplest case, the electric potential within
the body produced by stimulation will satisfy:

V.-oVV =0 in (),
v _
on

where V' is the electric potential produced by stimulation, o is the electric

0 on 02

conductivity of the tissues, €2 is the region of interest, ?‘TZ is the current density
normal to the boundary and 05 is the external (skin) boundary of the area of interest.

This describes a physical system where all materials obey Ohm’s law with
insulating conditions on the outer boundary.

This provides a steady-state solution where any current applied is constant.
This provides a good approximation of the response to stimulation in human tissue
as the tissue is largely resistive and the length of stimulation applied is typically
sufficiently larger than the time constant of neural membranes such that transient

responses during time-varying fields can be largely neglected [110]. In situations

where the time-varying component varies sufficiently slowly relative to the neural
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membrane time constant and the etfects of transient responses are negligible, we
can assume that the system is in steady state at each time-step; these quasistatic
conditions allow time-varying fields to be evaluated in a simpler manner
However, in the case of complex time-varying fields where transient effects
are important, it becomes necessary to consider the reactive component of the
response to stimulation. In this case, the potential produced by a time-varying

field can be described by:

v.ovy VeV g
ot
g‘g:() on 0f)

where the first term describes the linear response to stimulation governed by
Ohm’s law and the second term describes the time-varying response. g represents
the permittivity of free space and ¢, represents the relative permittivity of the tissue.

This allows us to accurately describe the distribution of electric potential in tissue
using a straightforward partial differential equation with a homogeneous Neumann
boundary condition on the external border to define an insulating condition on
the outer boundary. We can then consider the effects of stimulation by adding
additional boundary conditions.

Clinically, electrical stimulation can be applied to tissue using either voltage-
controlled or current-controlled methods. In voltage-controlled stimulation, a fixed
potential is applied across two electrodes and this will produce some current in the
tissue, where the amount of current produced varies according to the resistance of

the tissue. This can be described using a simple Dirichlet boundary condition:

V= V;zpplied on FAa
V=0 on FR

where Vi, piicq is the potential applied, I' 4 is the surface of the active (stimulating)
electrode and I'g is the surface of the return (ground) electrode. Here, there is
simply a fixed potential defined on the electrode, and the current is then determined

by whatever impedance is encountered within the body.
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These variations in the current delivered over time due to changes in tissue
resistance can lead to unpredictable clinical effects. As a result, it has become more
common for clinical stimulation systems to deliver current-controlled stimulation.
Under this paradigm, a fixed current is applied between two electrodes; the potential
at the electrode surface is allowed to vary (up to some maximum value, termed the
compliance voltage) in order to maintain a fixed total current despite changes in
tissue impedance. This produces a more predictable and consistent effect. In this
case, stimulation with a fixed current can be described using Neumann boundary

conditions on the electrodes:

oV
8771 = Japplied on FAu
oV
% = _Japplied on FR

where Jyppiied is the current density normal to the electrode surface and ‘?)—Z
is the derivative of V normal to the electrode-tissue interface. This describes a
fixed current source through the electrode surface, with a matching return current
through the return electrode.

By combining the partial differential equation describing the physical problem
with appropriate boundary conditions describing the nature of stimulation applied,
we can accurately mathematically represent the physical problem of therapeutic
neuromodulation.

Although we can accurately describe the potential produced by stimulation
using a system of equations, this system is not analytically solvable. We cannot
straightforwardly solve this system to tell us what the electric field in the tissue
looks like. However, we can approximate the solution to this system using numerical
methods. This allows us to compute a solution for some specific set of conditions,
even though we do not have access to a more general global solution. In the context
of neuromodulation, this means that although we cannot derive a mathematical
expression that will describe the electric field produced by stimulation in all

situations, we can compute a solution for any given individual.
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The finite element method is a commonly used numerical method for solving
systems of partial differential equations [55]. By specifying the domain we are
interested in, 2, and the boundary conditions, we can calculate a solution for that
domain given those boundary conditions. By embedding patient-specific anatomy
and the details of electrode position and geometry within our model of the domain,
we can then calculate a patient-specific solution for the electric field produced by
stimulation using this method. This allows us to accurately predict the effects
of electrical stimulation applied to that individual.

Commercial systems for numerically solving systems of partial differential
equations using the finite element method exist [95]. While extremely flexible
and powerful, these systems are limited by the need for expensive licenses and
the complexity of setting up problems to solve, producing significant barriers to
their widespread application to neuromodulation problems. However, the physical
system that needs to be solved in the context of therapeutic neuromodulation
is relatively constant; the factors that change, such as patient-specific anatomy,
electrode geometry and position and stimulation parameters can be contained in
the domain and in boundary conditions. This opens the possibility of a simpler,
single-purpose solver for problems in human neuromodulation that overcomes the
issues with applying more general solutions to this area.

We therefore aimed to develop a numerical solver specifically for computing
solutions to the physical system of therapeutic neuromodulation. We demonstrate
a purpose-built solver for solving systems with voltage- and current-controlled
stimulation for both steady-state and time-varying currents on patient-specific
anatomy. This allows for detailed simulations of the electric fields produced by
stimulation using a scalable, open source approach with the potential to be applied
on a large scale to problems in human neuromodulation.

In the context of a broader system for model-based neuromodulation, this
solver provides us with a method of solving the electric field V' for some patient
specific domain €2, i.e. fo_,v. In combination with a method for deriving patient-

specific models with simulated electrodes, this allows us to generate a function
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fo—v, which predicts the electric potential produced in a specific patient using
some chosen stimulation parameters 6; this then forms the basis of a system for

model-based individualised therapy.

5.2 Methods
5.2.1 Physical problem

The electric potential produced by stimulation was computed using a steady
current formulation:
V-oVV =0 in ),

ov

%—0 Onﬁﬁ

For the case of time-varying fields, the following system was solved:

v.ovy . NV e VYV in Q.
ot
g‘g:() on 02

To simulate the effects of voltage-controlled stimulation, Dirichlet boundary

conditions were added to electrode surfaces:
V= Vapplied on I'y4,
V=0 onlI'p
For the case of current-controlled stimulation, Neumann boundary conditions

were added to the electrode surfaces:

oV
% = Japplied on FAa
oV
% = _Japplied on FR

This corresponds to the Laplace equation with variable coefficients with ho-
mogenous Neumann boundary conditions on the external skin boundary and
variable boundary conditions depending on the type of stimulation applied on
the electrode surfaces.

Variational forms of the resulting systems of partial differential equations to

describe this physical system were derived as outlined in appendix [A]
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5.2.2 Implementation

A solver for the variational problem was developed in the Python programming
language [111] using the FEniCS platform [112] for developing numerical solvers
for systems of partial differential equations.

The solver was implemented to solve the physical problems encountered in
therapeutic neuromodulation using the above formalisms. The solver requires the
definition of a domain, 2, i.e. the region of interest. This takes the form of a finite
element mesh. The physical properties of the subdomains must also be defined, i.e.
the conductivity and relative permittivity of the tissues included in the domain.

The nature of the problem must then be defined. Having defined the domain and
its physical properties, solutions can be computed for voltage- or current-controlled
stimulation under steady-state or time-varying assumptions by varying the system
of equations that is solved. An equivalent variational problem is defined. This is
then solved numerically on the defined finite element mesh using a function space
of first-degree Lagrange polynomials. The resulting linear system is assembled

and solved using a sparse solver.

5.2.3 Analytical validation

Initial validation of the accuracy of the numerical solutions produced by the solver
was carried out by assessing its ability to reproduce known solutions.

Simple models with known analytical solutions were created and solved. The
numerical solutions produced with our custom solver were compared to the known
exact solutions.

In the case of steady currents, the Laplace equation with variable coefficients
was solved on the unit square with Dirichlet boundary conditions on the upper
and lower borders:

—V.-oVV =0 in (),
V=0 only,

V=1 OIIFU
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where [';; and I'f, are the upper and lower borders of the unit square respectively.
The square was divided into two equal subdomains with differing physical properties

at its midpoint along the y-axis as shown in figure [5.1], i.e.:

o1, 1fy<05
g =
09, 1f’y>05

where o1 = 1.5 and o, = 50 for our simple model.
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Figure 5.1: Simple geometry. Unit square divided into two equal subdomains at its
midpoint along the y-axis. Different physical properties can be applied to each subdomain
and Dirichlet boundary conditions applied to the upper and lower borders; this simple
system can then be solved analytically and the results compared to numerical solutions
to validate their accuracy.

The solution can then be approximated numerically using our solver, and the
result compared to the known analytical solution:

20132 :
=0 ify < 0.5
" {%522 £y 05
s ity > 0.

Using a similar approach for the time-dependent case, a simple problem with
a known analytical solution was solved and compared to the numerical solution

using the solver. In this case, the time-dependent Poisson equation was solved on

the unit circle with time-varying Dirichlet boundary conditions:

(?;ZVZV—F]C in Q,
V=Vp on 012,

V=W att =20
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where V' varies with time and space, f is a source function, Vp is the value
applied to the exterior boundary as a Dirichlet boundary condition and Vj, the
initial condition, is the value of V' at the first timepoint.

For this simple model, we define an external boundary condition that varies

linearly with time and quadratically with space:
Vp=1+2>+ay*+ Bt

where @ = 3 and 3 = 1.2. This gives us the initial condition Vj = 1 + 22 + ay?,
and it can be calculated that f = § — 2 — 2a.
The solution to this problem can be approximated by the solver and compared

to the exact solution, ie. V = 1+ 22 + ay? + Bt.

5.2.4 Numerical validation

To assess the ability of the solver to approximate solutions on more complex domains,
where an analytical solution cannot be computed, a test problem was designed that
captures the essential components of problems seen in neuromodulation, reduced
to an idealised two-dimensional geometry as shown in figure [5.2] Problems on this
idealised model were then solved using the custom solver and COMSOL Multiphysics
[95] and solutions were compared in order to evaluate how well the custom solver
approximated solutions to complex problems.

The two-dimensional geometry was made up of a tissue layer with two overlying
electrodes in contact with the tissue surface. The electrodes were each surrounded
by an insulating substrate on all surfaces except the surface that was in contact
with the tissue. The electrode substrate and the remaining tissue surface were
surrounded with air.

The physical properties used for each material type are shown in table [5.1]

Problems using Dirichlet and Neumann boundary conditions on the electrode-
tissue interfaces were defined and solved. The results were compared with COMSOL
Multiphysics to provide a measure of the accuracy of the numerical approximation

achieved on neuromodulation problems relative to a known baseline.
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Figure 5.2: Electrode geometry. A two-dimensional reduction of the features introduced
by neuromodulation problems, including multiple domains, boundary conditions on
internal domain boundaries and electrode-tissue interfaces. The lower part of the domain
represents tissue. The large rectangle in the upper part of the domain represents electrode
substrate; within this are two smaller electrode domains in contact with the skin surface.
The remaining dark area is surrounding air; this does not form part of the modelled
domain. This captures the key elements of problems on large, complex geometries. Solvers
can then be assessed on this more easily analysable geometry in order to assess their
accuracy at dealing with these features before scaling to large neuromodulation problems.

Table 5.1: Physical properties of tissue types for idealised geometries

Tissue type Conductivity (S/m)

Tissue 2.02E2
Electrode 5.99F7
Substrate 1E~14

5.2.5 Application to neuromodulation

The ability of the custom solver to deal with complex neuromodulation problems
on highly detailed models was evaluated. Image-based models were generated
and solved using the solver as with the idealised geometries. Results were then
assessed in order to evaluate the performance of the custom solver on detailed

three-dimensional models.

Using the methods outlined in chapter {4} a detailed model of the lower thoracic

spine was generated with a transabdominal electrode montage using round 3.2cm



5. A finite element solver for neuromodulation problems 91

diameter electrodes as in figure [£.2]A. Physical properties were assigned to tissue
segments according to table

The resulting model was then solved using COMSOL as in chapter [4] and using
the custom solver in order to assess whether comparable results were produced

using this approach.

5.2.6 Performance

The performance of the solver was assessed by measuring the time taken to compute
a solution for models of a range of sizes. This provides an estimate of the practical
limits on the application of this approach to real problems. The ability to use a
graphics processing unit to speed up the solution of the assembled linear system by

parallelising the solution process over many compute nodes was also evaluated.

5.3 Results
5.3.1 A custom finite element solver

A custom solver is able to implement and solve the physical system describing
neuromodulation problems. Assessment on problems with known analytical solutions
and complex neuromodulation problems demonstrate the ability to produce reliable
estimates of the electric field produced by stimulation, to a level at least equivalent
to industry standard finite element solvers.

This solver can implement voltage- and current-controlled stimulation by varying
boundary conditions, and can handle both static and time-varying stimulation
waveforms. This allows the full range of modern neuromodulation techniques to
be accurately simulated using an open-source numerical solver.

Figure visualises the analytical solution to the Laplace equation with vari-
able coefficients on the unit square with Dirichlet boundary conditions, representing
a highly simplified case with a physical structure equivalent to voltage-dependent
stimulation. This allows us to assess the performance of our solver on this kind

of problem in comparison to a known exact solution.
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The numerical results produced by our solver are shown in figure [5.3B. Visually,
the results are close to identical to the true analytical solution. This shows that
our solver is able to solve the physical problem posed by neuromodulation and can

produce a good approximation of the true, known result.
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Figure 5.3: Analytical vs. numerical, simple. A Analytical solution to the Laplace
equation with variable coefficients on the unit square with Dirichlet boundary conditions.
Provides a known benchmark with a physical structure similar to neuromodulation
problems to compare to the results of numerical solvers. B Numerical results produced by
a custom solver. The results are visually equivalent to the analytical solution, suggesting
that the custom solver can accurately solve neuromodulatio problems. C Point-by-point
comparison of the solver’s performance to the exact solution. The solver’s numerical result
matches the known solution at every point. The numerical solver is able to accurately
approximate the true result.

A point-by-point comparison of the solver’s performance compared to the exact
solution is shown in figure [5.3[C. At all points, the result predicted by our numerical
solver matches the known exact solution. The maximum error between the numerical
result and the known solution was 3.3 x 1076, This is within the acceptable
bounds of error for numerical methods, and indicates that our solver is able to
accurately solve this physical system.

Our custom solver demonstrates similarly good performance on time-dependent
problems. By solving a simplified time-dependent problem with a known analytical
solution, we can compare our solver’s performance over time to the known solution.
This allows us to assess the accuracy of our numerical methods over time. The
difference between the numerical and analytical solutions over time is shown in figure
.4l This demonstrates a gradual accumulation of error as time progresses. This is
a known behaviour of the implicit Euler integration scheme used to integrate over
time. However, the maximum error reached even after a large number of time steps

is 2.5 x 107, This is well within acceptable numerical ranges. This demonstrates
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that our solver can solve systems with arbitrarily complex, time-varying waveforms
with performance close to the theoretical minimum for the numerical techniques

used, and well within acceptable margins.
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Figure 5.4: Time dependent performance. Error between the numerical approximation
and the known exact solution accumulates over time steps. This is a known behaviour of
implicit Euler integration schemes. The maximum error is well within acceptable margins.
The custom solver accurately solves time-dependent problems with error behaviour close
to the theoretical minimum.

The custom solver performs at a level equivalent to industry standards on
simplified versions of the target problem. Figure shows the potential and electric
field simulated in a 2D simplified geometry with multiple domains representing
cathodic and anodic electrodes, surround electrode substrate, tissue and air, with
current-controlled stimulation simulated via Neumann boundary conditions on
the electrode surfaces, simulated in COMSOL. This provides a two-dimensional
reduction of the target problem of neuromodulation, while maintaining the important
features of multiple domains, boundary conditions on internal electrode-tissue
interfaces and current-controlled stimulation.

Figure shows the results of the custom solver on the same problem. We
are able to solve the neuromodulation problem on a complex domain with the
characteristics required to apply to large anatomical models. The results are

visually similar to those produced by COMSOL. Figure |5.5C shows the results
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Figure 5.5: Analytical vs. numerical, complex. A Potential and electric field simulated in
a simplified neuromodulation model using COMSOL. This provides a numerical benchmark
to assess solvers against an industry standard commercial solver. B Potential and electric
field simulated in a simplified neuromodulation model using our custom solver. The
results are visually equivalent to those produced by COMSOL, suggesting that the custom
solver is able to accurately solve problems with the key physical features introduced
by neuromodulation. C The potential and electric field produced by stimulation for
COMSOL and the custom solver visualised side-by-side. The results are equivalent,
showing that the custom solver performs at a level similar to industry standard.

produced by COMSOL and our custom solver side-by-side. These are visually
equivalent, suggesting that our solver produces reliable results on this kind of
problem. This demonstrates that we can solve problems with the complex features
introduced by neuromodulation with results similar to those produced by industry-
standard commercial solvers.

A more detailed analysis of the differences in the results produced by our solver
compared to an industry standard commercial solver is shown in figure [5.6, Figure
shows the absolute difference between the numerical results produced by each

solver. This shows that the error is highest around the corners of the electrode
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volumes, while remaining very low throughout the tissue volume. The greatest
magnitude of difference between the solvers was 0.6V, which represents a small

proportional error, within the acceptable range for numerical methods.

This concentration of error around the electrode corners may be due to the
selection of boundary conditions, with uniform current density. It is also likely
that the meshing around these corners contributed to the differences seen. While
the geometries were identical, each solver used a different mesher; differences in

meshing around these corners may have contributed to the error seen.

Figure shows the potential measured along the electrode-tissue interface
for each solver. As expected, there is a high potential at the stimulating electrode
surface and the potential is equal to zero at the return electrode surface. Both
solvers produce close to identical results along this cut line. This demonstrates
that the custom solver produces reliable results along critical tissue boundaries, a

necessary feature for application to neuromodulation problems.

B C

-06
Cutlineaty=0.5 Cutlineatx=0.5
100 5050
/ —— COMSOL —— COMSOL
- 0.4 75— Custom 5025 Custom
> 50 ~ 5000 "\/\
- 0.2 25 \ 4975 K\J\l/
0o _/ 4950
00 02 04 06 08 10 00 02 04 06 08 10
- 0.0 * y

Figure 5.6: Detailed comparison. A Absolute difference between the numerical
results produced by COMSOL and the custom solver. The error is low throughout
the volume, with highest values around the corners of the electrodes. This may be due
to differences in meshing in addition to the boundary conditions used. The maximum
error is within acceptable numerical margins. The two solvers produce equivalent results
within reasonable error margins. B Potential measured along a cut line through the
electrode-tissue interface. There is a high potential at the stimulating electrode surface
and a low potential at the return electrode surface. Both COMSOL and the custom
solver capture the expected behaviour along the electrode-tissue interface. C Potential
measured along a vertical cut line midway between the electrodes. The COMSOL results
demonstrates considerable numerical noise, while the custom solver shows much smoother
variation between adjacent points. There is relatively little change in potential expected
along this line. It is likely that differences in meshing, rather than the solver itself,
contiributed to the small difference seen here.

Error

The potential measured along a cut line midway between the electrodes is

shown in figure [5.6C. The potential along this line is roughly consistent along
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its length, with a slight variation as the tissue boundary is crossed. Our custom
solver captures this expected behaviour well, with smooth, consistent results within
domains. However, the COMSOL results demonstrate significantly more numerical
inconsistency, with significant variations in potential between adjacent points. This
is physically unlikely, and represents noise introduced by the numerical methods
used. It is likely that this represents small ditferences introduced by differences in

meshing the geometry rather than differences in solver accuracy.

5.3.2 Complex parameters

Our custom solver can be applied to complex three-dimensional geometries. Using
a detailed anatomical model derived from clinical imaging with simulated electrode
placement as described in chapter [, we can use our solver to numerically approxi-
mate the electric field produced by stimulation within the detailed three-dimensional
tissue volume of the thoracic spine with transbdominal stimulation using 3.2cm
diameter round electrodes as in figure .

Figure shows an axial slice of a CT scan with a contour map of the electric
potential and a vector field showing the electric field simulated by our solver
overlaid. This demonstrates that it is possible to solve for the electrid field produced
in individuals with arbitrary electrode positions and stimulation parameters. This
allows individualised examination of the interactions between detailed anatomy
and the electric field produced by stimulation, and allows for useful visualisation
of the resulting electric field in the context of clinical anatomy.

Pointwise comparison of the results of COMSOL and the custom solver
demonstrate that the maximum error was <2% of the result. This suggests that

the results of the custom solver are analogous to those produced by COMSOL.

This approach can then be extended to other derived metrics. This allows the
solver to be used to investigate the effects of stimulation. For example, metrics
derived from the simulated electric field can be used to approximate the response
of neural tissue to stimulation. By taking the Hessian matrix of the electric field

and applying appropriate rotations, we can derive the activating function for axons
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Figure 5.7: Image-based model, axial slice. Contour plot of electric potential (V) and
vector field of the electric field produced by stimulation superimposed on clinical imaging.
Neuromodulation problems can be solved on complex anatomical domains with simulated
electrode placements and the results visualised in the context of clinical anatomy. This
allows the effects of stimulation in individuals to be evaluated in great detail, opening the
possibility for individually optimised neuromodulation therapies.

of specific orientations as described in chapter [3| allowing us to examine areas
of likely action potential generation.

Figure demonstrates the application of this rotated Hessian metric to
examine areas of activation for axons in the spinal cord and nerve roots within the
interveretebral foraminae using the results derived from the custom numerical solver.
This shows an axial slice with the corresponding activating functions overlaid. This
is a relative metric, where high values are predictive of initiation of action potentials,

but there are no absolute values predictive of activation.
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Figure 5.8: Activating function, axial slice. Rotated Hessian activating metrics, derived
from the simulated electric field, for the spinal cord (left) and the nerve roots in the
intervertebral foraminae (right) superimposed on clinical imaging (V/m?). It is possible
to derive useful metrics for investigating the effects of stimulation directly from the
solver results. These images show that the activating function metric which predicts
activation in axons aligned with the spinal cord is low within the spinal canal, but that the
activation function predicting activation in axons aligned with the dorsal roots is high in
the intervertebral foraminae. This can be seen by clustering of high values in the heatmap
around these areas. This suggests that stimulation with the simulated parameters is
unlikely to produce a direct effect in the spinal cord, but may produce activation of nerve
roots within the intervertebral foraminae, where the activating function for axons oriented
along this trajectory are high.

There are low values of the cord-focused activating function throughout, while
there are regions of high activation for the root-focused metric, with particularly high
levels seen within the intervertebral foraminae. This suggests that the simulated elec-
tric field is relatively unlikely to produce action potentials within the spinal cord, but
may produce activation within nerve roots traversing the intervertebral foraminae.

This demonstrates that this custom solver can be used to solve for the electric field
produced by stimulation in complex individual anatomy, and that these results can be
used to derive useful metrics for examining the effects of stimulation on individuals.

This represents a numerical solver customised for solving problems in neuro-
modulation, which can simulate voltage- and current-controlled stimulation with
fixed or time-varying stimulation waveforms on even highly complex domains at

a level equivalent to industry standard, and which can produce results that are
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potentially valuable to the investigation of the effects of neuromodulation and to

the development of individually targeted treatments.

5.3.3 Performance

While this numerical approach is able to produce accurate results on highly complex
models to simulate the effects of neuromodulation, the time taken to produce a
result is limited by computational resources. Figure [5.9|shows the time taken to
produce a result using our custom solver for models of varying sizes using a standard
desktop workstation and a graphics processing unit, which offers the potential for

solving the resulting linear system efficiently by parallelisation.
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Figure 5.9: Solver performance. The time taken to solve a model is heavily dependent
on model size. Up to several million elements, models can be solved in seconds to minutes
on standard hardware. Beyond this, when large models start to exceed the RAM available,
the time taken to solve increases exponentially. This can be overcome by increasing the
memory and computational resouces available. The use of dedicated graphics processing
units for solving the resulting linear system in parallel is limited by the high efficiency
achieved on standard hardware, the need to transfer large volumes of data to the dedicated
hardware and the limited memory available on these systems. Solving models of even
one million elements was not possible on these systems due to memory constraints. CPU:
central processing unit (standard hardware); GPU: graphics processing unit.

The time taken to produce a result is dependent on the size of the model.
However, even models with millions of elements, enough to accurately capture

individual anatomical features, can be solved in seconds to minutes. There is an
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exponential increase in the time taken to produce a result as the model size starts to
exceed what can be held in random access memory. Here, for a system with 16GB
of RAM, we see a model with one million elements reaching a solution in under a
minute, while extending to ten million elements results in a solution time of thirty
minutes, with sizes beyond fifty million failing to converge. This highlights a known
limitation of these numerical approaches; convergence of highly complex models
is heavily dependent on resources available. However, highly detailed anatomical
models can be accurately represented with element counts in the low millions, and
can be solved using our dedicated solver in seconds to minutes on systems with
even moderate resources. In the event of requiring much larger models, the addition
of greater computational resources can overcome this barrier.

The use of dedicated graphics processing units demonstrated little advantage over
standard hardware. Although the resulting parallelisation theoretically allows the
linear system assembled by the finite element method to be solved more efficiently,
in reality this produced no advantage in total solution time. This is because our
solver produced results sufficiently quickly on standard hardware that the advantage
of dedicated graphics processing units was lost due to the time taken to transfer
data to the hardware. This approach would theoretically become advantageous as
the linear systems became larger and took longer to solve on standard hardware,
however this would require large amounts of RAM on the graphics units. In the
present assessment, even models with one million elements could not be solved
on our graphics units due to memory limitations.

These results demonstrate that our solver is able to produce simulations of the
effects of stimulation on highly complex models using easily available hardware
in short times. This represents a highly performant, accurate numerical method
for solving neuromodulation problems, potentially suitable for applications to

individually optimised treatment strategies.
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5.4 Discussion
5.4.1 Solving clinical neuromodulation problems

These results demonstrate that it is possible to accurately represent the physical
problem encountered in neuromodulation using a system of partial differential
equations and to solve this system numerically to simulate the effect of stimulation.

We demonstrate a purpose-built numerical solver designed to solve this physical
problem using the finite element method. This custom solver is able to reproduce
known solutions and performs equivalently to industry standard finite element
packages, providing a reliable means of simulating the effects of stimulation.

The ability to automatically solve for the electric field produced by stimulation
in individual patients’ anatomy with arbitrary simulated electrode placements is
particularly interesting. This allows for the effects of stimulation on individual
patients to be evaluated pre-intervention. Using this method, we can evaluate
the effects of variations in electrode geometry, electrode position and stimulation
parameters on a given individual. This provides potentially valuable information
for the planning of neuromodulation interventions and the selection of stimulation
parameters. Further, this offers a potentially valuable means of testing proposed
novel electrodes and stimulation methods. By simulating the effects of changes
in stimulation methods, we can compare different stimulation modalities compu-
tationally to predict their effects, providing a valuable resource for the design
of new neuromodulation therapies.

This approach offers a good degree of flexibility. We demonstrate the ability to
solve static and time-dependent problems for both voltage- and current-controlled
stimulation. This approach can be scaled to arbitrary numbers and arrangements
of electrodes and can be applied to any patient-specific anatomy. By taking
advantage of the mathematical structure of the physical problem encountered
in neuromodulation and embedding the factors that vary between cases in the
formation of the finite element mesh and in the boundary conditions, we can

produce a general solver for all neuromodulation problems with sufficient flexibility
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to deal with any type of electrical stimulation to any region while automatically
constructing and solving the mathematical problem. This significantly reduces the
technical barriers to the application of this approach to clinical neuromodulation
and opens the possibility of more widespread use of computational modelling for

planning individualised treatments.

Although the results of the custom solver varied only little from those produced
by COMSOL, some deviations did exist. Particularly in the case of the simplified
2D geometry, it is likely that some of these differences were due to differences in
meshing rather than due to the solver. Additional steps to optimise meshing, or to
generate a uniform mesh for comparison between solvers to control for this, would
be likely to reduce some of this deviation between models.

Even when using identical meshes as in the case of image-based models, small
deviations continued to exist. This is likely to be the result of numerical differences
in the solvers. Additional tests to characterise these differences would be valuable
to inform potential sources of error; additional optimisation of the underlying

models may help to reduce these deviations.

5.4.2 An open-source, high-performance solver

We demonstrate an open-source, freely available numerical solver for neuromod-
ulation problems. This provides an easily available tool that can rapidly solve
problems for individual patients, allowing prediction of the electric field produced
by stimulation. This tool removes the technical barriers to using general-purpose
commercial finite element tools, while retaining sufficient flexibility to be able
to accurately represent all currently used electrical stimulation modalities with
straightforward extension to novel methods. This allows rapid assessment of the
patient-specific effects of stimulation using a simple tool.

This solver scales well to very large problems by using sparse methods for solving
the resulting linear system, allowing even very detailed models to be solved on
systems with limited memory. Solutions can also be carried out using graphics

processing units, although the resulting performance gains are largely offset by the
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need to transfer data and the typically low memory available on these systems.
However, this custom solver is well positioned to be scaled up on large computing
clusters. The solver can be directly set up and run on high-performance computing
systems without the need for alterations to the model. This allows straightforward
scaling to very large problems, or accelerating solutions in order to solve large
numbers of models in a short period, for example for testing a wide range of
stimulation parameters for individual optimisation.

This provides a tool suitable for widespread use for the investigation of the
effects of neuromodulation. Without the requirements for licenses or technical
barriers to setting up problems and with the ability to run on both low-resource
and high-performance environments with minimal changes, this custom solver is
well positioned to be applied on a widespread basis to problems in neuromodulation,

and potentially to the individualised optimisation of therapies in a clinical context.

5.4.3 Conclusion

We demonstrate the ability to solve for the electric field produced by stimulation
on arbitrary models using the finite element method. The solver developed for
this purpose represents a simple to use tool that can solve the physical problems
encountered in neuromodulation. This allows for the complex interactions between
electrodes, stimulation parameters and detailed individual anatomy to be taken into
account and the effects of stimulation evaluated for any arbitrary set of stimulation
parameters or electrode positions.

This represents a valuable step towards the development of model-based neu-
romodulation therapies. By evaluating the electric field produced by stimulation,
we can assess how changes in the electrodes or stimulation parameters affect the
electric field produced. This allows us to investigate the effects of neuromodulation
and to individually optimise neuromodulation therapies to individual patients by
predicting the effects of stimulation computationally.

In the context of a broader system for model-driven stimulation, this provides

a function fq_,yy which computes the electric potential produced by solving the
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system of partial differential equations describing electrical neuromodulation of
a patient-specific domain €2, which also includes information on the position and
geometry of electrodes. By combination with a function for deriving patient-specific
models from a set of stimulation parameters, fy_,o, this gives us the ability to
compute the electric field produced in an individual for a given set of stimulation
parameters, i.e. this given us the function fy_,y .

In order to move towards truly targeted neuromodulation based on computational
models, we need to be able to evaluate the effects of the produced electric field
on the nervous system in order to predict its physiological effects. To achieve
this, we need to develop a method that links our electric potential produced by
stimulation, V| to the membrane potential of our target neural structures, V,,, i.e.
a function fy_,y, . By then defining these biophysical measures as an objective
function, we can link our produced electric fields, calculated using the presented
numerical solver, to a target physiological effect and move towards patient-specific

optimisation of neuromodulation.
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6.1 Introduction

The application of electrical stimulation produces an electric field within the tissue.
This electric field then has an effect on the neural structures within the tissue. It
is this change in activity of the neural tissue, such as the production of an action
potential or blocking or normal activity, that mediates the desired clinical effect.
Equally, it is changes in the activity of off-target structures that mediates side
effects, such as pain due to activation of cutaneous afferents in surface stimulation or
motor effects due to activation of internal capsule fibres in deep brain stimulation.

Knowledge of the electric field produced by stimulation is therefore useful, as
this influences neural activity, but it is not sufficient to predict the physiological
effects of neuromodulation. We need to be able to predict not only the electric
field that is produced by stimulation, but also how this electric field will influence
the underlying neural elements. This then allows us to potentially predict the
physiological effects of electrical stimulation.

The approximation of the electric field produced by neuromodulation has received
significant attention. Computationally simple measures are used in some areas, such
as assuming a quadratic rate of decay of potential around an implanted electrode |77,
88|, but the use of finite element models has produced the most reliable results |18, |49,
50]. This allows us to compute the potential in the tissue with complex arrangements
of electrodes and anatomy. This approach has been applied to predict the electric
fields produced by a range of stimulation modalities, including transcutaneous direct
current stimulation [113] 114], deep brain stimulation [50], and spinal stimulation
[49]. However, while idealised geometries are common, this method also extends to
models that capture detailed individual anatomy. It has been shown that capturing
this detail allows more accurate simulations of the effects of stimulation [49, |50]. We
have demonstrated in chapter [4] that it is possible to automatically derive models
that capture detailed patient-specific anatomy and in chapter 5[ that these models
can be used to accurately approximate the electric field produced by arbitrary

neuromodulation interventions on detailed individual anatomy.
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However, the ability to predict the physiological effects of stimulation has received
comparatively little attention. In order to evaluate this, it is necessary to derive some
measure that captures neural activity from the computed electric field. Multiple
simplified metrics are used to try to link the predicted electric field to a physiological
effect. These include the L2 norm of the electric field |51} 77, 88], which is simple
to compute but has a limited physiological link to the activity of neural tissue, and
variations of the volume of tissue activated |78], which provides a useful but limited
metric depending on how it is computed. The activating function [89, 90| represents
the classic simplified metric linking extracellular potentials to neural activity. We
have demonstrated in chapter [3| that this can be generalised to a field, providing a
method of deriving a simple metric that predicts the neural response to electrical
stimulation from a field computed using the finite element method. This overcomes
the issue of orientation-dependent responses to stimulation that is not taken into
account by usual simplified metrics, increasing the accuracy of these approaches.

However, the most reliable method of determining the neural response to
stimulation requires the use of a detailed biophysical model of neural activity
[11, |14} 18] |19} |49, 50]. This involves coupling the system of partial differential
equations describing the electric potential produced by stimulation with a system of
ordinary differential equations describing the response of the neural transmembrane
potential to the application of an extracellular potential.

The classic method for modelling neural dynamics is given by the Hodgkin-
Huxley model [74], where the ionic current across the cell membrane, I;pn, is
given by the sum of the currents through each of the ion channel species in the

cell membrane and an ongoing 'leak" current:
]ionic = gL(Vm - EL) + gkn4(vm - Ek) + gNam?)h(V - ENa)

where g, g and gy, are the conductances for the leak current, potassium
channels and sodium channels respectively; E;, E, and Ey, are the equilibrium

potentials for each current and n, m and h are time-dependent gating variables on
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the active ion channels, which give the membrane its active dynamics by allowing
the conductances of ions to vary over time.

Each current is therefore determined by the difference between the current
membrane potential and that current’s equilibrium potential and the time-varying
conductance for that current. The total transmembrane current is then simply
given by the sum of these currents.

The complex time-dependent dynamics of the membrane in response to changes
in membrane potential, allowing phenomena such as action potential generation and
refractory periods, are determined by the dynamics of these gating variables which
alter the conductance of the membrane to ionic species. These gating variables are
themselves a function of the transmembrane potential, leading to the voltage-gated

conductances that allow for action potential generation:

T = V)1 =) = GV}
o = (V) (1= 1) = B (Vi
dh

S = V) (1= ) = (Vi)

where o and [ are rate constants for each ion channel type, and are deter-
mined empirically.

This provides a detailed model of the active dynamics of the neural membrane.
In order to model the activity of a cell in an external electric field, the neuron
can be modelled as a multicompartment cable [71-73], where the current in each
compartment of the cell is determined by a passive capacitive current across the
cell membrane, a voltage-dependent active ionic current governed by Hodgkin-
Huxley dynamics and a passive axial current between neighbouring compartments
within the cell:

d(‘/;,n - ‘/e,n)

Crm
dt

+ Iionic,n + Ga(v;,n - V;,n—l) + Ga(‘/;,n - ‘/i,n—l—l) =0

where (), is the membrane capacitance, V;, is the intracellular potential in

compartment n, V., is the extracellular potential in compartment n (noting that
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the transmembrane potential V,,, = V; — V, for any given compartment) and G, is
the axial conductance, i.e. the intracellular conductance along the length of the cell.

This models the electrical behaviour of a neural cell as being composed of an
active time-varying ionic current, which allows the generation of action potentials
through voltage-gated dynamics, an axial current which allows propagation of activ-
ity along the length of a cell as a change in membrane potential in one compartment
will drive a change in neighbouring compartments, leading to transmission of action
potentials, and a passive current across the cell membrane.

In order to model the effect of extracellular stimulation on neural tissue, we
can couple our calculated electric field to a model of the neural tissue by setting
the V. parameter of this capacitive current, i.e. the potential just external to the
cell membrane, using our calculated potential. We can then solve this system of
ordinary differential equations in order to compute the biophysical response of
the cell to this extracellular potential.

Many variations of neuron models exist that can be used to model the effects of
stimulation on neural tissue [75, |77-79]. One of the most commonly used in the
MeclIntyre-Richardson-Grill model of myelinated axons [76]. This models the activity
of myelinated axons by limiting the presence of an active ionic current to the nodes
of Ranvier, as occurs physiologically. Further, this models the myelinated segments
using a double-cable model by introducing an additional "external cable" outside
the standard cable model made up of a passive current determined by the myelin
resistance and capacitance and an axial current along the periaxonal space, between
the myelin and the cell membrane. An additional current is then added at the
myelin attachment zone at the borders of the nodes of Ranvier allowing this current
to escape passively following action potential generation. This model has been
shown to accurately capture the behaviour of myelinated axons [76], and has been
validated in the context of extracellular stimulation with a distant electrode [77-79).

The use of coupled finite element and biophysical models is relatively well

established for investigating the effects of neuromodulation 11} [18, 49| |50]. However,
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these approaches typically rely on idealised geometries [45] [50] and laboriously hand-
drawn trajectories |14} [I8]. The response of neurons to stimulation is heavily
dependent on the physical position of the cell within the electric field and on its
orientation [115] |116]; the neural response to stimulation is therefore determined by
a complex interaction between individual anatomy and the electric field produced
by stimulation. It has been demonstrated that accounting for this detailed anatomy
improves the performance of modelling approaches |49, 50]. The ability to accurately
map axons into realistic anatomy is therefore important for the generation of

individualised models of the effect of stimulation.

Multiple methods have been developed to represent the complexity of anatomical
trajectories in finite element models. Idealised models for mechanistic investigation
allow direct specification of the anatomy of interest by defining this manually
[14, 18, 45]. This approach ensures the features of interest are represented. This
effectively allows for maximum accuracy in controlling and representing anatomic
features. However, this approach is labour intensive and is not scalable to patient-
specific, image-based models.

Automated positioning of axon trajectories in idealised models has shown promise
[117,|118]. This aims to use known principles of the anatomy of the structures
of interest to define anatomically consistent trajectories. Axon models can then
be mapped onto these trajectories. In this way, anatomically realistic models
can be generated without the need for detailed manual specification. However,
this approach is defined in relation to specific structures within specific idealised
models. While adaptable, it is not straightforwardly applicable to other anatomical
regions or to new models.

Simplification of individual anatomy to fit simplified trajectories has been used
in other domains with some success [50]. This is a promising approach, however
the loss of anatomical realism results in potentially less accurate results. In the
context of spinal cord stimulation, mapping axons into patient-specific domains has

been demonstrated [49]. This allows the use of known principles of the underlying
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anatomy to be used to create trajectories within the domains of interest. As with
idealised geometries, this is not easily applicable to other areas.

We aimed to build on these techniques to attempt to develop a method for
mapping axons trajectories into complex geometries which is potentially useful in
multiple regions. While initially applicable to the spinal cord and dorsal roots,
we aimed for this technique to be generalisable to other applications, including
peripheral nerves, by limiting the principle-based assumptions used. It is unlikely
to be possible to generate a truly generalisable method as model adaptations to
local anatomical features will always be required, however we wished to define
a method that would provide a useful initial model in patient-specific anatomy
for many potential anatomical regions.

We therefore developed a technique for the automated determination of axon
trajectories that follow anatomic structures in realistic, complex models. We show
that axon models can be coupled onto these trajectories and the effects of stimulation
on these target structures can be modelled. This provides a means for carrying
out simulations of the effects of neuromodulation while accounting for detailed
anatomy and physiology. This approach is largely automated, potentially making
it suitable for more widespread use in a clinical context by removing the time
required to define axonal trajectories.

Having determined the biophysical effects of stimulation, we still need a target for
evaluating the intended effect of stimulation. We can capture the clinical goal of our
neuromodulation intervention using a measure based on these biophysical parameters.
For example, we may aim to find the lowest amplitude current that we need to apply
in order to activate some target structure, or to find the electrode position that
maximises activation in our target structure. By deriving an objective function using
biophysical measures, we can capture the intended physiological effect of stimulation.
We can then apply techniques from numerical optimisation in order to determine
the parameters we need to use in order to maximise our measure of activation.

This approach allows the physiological effects of stimulation to be predicted
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and for stimulation parameters to be optimised to achieve our target response.
This opens the possibility for truly individually optimised neuromodulation using
detailed computational models.

In the context of developing an integrated system for targeted neuromodulation,
this allows us take an extracellular potential V', computed using the finite element
method using a patient-specific model, and calculate the membrane potential V,,
in target neural structures - that is, it gives us a function fy_,y that relates the
potential produced by stimulation to the membrane potential in our target structure.
We can then create a function fy, _, 4 that relates our measured membrane potential
to some objective function A that captures our clinical intent, such as maximising
activation in our target structure.

Using our previously constructed functions to compute the extracellular potential
produced in an individual with a given set of stimulation parameters, fy_./, we can
construct a function fy_, 4 which relates our choice of stimulation parameters to our
chosen objective function. We can then apply optimisation techniques in order to

calculate the optimal stimulation parameters for achieving our clinical aim [91].

6.2 Methods

6.2.1 Electric field computation

Finite element models of detailed anatomy with simulated electrode positions were
derived using the methods outlined in chapter 4. A model of the thoracolumbar
spine was derived. A dorsoventral electrode montage was simulated with a 5cm x
5cm cathode positioned in the midline over the T10/T11 intervertebral space and a
Scm x Sem anode positioned at the same level in the midline anteriorly.

The steady-state electric field produced by stimulation was computed by solving
the Laplace equation with variable coefficients using the methods detailed in
chapter[5] Dirichlet boundary conditions were used on the electrode-tissue interfaces

to simulate the application of stimulation:
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V.-oVV =0 in €,
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where V' is the electric potential produced by stimulation, ¢ is the tissue
conductivity, I'y and I'p are the surfaces of the active and return electrode
respectively, ) is the domain modeled, and 0f) is the external skin boundary.
V. is the electric potential applied at the active electrode; this is computed such

that i y %—Z = Japplied, S0 that current J,pplied is delivered via the active electrode.

For the present model, a current of 100mA was simulated. The field produced
by other amplitudes was then derived by simple scaling. Since the Laplace equation
is a linear partial differential equation, it follows that a scaled input current a.J
produces a scaled potential aV. We can therefore determine the field produced
by other amplitudes by scaling the results such that f(Jnew) = View =V - %,

where J,¢,, is the new current to be investigated and V.., is the potential produced

by stimulation at that amplitude, all other factors held constant.

6.2.2 Biophysical axon models

The effects of the computed electric field was evaluated by coupling the results of the
finite element simulation to a biophysical axon model. A detailed multicompartment
cable model was implemented in NEURON [92]. The extracellular potential was
applied to each segment of the multicompartment model by setting the value of
the extracellular potential term in the cable equation using the results of the finite
element model. This biophysical model was then solved numerically in order to
evaluate the effect of stimulation on the membrane potential.

The McIntyre-Richardson-Grill model of a myelinated axon was used [76]. This
model is made up of four repeating segment types, representing the nodes of
Ranvier (NODE), the paranodal myelin attachment zones (MYSA), the paranodal
fluted segment (FLUT) and the internodal segments (STIN). Each segment has

distinct biophysical behaviours, with active ion channel dynamics limited to the
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nodes of Ranvier and explicit representation of the myelin sheath using a double-
cable structure in other segments. 11.5um axons were modelled with biophysical

parameters shown in table [6.1]

Table 6.1: Biophysical parameters for myelinated axon model

Model parameter Symbol Value
Nodal capacitance C, 2 nF/cm?
Internodal capacitance C; 2 uF/em?
Myelin capacitance Cn 0.1 uF/cm?
Axoplasmic resistivity Pa 70 Qem
Periaxonal resistivity Pp 70 Qem
Myelin conductance Im 0.001 S/em?
MYSA conductance Ja 0.001 S/em?
FLUT conductance qf 0.0001 S/cm?
STIN conductance i 0.0001 S/cm?
Fast Na™ conductance INaf 3.05/ cm?
Slow K+t conductance JKs 0.08 S/cm?
Persistent Na® conductance  gngp 0.01 S/cm?
Nodal leakage conductance gL 0.007 S/cm?
Nat equilibrium potential Eng 50.0 mV
K™ equilibrium potential Ex —90.0 mV
Leakage reversal potential £y —90.0 mV
Rest potential VRest —80.0 mV

This model was implemented in Python [111]. Axon models were implemented
to facilitate mapping onto arbitrary trajectories; the number and arrangement of
segments was automatically adjusted in order to fit onto complex trajectories while
maintaining the correct model geometry. This provides a detailed physiological

model of the effects of stimulation while representing complex anatomy.

6.2.3 Identifying trajectories

Axon trajectories were automatically determined using image-based models. For our
present model, trajectories for axons were derived in the spinal canal representing

the spinal cord and in the intervertebral foraminae representing the spinal nerve
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roots bilaterally. This allows the physiological effects of stimulation on spinal cord
axons and on nerve roots within the foraminae to be investigated in detailed
anatomical models.

The target structures, i.e. the spinal cord and the intervertebral foraminae,
were marked on the original clinical imaging during the segmentation process. The
segmented volumes representing the targets were then transformed into point-cloud
representations, i.e. an N x 3 matrix made up of the z, y and 2z coordinates of
N points within the target structure.

We then apply an eigendecomposition to the point cloud representation of the
target structure. The target points are then projected onto each of the ranked
eigenvectors, providing a change of basis to a new orthogonal coordinate system
where the first basis vector lines up with the primary eigenvector of the target
point cloud. This corresponds to the direction of maximal variation of the anatomic
structure of interest, providing us with a new coordinate system oriented along
the primary axis of the target structure.

In the new coordinate system, we take a seed point as a starting position for
our trajectory. We position this at the lowest value of the primary eigenvector, i.e.
at the lowest point along the structure’s primary axis. In the case of the spinal
cord, this corresponds to the most inferior aspect of the cord.

In this plane, we determine the position within the target structure by finding
the minimum and maximum values along the orthogonal basis vectors; this gives
us, in the case of the spinal cord, the coordinates of the most anterior, posterior
and lateral points of the cord at the current plane. We randomly select a point
between these extremes; this gives us a randomly selected point within the spinal
cord on a plane taken through its most inferior aspect.

The trajectory is then continued by moving progressively along the primary
eigenvector (i.e. along the spinal cord from inferior to superior, or along the
intervertebral foramen from outside to inside). At each position along this primary
axis, we find a point along the orthogonal bases that is the same proportional

distance between the anteroposterior and lateral extremes as the original seed point.
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In this way, we derive a set of points defining a trajectory that passes along the
primary axis of the target structure and follows its natural curvatures, remaining
in a consistent internal position throughout.

This set of points is finally transformed back into the original coordinate system
by reversing the change of basis, producing a set of points defining a trajectory along
our target structure in the original image coordinates. This can then be used to map
biophysical axon models into the model space. This provides an automated means
of deriving anatomically realistic axon trajectories from complex anatomical models,
allowing detailed biophysical models to be automatically coupled to detailed finite
element models. This can then be repeated multiple times to provide a distribution

of axons of differing sizes and biophysical properties within the target structures.

6.2.4 Mapping axons to trajectories

Having defined a trajectory, we then need to map axon models onto the targets.
This requires determination of the length of the required model, calculating the
required number of model compartments and establishing the physical coordinates
of each segment along the target trajectory.

The length of the trajectory is determined by simply calculating the cumulative
L2 norm of the full trajectory. This provides a measure of the geodesic distance
along the trajectory:

N
d(p) = 22 VPR + DR

where p is a set of points defining the trajectory and d is cumulative distance along
the trajectory, or total trajectory length. This defines the total length, in the model
coordinate system, of the required axon model. Each model segment has a fixed
length (e.g. the nodes of Ranvier are a fixed size and a fixed distance apart, regardless
of axon length). We can therefore calculate the number of segments required to
create a model of the required a length. A model with the required number of

compartments with the appropriate arrangements can then be constructed.
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This gives us an axon model with a total length equal to our target trajectory
and a set of points along that trajectory. We can then calculate the actual physical
coordinates of each segment of the model. This "maps" the axon model into
the finite element model, providing every segment with a physical position that
corresponds to its actual anatomic location.

Using our set of points p and measures of distance along the trajectory d, we
can define a linear interpolation function f;_,, that maps any given distance to
the corresponding point along the trajectory. Given that we know the physical
length of each axon model segment, we can calculate the distance of each segment
along the trajectory, du.on. We can then apply our interpolation function to these
distance measures, i.e. fip(dazon) = Pazon- This produces a set of z, y and z
coordinates for each segment of the axon model such that every segment has a
physical position along the target trajectory, mapping our detailed physiological
model into a complex anatomical geometry.

Lastly, we can use our function V'(z,y, z) to determine the extracellular potential
produced by stimulation at each compartment of the axon model. This allows us
to couple the finite element and biophysical models by placing the axon model
within the model anatomy and computing the potential experienced by the axon at
every point along its length. We can then use this value to drive the extracellular
potential term in our system of biophysical equations and calculate the physiological
response to stimulation.

We used this approach to simulate populations of axons in the dorsal columns
of the spinal cord and in the dorsal roots. 100 seed points were selected at random
within the dorsal column segmented volume. Trajectories were then determined
within the dorsal columns from these seed points. Axon models were mapped
onto each trajectory, producting 100 simulated dorsal column axons distributed
throughout the dorsal columns volume, each following anatomically realistic courses.
The superior extent of the dorsal column axons was at the superior limit of the

domain; the inferior extent was at the inferior limit of the domain. Mean length
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of simulated dorsal column axons was 324mm +/- 2mm. Axon diameters were
randomly distributed between 5.7um and 11.5um [49, 119, 120].

Dorsal root axons were created using a similar approach. 100 trajectories were
generated within the target volume. Each trajectory started just lateral to the
spinal cord in the dorsal root entry zone. They extended laterally through the
spinal canal in realistic trajectories, passing through the intervertebral foramen and
beyond. The mean length of dorsal root trajectories was 58mm + /- 6mm. Axon
models were mapped onto each of the 100 trajectories. Axon diameters were again

randomly distributed between 5.7um and 11.5um [49, 119, 120].

6.2.5 Computation of activation

Having mapped the axon model into the finite element model, we can measure its
response. The extracellular potential at each compartment of the axon model is
used to set the amplitude of a rectangular stimulation waveform. The extracellular
potential term of the cable equation at each segment is then driven using this
rectangular waveform, simulating the effects of applying stimulation of some duration
to an axon at the target position using the simulated electrode arrangement. The
model is then solved using a backwords Euler implicit integration scheme with
an integration time step of 0.001 ms.

In this way, the membrane potential at each point in the axon is recorded
as stimulation is applied. The generation of action potentials in response to
stimulation was then determined by evaluating the membrane potential over time

following stimulation.

6.2.6 Biophysical objective functions

In order to link our intended effect to the biophysical measure derived from
simulation, we defined a set of objective functions that represented our desired

outcomes. This defines a set of functions fy, 4, where A is our objective function.
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We define a simple function to determine whether our target structure has
been activated by stimulation or not:

{1, if max(V,,) > 0in > 70% of axons
Aactivated = . .
0, if max(V},) > 0in < 70% of axons

i.e. we consider our target structure to have been "activated" by stimulation if
> 70% of the population of 100 axons produce an action potential due to stimulation,
defined by the membrane potential becoming positive at any point following the
application of stimulation. 70% was selected as the threshold for considering the
target activated as this represents significant activation of the target structure to a
level that is not easily explained by noise, without requiring total activation of all
axons, which could be limited by issues with individual axon trajectories.

By combining our function for getting the potential produced by stimulation,
fo—v, our function for coupling this to biophysics, fy_,,, and this biophysical
objective function, we can derive a function fy_,4 that tells us, for any given set
of stimulation parameters, whether our target structure was or was not activated
in that individual.

We can then use this function to perform numerical optimisation. In order to
achieve our clinical goal of determining the lowest amplitude required to produce
activation of our target, Jinresnoid, We apply a binary search algorithm to determine
the lowest value of J that produces a positive value of Agciivated-

We first set J,0 and Jyp,, the maximum and minimum allowable amplitudes, to
OmA and 150mA respectively, and we set a desired precision, p, of ImA, i.e. we want

to determine the threshold between OmA and 150mA to an accuracy of within 1mA.

Jmaz = 150
p=1

At each iteration, we set the applied current, #;, to the midpoint between

the minimum and maximum amplitudes.

Jmam + Jmin

0; = 5
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We can then compute the response fyp,4(0;) = A. If A =1, we set J0. = 0,

or if A = 0 we set J;,m = 0;:

if Aactivated =1: Jmax = 9]
if Aactivated =0: Jm'm = QJ

The maximum and minimum acceptable amplitudes are therefore iteratively
altered according to the individual response to stimulation based on whether
a response was produced. This process was repeated until the minimum and
maximum agreed to within the specified precision, at which point the activation

threshold was detected.
it (Jmaa: - Jmm) <p: Jthreshold - QJ

This gives us the threshold current, the minimum current required to produce
activation of our target neural structure, at a given pulse width. We can then repeat
this process for a range of pulse widths in order to produce a strength-duration curve.
This allows us to characterise the stimulation parameters required to activate our
neural target using a standard physiological measure and to visualise the variation
in threshold current as the stimulation pulse width is varied.

This provides us with a method to calculate the threshold current for activating
our target where #;, the applied current, is the only free parameter. This can

then be extended to optimise other parameters.

6.3 Results
6.3.1 Derivation of axon trajectories

Complex axon trajectories can be derived directly from clinical imaging. Target
anatomy can be specified directly on the original imaging, and from this realistic
trajectories can be determined within the anatomic structures. This allows for
targeting of specific structures even in detailed anatomy.

Figure[6.1]A shows an axial slice of a CT scan with stimulation targets highlighted.

In this case, we are targeting the spinal cord and the intervertebral foraminae,
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where the spinal nerve roots exit, bilaterally. A sagittal slice at the level of the
intervertebral foraminae is shown in figure [6.1IB, demonstrating the placement of
targets in the intervertebral foraminae at three spinal levels. Complex combinations
of targets are possible in order to assess the relative activation of each structure, for
example to determine the selectivity of stimulation in order to avoid off-target effects.

Once the target anatomy has been defined, these segments can be represented
as a set of points in 3D space. Figure[6.1]C shows a 3D model of the spinal cord and
the bilateral intervertebral foraminae at one spinal level along with a dorsoventral
electrode montage in order to visualise the anatomic relationship between our target

structures and the stimulating electrodes.
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Figure 6.1: Targets for axon trajectories. A Axial slice of a CT scan with the spinal cord
and bilateral intervertebral foraminae, containing traversing spinal nerve roots, highlighted
as stimulation targets. B Sagittal slice of a CT scan showing the intervertebral foraminae at
three spinal levels highlighted. Complex combinations of targets can be used to investigate
selectivity and off-target effects. C 3D model of spinal cord and intervertebral foraminae
targets shown in relation to the dorsoventral stimulating electrodes. Trajectories can be

generated which pass through these structures and beyond. Complex target anatomy can
be visualised in 3D space to clarify relationships between structures.

Target structures can be explicitly represented as a set of points defining the
target volume. Figure shows the spinal cord and bilateral intervertebral
foraminae at three spinal levels plotted as point clouds.

Using this point cloud representation of target structures, we can identify
anatomically realistic axon trajectories by performing an eigendecomposition of the
point cloud, then sequentially stepping along the primary eigenvector and selecting
points which maintain a fixed proportional distance from the extrema along the

orthogonal axes from a seed point. An example trajectory along the spinal cord,
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superimposed in red, is shown in figure [6.2B. This automatically derived trajectory
accurately follows the anatomic course of the target structure.

This method performs equally well for complex structures with orientations
that would make manual drawing of trajectories challenging, such as intervertebral
foraminae. Figure shows an intervertebral foramen point cloud with an
automatically derived trajectory superimposed in red. This accurately represents
the course of spinal nerve roots in the foramen, derived automatically from the
segmented clinical imaging. Many trajectories can then be automatically generated
which follow defined structures and beyond; here, passing from adjacent to the
spinal cord to beyond the intervertebral foramen laterally.
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Figure 6.2: Target anatomy as point clouds. A Point cloud representation of the
spinal cord and bilateral intervertebral foraminae, containing traversing nerve roots, at
three spinal levels. Target structures can be represented as point clouds. B Point cloud
representation of the spinal cord with an example axon trajectory superimposed in red.
Point cloud representations of targets allow automatic derivation of anatomically realistic
axon trajectories by performing eigendecompositions of the point clouds. C Point cloud
representations of the spinal cord and a single intervertebral foramen with an example
axon trajectory superimposed in red. The eigendecomposition method allows anatomically
realistic trajectories to be determines even in complex anatomic regions.

Axon trajectories can then be transformed back into the original imaging space.
This allows us to visualise the trajectories in the context of detailed anatomy and to
represent them in a coordinate system that allows them to be easily coupled to the
results of the finite element model. Figure |6.3] shows multiple example trajectories
within the spinal cord, visualised in the axial, sagittal and coronal planes. Using
this approach, arbitrary numbers of anatomically realistic axon trajectories can
be automatically derived from clinical imaging.

This allows targeting of complex anatomical structures while removing the

need for simplifications, idealised geometries or time-consuming processing for
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Figure 6.3: Trajectories on imaging. Axial, sagittal and coronal slices showing multiple
axon trajectories within the spinal cord on imaging, determined by eigendecomposition of
the point cloud representation of the segmented spinal cord. This allows straightforward
derivation of realistic trajectories for coupling detailed physiological models of axon
function to models of detailed anatomy.

individually, manually adding trajectories. This opens the possibility for automatic
coupling of complex anatomical and physiological models for investigating the

effects of neuromodulation.

6.3.2 Coupling of models

By mapping each point of a biophysically realistic axon model onto a point along
one of these trajectories, we can map the axon models into the complex anatomical
model. This allows us to couple a detailed model of axonal physiology to a detailed
anatomical model of our target structures. We can then link the results of the
finite element model to the biophysical model, and therefore can compute the
physiological response to electrical stimulation. We can therefore combine detailed
models of anatomy and physiology to assess the response to electrical stimulation.

Figure shows the membrane potential recorded at 20 consecutive nodes of
Ranvier of a 59cm length, 11.5um axon positioned along a trajectory within the
spinal cord, extending from the superior to inferior extents of the image volume.
Electrical stimulation is applied at ¢ = 0. An action potential is initiated at
node 10, and can be seen to propagate both orthodromically and antidromically
along adjacent nodes of Ranvier.

These models can be used to analyse the response of target structures to

stimulation. Figure shows a raster plot of the responses of 100 axons placed
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Figure 6.4: Response to stimulation. A Membrane potential in 20 consecutive nodes of
Ranvier in a 59c¢m, 11.5um spinal cord axon. Electrical stimulation is applied at t = 0. An
action potential is initiated at node 10 and propagates bidirectionally along the adjacent
nodes. B Raster plot of the response to stimulation in 100 spinal cord axons. The upper
plot shows a black dot when an action potential is initiated in the corresponding axon.
The lower plot shows the timing of stimulation. There are bursts of activity within the
spinal cord following the application of non-invasive stimulation.

within the spinal cord in response to non-invasive stimulation. The lower plot
shows the timing of stimulation pulses, while the upper plot shows a raster plot
of the response to stimulation, where a black dot indicates an action potential at
that time generated in the corresponding axon on the y axis. There are bursts
of activity throughout the spinal cord following each burst of stimulation. By
coupling finite element and biophysical models, we can get detailed insights into
the response to electrical stimulation in individuals.

Using this approach, we can derive highly detailed, biophysically realistic
measures of the effect of electrical stimulation in detailed models by coupling
these axon models to finite element models of detailed anatomy. However, care must
be taken to ensure these are interpreted appropriately. Automatically generated
trajectories and models may fail to take into account biophysically important
features of the local microanatomy and axon branching structure. These isolated
axons may need adaptation to the specific biophysical problem at hand in order

to ensure reliable results are produced.
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6.3.3 Strength-duration curves

By applying numerical optimisation methods to the coupled finite element and
biophysical models, we can compute the minimum current required to produce
activation in our target structure for a given electrode position using a binary search
approach. This allows us to calculate the stimulation threshold for our neural target.

Figure shows the results of this binary search algorithm as it converges on
the threshold current. After eight iterations, the numerical method has determined
that the minimum current required to produce activation is 45.1mA. It is possible
to quickly produce individualised thresholds for activating specific target structures

using coupled computational models.
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Figure 6.5: Determination of strength-duration curves using binary search. A
Convergence of the binary search algorithm on a threshold value. The model is run
repeatedly with different stimulation amplitudes and the response measured - in this case,
activation of >70% of 100 axons distributed throughout the dorsal root volume with
diameters of 5.7um - 11.5um. At each iteration, the algorithm converges towards the true
threshold until this is found within a given tolerance. B Strength-duration curves for
dorsal column and nerve root axons measured using a binary search method. The process
of identifying the threshold for activation is repeated for each pulse width in order to
characterise the strength-duration relationship. Modelling and optimisation techniques
can be used to derive physiologically meaningful quantities in individualised models.

This approach can be extended to characterise the responsiveness of target
structures to stimulation. By computing the minimum current required for activation
for a range of pulse widths, we can generate a strength-duration curve for the target
structure. This represents a physiological characteristic of the target structure
and allows us to investigate the stimulation parameters required to produce

our desired effect.
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Figure shows computed strength-duration curves for producing activation
in populations of axons in the spinal cord and in the nerve roots within the
intervertebral foraminae. Notably, the amplitude required to produce activation
within the nerve roots is consistently much lower than that to produce activation in
the spinal cord. This suggests that the effects produced by non-invasive stimulation
are mediated by activation of spinal nerve roots rather than by direct activation
of cord structures. However, care must be taken when interpreting these results
as the model has not been optimised to account for local microanatomy and axon
branching structures. This may result in artefactual activation at low amplitudes
due to edge etfects in unconnected axon terminals within the stimulated area.

Automatic coupling of finite element and biophysical models allows us to
interrogate the effects of electrical stimulation in a detailed model of individual
anatomy and physiology. This allows us to investigate individual-specific stimulation
thresholds and to examine the nature of the neural elements mediating the effects

of stimulation.

6.4 Discussion
6.4.1 Linking anatomy and physiology

These results demonstrate that it is possible to use automatically coupled finite
element and biophysical models to examine in detail the effects of varying stimulation
parameters on the resulting physiological effect. This further demonstrates the ability
to rapidly compute individually optimised stimulation parameters by simulating
the effects of stimulation with a variety of parameters, allowing us to produce
individually optimised stimulation for targeting specific neural structures using
standard clinical imaging.

The electric field produced by stimulation is influenced by individual differences
in anatomy. The differences in the resulting electric field due to these interindividual
anatomical variations have a significant impact on the effects of stimulation, making
the stimulation parameters needed to produce a response in any individual difficult

to predict. Accounting for these individual differences in anatomy in models of
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electrical stimulation improves the performance of these models [49, 50]. The use
of detailed individual anatomy in computational models is therefore important to
produce individually optimised treatment predictions.

However, even with highly detailed models of the electric field produced by stim-
ulation in an individual, the physiological response to stimulation is unpredictable.
Simplified metrics that link electric field parameters to neural responses exist, but
are limited [77), [88]. The most reliable models are validated multi-compartment
cable models of axons. These models accurately represent neural physiology and
have been validated in the context of predicting the response to external electrical
stimulation |11}, |18, {19} 49, [50].

Coupling of finite element models of the electric field and biophysical models
of the neural response to stimulation are the gold standard for combining detailed
models of anatomy and physiology for predicting the response to stimulation.
The application of this approach has so far been limited by the need for either
simplified, idealised anatomy [45, |47|, 48], limiting widespread applications or use
for individualised predictions, or complex, laborious workflows involving manual
positioning of axon trajectories [18| 50|, limiting practical applications.

Our results demonstrate a method for automatically combining highly detailed
models of individual anatomy and physiology. The techniques we have developed
provide a means for creating realistic computational models of individuals directly
from clinical imaging in a way that is automated, accurate and scalable. This makes
this approach uniquely suitable for application in a clinical context to inform decision-
making in neuromodulation and for the investigation of novel neuromodulation
techniques. However, care must be taken that relevant microstructural features
and branching patterns are taken into account when applying these models in

order to ensure results are reliable.

6.4.2 Automated axon mapping

We demonstrate that biophysical axon models can be mapped automatically onto

realistic trajectories within target anatomical structures on clinical imaging. This
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allows detailed physiological models to be "placed" in 3D space within complex
anatomy, facilitating the modelling of complex responses to stimulation. This
automated coupling step is a key advance in the use of individualised computational
models for predicting the effects of intervention.

Existing techniques for achieving this mapping of axonal trajectories into complex
anatomy are limited in their scope for widespread use or application in a clinical
context. Manual definition of axon positions has the advantage of being highly user-
controlled, providing a great degree of flexibility and accuracy regarding placement
of known axon trajectories. This makes this approach valuable for the investigation
of neuromodulation mechanisms, where a single highly accurate model can provide
useful insights. However, the difficulty and time investment required to produce
accurate axon trajectories makes this approach unsuitable for simulating large
populations within a region or for individually optimising stimulation.

Other automated methods for determining trajectories are potentially valuable
to bridge this gap and make automated model coupling possible. Tractographic
methods [121] can be used to define axon locations. This can then be combined with
the coupling techniques we describe to automatically link models. However, this
approach is limited by the need for specialised imaging modalities rarely used outside
the brain, as well as the documented limitations of current tractography methods.

The method we describe here is based on the eigendecomposition of segmented
clinical imaging and derivation of trajectories in the new eigenbasis, followed by
transformation back to the original image space. Axon models are then mapped into
the anatomical space by projecting each point of the axon model onto this trajectory.

This method of determining axon trajectories has the advantage of not requiring
any specialist imaging, allowing it to be applied to any region and imaging modality.
This makes application to new areas and integration into existing clinical pathways
straightforward. Further, it is relatively computationally simple and fully automated,
removing potential barriers to its application.

This approach is, however, potentially limited in its application to complex axon

trajectories. As it relies on determining a trajectory along the target anatomical
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region’s primary eigenvector, a target which includes significant turns, i.e. greater
than 90 degrees, can result in unrealistic trajectories. This is not an issue for axons
within the spinal cord or most peripheral nerves, however in some cases it may
limit application of this method. This issue can be overcome by dividing complex
trajectories into multiple shorter trajectories around each signficant deviation and
then coupling these, though this then adds to the complexity of applying this
approach. Such complex trajectories, such as long association fibres within the
brain, may be better approached by tractography, with subsequent mapping of

axons onto the resulting trajectory using the techniques we describe here.

Additionally, the limitation of this approach to modelling gross anatomical
features needs to be considered. Modelling isolated axons using anatomical regions
is useful for many applications, and is potentially generalisable to domains outside
of the spinal cord such as peripheral nerve stimulation. However, local anatomical
features can have an important impact on the effects of stimulation.

By generating trajectories based on defined regions, potentially important
nuances can be lost. For example, the angle of entry of dorsal roots into the
spinal cord [122], which influences the response to stimulation [49] is not directly
represented in this way. Similarly, the intradural course of these fibres is not
represented as well as with automated methods based on specific principles for
this fibre type [117].

These issues need to be taken into account when interpreting the results of
these models. Further, the use of isolated trajectories needs to be considered. In
the absence of branching within the dorsal columns, the results of stimulation
may be inaccurate [49, 118]. Apparent activation may be due to artefactual
activation at axon terminals. While useful, adaptation of the specifics of the
model to the biophysical problem being assessed needs to be considered in order

to ensure results are accurate.
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6.4.3 Modelling the effects of stimulation

By modelling the interaction between electric fields produced by stimulation and
detailed anatomy and the effects of this on biophysically realistic axons, we can
accurately predict the response to stimulation. This approach has been applied
to the development of novel neuromodulation systems and the investigation of the
mechanisms of action of existing systems [9, (11} |14}, |18, 19, 52].

We have shown that we can automatically create detailed individualised models
for performing this kind of evaluation. This significantly reduces the techni-
cal barriers to carrying out this kind of evaluation by allowing simulation on
highly detailed anatomy directly from clinical imaging with automatic coupling
to detailed physiological models. This potentially allows the evaluation of novel
neuromodulation approaches on detailed models of arbitrary anatomical regions.
The applications of spinal and peripheral neuromodulation are constantly increasing,
and this approach offers an attractive means of rigorously evaluating the effects

of these stimulation approaches and of developing new approaches.

6.4.4 Individually optimised neuromodulation

The ability to assess the effects of stimulation in detailed models can be further
extended to determine the effects of electrical neuromodulation in specific individuals.
We show that is it possible to determine the physiological effects of stimulation to
inform individually optimised stimulation parameters in order to achieve activation
of specific target structures in a given individual.

The clinical goal of stimulation can be expressed as a biophysical objective
function. This represents a quantity that we aim to maximise, such as the activation
of axons within a specific region. More complex quantities can also be constructed,
for example by including cost functions in order to maximise activation of a target
while minimising activation of other, off-target structures.

We can then apply simple optimisation methods in order to allow derivation

of physiologically and clinically meaningful measures from these individualised
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computational models. We show that it is straightforward to measure a strength-
duration curve for a target neural structure in an individual. This provides a
useful physiological characterisation of the responsiveness to stimulation of a target
structure in that individual, allowing us to calibrate our stimulation parameters.

This approach also allows us to investigate the level of selectivity and the
"therapeutic window" of stimulation parameters for an individual. We show that
it is possible to selectively activate the nerve roots traversing the intervertebral
foramen; this approach further allows us to determine the electrode positions and
stimulation parameters required to activate this target while avoiding activation
of other nerve roots or the spinal cord.

This represents an approach to individualised, "precision" neuromodulation that
is based on a known physical system with explicit representations of anatomy and
physiology, where clinical intent is captured in a physiologically meaningful objective
function. This provides a truly personalised model for individualised optimisation.
This is in contrast to other approaches which have gained popularity in "precision’
medicine, such as deep learning techniques based on interpolation within a high-
dimensional latent space learned from large population data. The method we present
here avoids the need for function approximations linking stimulation parameters
and clinical outcomes and the potential biases this introduces. We do this by
explicitly modelling the link between parameter selection and clinical outcome as a
mathematical system based on physics and patient anatomy, which we then solve
using well-established techniques from numerical optimisation.

This represents a clinically feasible approach to individualised optimisation of
neuromodulation therapies. We demonstrate a method for determining optimal
stimulation parameters which requires only routine clinical imaging and which is
explicitly individualised and interpretable, with no need to defer to "black box"
functions derived from population data. This approach is automated, removing
the need for time-consuming clinical workflows and opening the possibility for
large-scale applications in a clinical context. The application of these methods

requires some computational resources, however the requirements are well within
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the limits of what is currently used in clinical practice for clinical tractography
and deep brain stimulation planning. This therefore represents a potentially viable

approach for clinically relevant optimisation of neuromodulation treatments.

6.4.5 Conclusion

We demonstrate the ability to automatically couple finite element models of the
electric field produced by stimulation to biophysically realistic axon models. The
methods we have developed do not require any specialised imaging, are automated
and are generalisable to any anatomical region. This approach allows for the
simulation of the effects of stimulation in individuals with arbitrary electrode
locations and stimulation parameters, while accounting for detailed individual
anatomy and physiology. Care must be taken to ensure any necessary anatomical
or biophysical features are accurately represented before interpreting resulting in
order to avoid inaccuracies due to edge etfects or loss of microstructural features.

This represents an important advance in the development of individually
optimised neuromodulation. By combining models of the electric field produced by
stimulation with models of the physiological effect of that stimulation, we can assess
how changes in our selected parameters affect neural physiology. By then expressing
our clinical goals in terms of a desired physiological effect, we can optimise our chosen
stimulation parameters in order to find the set of parameters that allows us to achieve
this goal. This allows us to investigate the physiological effects of neuromodulation
in great detail, and opens the possibility for individually optimised neuromodulation
therapies by numerically optimising for a desired physiological effect using detailed
computational models derived directly from standard clinical imaging.

In the context of a broader system for model-driven stimulation, this allows us
to derive a function fi .y, , which links the electric field produced by stimulation to
the membrane potential of a target neural structure by solving a multi-compartment
cable model with Hodgkin-Huxley dynamics. This allows us to assess the phys-

iological effect of stimulation.
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We can then extend this by defining a function fy, _, 4, which links the membrane
potential of our neural target to some measure of activation A, capturing our clinical
intent in terms of biophysics. By using a function fy_,y/, which computes the electric
field V' produced in an individual for a given set of stimulation parameters ¢, we can
derive a composite function fy_, 4, which links our selection of stimulation parameters
to our measure of activation. By utilising techniques from numerical optimisation,
we can then determine the optimal values of # in order to maximise A, i.e. the
stimulation parameters which best achieve our clinical goal in the given individual.

This represents a major step towards model-driven neuromodulation. By
combining the steps from deriving an individualised finite element model, to solving
for the electric field produced, to coupling with biophysics and optimisation with
physiologically meaningful measures, we can derive a fully personalised model of
the effects of neuromodulation on a given individual. By combining the steps
from deriving an individualised finite element model, to solving for the electric
field produced, to coupling with biophysics and optimisation with physiologically
meaningful measures, we can derive a fully personalised model of the effects of
neuromodulation on a given individual. The integration of these techniques into a
single system for individualised modelling of neuromodulation using highly detailed
models is described in appendix [B]

This approach allows us to automatically optimise stimulation parameters to
achieve our clinical goals in an individual using a highly detailed individualised
model. We show that this allows us to rigorously evaluate the effects of electrical

stimulation on neural tissue and to optimise therapies for individual patients.
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7.1 Introduction

Stimulation of the spinal cord using implanted epidural electrodes has recently shown

significant promise in augmenting rehabilitation to restore naturalistic locomotion

135
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after spinal cord injury [7-10]. This technique has the potential to offer new
opportunities for functional restoration following significant neurological injuries.
However, the invasive nature of this approach, requiring surgical implantation of
epidural electrodes, has limited more widespread application of this technique.
While implantation of epidural stimulation electrodes is well established in the
treatment of chronic pain [96] and is typically well tolerated, this remains a surgical
procedure which carries risk [97, |98]. This risk may be further raised in patients
following spinal cord injuries, who may have distorted anatomy.

Further, it appears that benefits gained during stimulation-assisted rehabilitation
are maintained even when stimulation is turned off |9} [10]. This means that it is
not necessary to have persistently present electrodes with chronic stimulation at all
times; rather, stimulation only needs to be applied during the period of rehabilitation
to augment recovery. This negates many of the benefits of a chronic implanted
system, which can be left in situ for chronic stimulation following the initial
insertion. Alternatives have therefore been investigated to augment rehabilitation
while reducing the risks of invasive electrode insertion.

Transcutaneous spinal cord stimulation has been investigated for augmenting
rehabilitation to aid functional recovery after spinal cord injury [35], 38-41}, 43, 99].
However, questions remain regarding the validity of this approach. While many
studies show a positive response, these are uniformly small, poorly controlled studies
with variable outcome parameters and little rationale for the electrode montages and
stimulation parameters used. There has been little mechanistic investigation into
the feasibility of transcutaneous spinal cord stimulation or principled exploration
of the best means of delivering this therapy.

Despite these limitations, clinical trials are currently ongoing examining the
application of transcutaneous spinal cord stimulation to functional recovery after
spinal cord injury [123]. These aim to investigate, in a more rigorous way, the
effects of stimulation on rehabilitation outcomes. This is an important step towards
better evaluation of these potential therapies. However, the selection of electrode

montages and stimulation parameters is still not based on any specific understanding
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of the underlying mechanisms or therapeutic goals. A more rigorous approach
to the evaluation of transcutaneous spinal cord stimulation has the potential to
inform pilot clinical studies in order to maximise the potential benefit from this
promising neuromodulation modality.

Using the techniques developed in the preceding chapters, we can model the
effects of transcutaneous spinal cord stimulation using detailed models of anatomy
and physiology. We can apply these methods to determine if existing methods
of transcutaneous stimulation are likely to produce an effect on the spinal cord,
whether any other neural structres are affected and what electrode positions and
stimulation parameters are best suited to optimising target activation. This provides
a means of using our knowledge of electrical neuromodulation and its effects to
investigate transcutaneous spinal cord stimulation and to use these results to inform
the application of this technique to functional restoration.

Using this approach, we show that transcutaneous stimulation is unlikely to
produce direct activation of the spinal cord. Rather, we show that any effect of
transcutaneous stimulation is likely to be mediated by activation of segmental
nerve roots. Further, we show that the optimal parameters for targeting nerve
roots are different to those applied in trials to date. We show that the application
of optimised electrode positions for targeting segmental nerve roots provides a
therapeutic window of selectivity, allowing activation of neural structures at specific
spinal levels and lateralities. This allows spatially specific patterns of stimulation,

with potential benefits for applications to functional restoration.

7.2 Methods
7.2.1 Electrode montages

A detailed model of the thoracolumbar spine was created using the methods outlined
in chapter 4, A bem x 5em cathode was simulated in the midline over the T10/T11
intervertebral space with a corresponding 5cm x 5cm anode at the same level

in the midline anteriorly (figure [7.1]
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The electric field produced by stimulation was computed by solving the system
of equations describing the behaviour of electric fields in tissue using the methods
outlined in chapter [5] Boundary conditions were applied to the electrode-tissue

interfaces to simulate electrical stimulation through the applied electrodes:

V-oVV =0 in €,
oV
o

V=V, on ['4,

0 on 012,

V=0 onI'p
where V' is the electric potential produced by stimulation, ¢ is the tissue
conductivity, I'y and I'p are the surfaces of the active and return electrode
respectively, €2 is the domain modeled, and 0f) is the external skin boundary.
V. is the electric potential applied at the active electrode; this is computed such

that [p y %—Z = Japplied, S0 that current J,pplied is delivered via the active electrode.

The electrical properties of the tissue within the detailed anatomical model

are shown in table [94].

Table 7.1: Physical properties of tissue types for constant current stimulation

Tissue type Conductivity (S/m)
Bone 2E~2

Soft tissue 2.02E1
Lung 3.89 2

Skin 2E 4

CSF 2

Spinal cord (transverse) 8.30E
Spinal cord (longitudinal) 0.6

This allowed us to model the effects of electrical stimulation in a highly detailed

anatomical model.

7.2.2 Biophysical models

This model of electrical stimulation was coupled to a detailed biophysical model

using the methods outlined in chapter [0
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The Mclntyre-Richardson-Grill model of myelinated axons was used [76]. De-
tailed multicompartment models were solved in NEURON using the biophysical
parameters outlined in table .

To evaluate the effects of transcutaneous spinal cord stimulation, target struc-
tures were placed in the spinal cord and in the nerve roots at three levels bilaterally
as shown in figure This allowed for the physiological effects of stimulation to be
assessed in detail, and for the selectivity of stimulation on spatially separated neural
elements to be investigated. Figure[7.IJA shows the spinal cord and foraminal targets
in axial section, while figure[7.IB shows these targets in a paramedian sagittal section
demonstrating targeting of nerve roots at three consecutive levels. Figure

shows the arrangement of electrodes used for stimulating the target structures.

A B cC.

Figure 7.1: Targets for axon trajectories. A Axial slice of a CT scan with the spinal cord
and bilateral intervertebral foraminae, containing traversing spinal nerve roots, highlighted
as stimulation targets. B Sagittal slice of a CT scan showing the intervertebral foraminae
at three spinal levels highlighted. Complex combinations of targets can be used to
investigate selectivity and off-target effects. C 3D model of midline stimulating electrodes
at the T10/T11 level demonstrating the arrangement used for initial testing.

As outlined in chapter 6] anatomically appropriate axon trajectories were
automatically determined within each target structure and biophysical axon models
were adapted and automatically mapped onto each trajectory.

100 trajectories were generated within each target volume. Axon models were
then mapped onto each trajectory. This produced 100 axons within the dorsal
columns and within each of the modelled nerve roots. Axon diameters were

randomly distributed between 5.7um and 11.5pm.
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The dorsal column axons extended from the superior limit of the modelled domain
to the inferior limit of the domain. The average axon length was 323mm + /- 2mm.

Dorsal root axons extended medially from the dorsal root entry zone, adjacent
to the spinal cord, to beyond the lateral extent of the intervertebral foramen. The
average axon length for dorsal roots was 57mm +/- Smm.

In order to account for important structural features for determining root
activation which are not automatically incorporated into volume-based trajectories,
the root models were adjusted. From its termination at the dorsal root entry zone,
the dorsal root trajectory was extended medially and superiorly to intersect with the
spinal cord volume. A new dorsal column axon, with trajectories and characteristics
identical to those above, was generated for each dorsal column axon. The root
axon was then extended from its entry into the spinal cord to join its corresponding
dorsal column axon. The biophysical axon model were then connected at this point.

A schematic of the dorsal root axon model is shown in figurd7.2]

This allowed explicit representation of the anatomy of the root entry zone and of
the branching patterns of the dorsal roots within the spinal cord. These branch fibres
in the dorsal columns were not evaluated as part of the assessment of dorsal column
activation; they were generated to represent root branching structures and avoid

artefactual activation and terminal nodes in axons ending in the root entry zone.

These were then coupled to the electric field model and the membrane potential

response assessed by solving the corresponding system of equations.

7.2.3 Measuring activation

We define our target structures as activated by stimulation if more than 70% of
axons within the target produce an action potential following stimulation. This
can be expressed mathematically:

4 )1, if max(V;,) > 0 in > 70% of axons
activated 0, if max(V},) > 0 in < 70% of axons

Using the methods outlined in chapter [6] we can then apply a binary search

algorithm to identify the lowest applied current that produces activation within our
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Figure 7.2: Schematic of dorsal root axon model. A trajectory is automatically
determined based on the anatomical volume which passes from the root entry zone
through the spinal canal and intervertebral foramen following an anatomical course. It
passes out of the intervertebral foramen and terminates in the thorax. The termination
in the root entry zone is extended superiorly and medially to intersect the spinal cord.
Within the spinal cord, the dorsal root axon joins a rostrocaudal dorsal column axon and
branches here.
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target structures. This allows us to identify the threshold current for activation in
these anatomically and physiologically detailed models. Threshold were identified
between OmA and 150mA to an accuracy of within 1mA.

The process of threshold identification was repeated over a range of pulse widths
in order to characterise a strength-duration curve for each target structure. This
allowed the physiological effects of stimulation parameters on our target structures

to be investigated in a clinically meaningful way.
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7.2.4 Parameter sweeps

Stimulation parameters were systematically altered in order to examine the ef-
fect of alterations in electrode position and stimulation settings on the response
to stimulation.

Strength-duration curves were characterised for all targets with electrodes in the
midline position. This allowed the relative effects of stimulation using a standard
electrode montage on our target structures to be investigated. We could then
characterise the structures activated by stimulation, the relative spatial selectivity of
transcutaneous stimulation, and the therapeutic windows of stimulation parameters
for achieving targeted activation of specific structures.

We then varied the position of electrodes in the model in order to assess the
effects of alterations in electrode position on the response to stimulation and the
level of selectivity that can be achieved.

From the starting position over the T10 spinous process shown in figure [7.1(C, the
active electrode position was varied in the rostrocaudal and mediolateral directions.
The return electrode remained fixed in position in the midline anteriorly opposite
the starting position.

The stimulating electrode was positioned from 6cm above to 6cm below this
starting point at the T10 spinous process in lcm steps. The position was varied
laterally from 8cm to the left to 8cm to the right of the starting position in lem

steps. This produced a total of 221 electrode positions within the evaluated area.

This is shown in figure

In order to determine the optimal electrode position for a given individual to
activate our target structure, we want to find the electrode position that causes
activation with the lowest applied current. To do this, we set our measure of activa-
tion A = —Jinreshold, i-€. our measure of "activation' is high where the threshold is
low. Using the methods described previously, we can then define a function fy_ 4
which returns this activation measure for any given electrode position 6.

We then optimise for the electrode position with the highest activation:
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Figure 7.3: Range of electrode positions. The electrode was centred over the T10
spinous process. Its position laterally was varied up to 8cm in either direction in lcm
steps. Its rostrocaudal position was varied up to 6cm in either direction in lcm steps.
The results of stimulation at every position in this grid was evaluated.

Qoptimal = argmax f9—>A (0)
0co’

where 6 is the set of electrode and stimulation parameters, where only the
electrode position is allowed to vary, @ is the set of all clinically allowable electrode
positions and A is our measure of activation as defined above. By solving this
numerically, this allows us to determine the electrode position for this individual
that produces activation of our target structure at the lowest required current. In
this way, we can carry out individually optimised targeting of specific structures
automatically, allowing us to solve clinically meaningful problems.

We used this approach, in line with the methods described in chapter [6] to
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identify whether selective stimulation could be achieved through activation of one
target without activating others. The size of these regions of selective activation
were characterised.

This variation in electrode position was used to identify the optimal electrode
positions for activation of specific target structures, i.e. the electrode positions where
the current required to produce activation for a given target was lowest. Strength-
duration curves were then characterised for each target at these optimal positions.
This provided a detailed assessment of the level of selectivity of stimulation that
it is possible to achieve with transcutaneous stimulation and the extent of the

therapeutic window for stimulation.

7.3 Results

7.3.1 Spinal cord activation

Stimulation with a midline electrode montage at T10/T11 can produce activation
of axons within the spinal cord. However, less current is required to activate the
exiting nerve roots at this level. The strength-duration curves for the spinal cord

and for the local nerve roots are shown in figure [7.4]
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Figure 7.4: Strength-duration curves for axons in the spinal cord and the left T10 nerve
root with a midline T10 cathode, calculated using a binary search method. The nerve
roots are activated at lower stimulation amplitudes, suggesting that they are the first
structures to be activated by transcutaneous stimulation.
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For all pulse widths, the amplitude required to produce activation of the spinal
cord remains higher than the amplitude required to produce activation of the nerve
roots. This suggests that the first structures activated by transcutaneous stimulation
with a midline montage are the nerve roots, rather than the spinal cord itself.

As the position of the cathode is varied, the current required to produce activation
changes. By using the threshold current as an optimisation target, we can allow
the electrode position to be varied in order to compute the electrode position that
requires the lowest stimulation amplitude to produce activation in the spinal cord
and in the nerve roots. This allows us to determine the individually optimised
electrode positions to activate target structures in a given individual, taking into
account their detailed anatomy.

The cathode position was varied while the anode position was held constant.
Figure [7.5A shows 3D models of the vertebral column with variations in the cathode
position, while the ventral anode is held fixed in the midline at the T10/T11
intervertebral space. Figure[7.5B shows a contour map of the potential and a vector
field of the electric field produced by stimulation superimposed on an axial slice
through the lower border of T10 for each of the electrode arrangements shown in
figure [T.5A. As the cathode position is varied over the dorsal surface, the response
to stimulation varies. The electric field produced by stimulation in that position
is computed and used to calculate the threshold required to activate the spinal
cord and the nerve roots with a cathode in that position.

By calculating the electric field produced by stimulation in each electrode
position and coupling this to a biophysical model to compute the threshold current
for activating the spinal cord and the nerve roots, we can express the activation
threshold for each target structure as a function of electrode position. Figure
shows a contour map of the minimum current required to produce activation of
the spinal cord and the left-sided T10 nerve roots for cathode positions around
the T10 vertebral level.

The left side of figure shows the variation in the threshold for producing

activation in the spinal cord as the cathode position is altered. The current required
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Figure 7.5: Variations in electrode position. A 3D models of the vertebral column
with variations in electrode position. The ventral anode is held fixed at the level of the
T10/T11 intervertebral space. The dorsal cathode’s position is allowed to vary freely
over the skin surface. B The potential (contours; V) and electric field (vectors) produced
by stimulation for each of the electrode arrangements above. The electric field varies
significantly as a function of electrode position. Electrode position must therefore be
optimised in order to maximally activate target structures.

to activate the dorsal columns is roughly symmetrical across the midline, as there
is no strong lateralisation of the effect of stimulation. The slight assymmetries
are likely a result of assymmetries in the anatomy used to generate the model
and due to rotation of the patient and gantry angle during acquisition, resulting
in the model not being perfectly symmetrical.

There is a gradient in the current required to produce activation in the ros-
trocaudal axis, likely accounted for by the natural thoracic kyphosis resulting in
variation in the amount of subcutaneous tissue and the thickness of the CSF layer
between the cathode and the target structures at different rostrocaudal levels.

Notably, in all cathode positions the nerve roots are activated at a lower
amplitude than the spinal cord. There is no electrode arrangement that causes

primary activation of the spinal cord before activation of the nerve roots.
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Figure 7.6: Activation threshold as a function of electrode position. The current required
to produce activation of the spinal cord is roughly symmetrical across the midline and
has a rostrocaudal gradient likely accounted for by the natural thoracic kyphosis. The
activation threshold for the left-sided T10 nerve roots shows a region of low threshold 4cm
left of the midline at the T10 level, with a rapid increase in threshold in the mediolateral
and rostrocadual directions, suggesting the possibility of achieving unilateral activation of
nerve roots at a single segmental level.

7.3.2 Activation of foraminal structures

The nerve roots within the intervertebral foraminae are activated by transcutaneous
stimulation. Even with midline stimulation, figure [7.4] shows that activation occurs
at lower currents than spinal cord axons.

The right side of figure [7.6] shows the variation in the threshold for activation
of the left T10 nerve root as an example of the variation in current required for
activation as the cathode position is changed. In contrast to the spinal cord,
activation of the nerve roots shows strong selectivity in both mediolateral and
rostrocaudal axes. There is a clear focus of low threshold four centimetres off
the midline at the target vertebral level, with a rapid increase in threshold as we
move away from this position. Similarly, there is a rapid increase in threshold as
the cathode is moved away from the target level in the rostrocaudal axis. This
suggests that, with properly selected stimulation parameters, it may be possible to
produce selective activation of nerve roots unilaterally at a single segmental level,

potentially overcoming some of the issues with the selectivity of non-invasive
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stimulation methods.

Even with midline stimulation, the current required to activate nerve roots
at other spinal levels is much higher than for roots at the level of the electrode.
Strength-duration curves for the target nerve root and the nerve root at the levels

above and below are shown in figure [7.7]
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Figure 7.7: Strength-duration curves for axons in the left T8, T9 and T10 nerve roots
with a midline T10 cathode, calculated using a binary search method. The T10 nerve
root is activated at a lower amplitude that the nerve roots at the levels above and below,
suggesting the possible for selective activation of segmental nerve roots.

This demonstrates a clear window of selectivity in activation of a single segmental
nerve root in the rostrocaudal axis. This suggests that some selectivity in the
stimulation of nerve roots may be possible. However, with midline stimulation,
the nerve roots are activated bilaterally with similar amplitudes of stimulation,
limiting selectivity in the mediolateral axis.

To further characterise the level of selectivity possible and to identify the
regions that allow selective stimulation, we examined the spatial distribution of
the difference between the threshold for target activation and the threshold for
activation of off-target structures. Figure shows the region where selective
activation is possible and the difference between the current needed to activate an
example target nerve root, the left T10 root in this case, and the lowest off-target
threshold at each electrode position.

This shows that an area of selective nerve root activation exists. All areas with a

positive value indicate that it is possible to produce selective activation of the target
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Figure 7.8: Selectivity of nerve root activation. The colour map on the left highlights
the area where the left T10 nerve root can be selectively activated without activating the
contralateral nerve root or the roots at other levels. This shows a clear area where selective
stimulation is possible. The colour map on the right indicates the difference between
the threshold for activation of the left T10 nerve root, the target, and the threshold for
activation of any off-target structures at each point. Positive values indicate a therapeutic
window within which selective activation of a unilateral segmental nerve root can be
achieved at that location using transcutaneous stimulation.

root with a cathode in this position, with no off-target activation. The value shows
the size of the therapeutic window within which there is no off-target activation.
Conversely, negative values show regions where off-target structures are activated
before the target. This demonstrates that with careful electrode positioning with
cathodes 4cm off the midline at the level of the target intervertebral foramen, it is

possible to achieve selective activation of specific segmental nerve roots.

7.3.3 Optimisation of electrode montage

To improve our ability to target stimulation, we used the variation in the position
of the cathode to identify the optimal electrode arrangement to achieve activation
of each target structure. The optimal cathode positions to activate the spinal cord
and the left T10 nerve root are shown in figure [T.9A.

The optimal electrode arrangement for activating the spinal cord is a midline
arrangement. There is little advantage to more lateral arrangements for targeting the
spinal cord. There is some rostrocaudal difference in threshold, but this needs to be
traded off against the targeting of specific spinal levels. However, as shown previously,
the spinal cord cannot be selectively activated regardless of electrode arrangement.

In contrast, the nerve roots are best targeted with an off-midline cathode. A

region roughly 4cm from the midline at the level of the intervertebral foramen,
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Figure 7.9: Optimised electrode positions for specific target structures. A 3D models
of the vertebral column with optimised electrode position. The electrode arrangement
on the left shows the midline montage optimised for activation of the spinal cord. The
arrangement on the right shows the off-midline cathode position that is optimal for
activation of a specific segmental nerve root. B Strength-duration curves for activation
of target structures for optimised electrode positions. Even with optimised positioning,
nerve roots are activated at lower thresholds than the spinal cord. In a position optimised
for nerve root activation, there is a window of selectivity in both the rostrocaudal and
mediolateral axes, allowing activation of segmental nerve roots unilaterally.

with roughly 2c¢m around this centrepoint, allows for selective activation of the
target nerve root with minimal off-target effects. This allows for selective targeting
in the lateral and rostrocaudal planes.

The strength-duration curves at the optimal electrode locations were charac-
terised as shown in figure [7.9B. The behaviour of the spinal cord montage remains
unchanged from the initial midline arrangement shown in figure [7.4]

Figure [7.9B also shows the strength-duration curves for the target nerve root
and off-target structures with the cathode in the optimal position. This shows
that there is a clear therapeutic window of stimulation parameters for producing

activation of the target without off-target effects. This allows us to identify an
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electrode montage for specific activation of targeted nerve roots to facilitate spatially

specific transcutaneous stimulation of neural elements.

7.4 Discussion
7.4.1 Efficacy and mechanism

Transcutaneous stimulation has drawn wide interest for its potential applications
to rehabilitation following the success of epidural stimulation [7-H10]. The effects
of transcutaneous stimulation were assumed to be due to activation of spinal cord
structures [43]. The technique has therefore been referred to as "transcutaneous
spinal cord stimulation" or "noninvasive spinal cord stimulation", and electrode
arrangements have designed largely in the midline with the goal of targeting
the spinal cord in mind.

Our results suggest that, while activation of spinal cord structures is possible,
nerve root activation occures at much lower amplitudes. It is therefore likely that
the effects of transcutaneous stimulation are mediated by activation of the spinal
nerve roots rather than by activation of spinal cord axons. When stimulation is
applied at very high amplitudes, direct activation of the spinal cord is possible,
however in these cases the nerve roots will also be activated earlier in any case.

These results provide mechanistic evidence that transcutaneous stimulation
of neural elements produces physiological effects. However, these effects appear
to be mediated by a different mechanism than was previously thought. This has
important implications for the design of electrode montages for current and future
trials of transcutaneous stimulation, and may have implications for the level of

selectivity that it is possible to achieve with transcutaneous stimulation.

7.4.2 Targeting foraminal structures

Our results suggest that activation of segmental spinal nerve roots is the primary
mechanism of action of transcutaneous stimulation. These structures are consistently
activated at lower thresholds than the spinal cord regardless of electrode arrangement.

Any effects seen are therefore likely to be caused by this activation. Recent evidence
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from epidural stimulation for rehabilitation suggests that this is also mediated by
activation of nerve roots, with secondary activation of spinal reflexes |11, |18} |19).
This raises the possibility that transcutaneous stimulation may mediate its effects
by the same mechanism as epidural stimulation for functional restoration.

Targeting spinal nerve roots rather than the spinal cord may allow greater
selectivity in the regions activated. Activation of specific regions of the spinal cord
is extremely challenging using transcutaneous stimulation due to the small size of
the target structures relative to the electrodes, their close proximity to off-target
regions and the large volume of intervening tissue. Spinal nerve roots are, however,
spatially separated; this potentially lends itself to more targeted activation.

Our results demonstrate that with careful selection of electrode position, ac-
tivation of specific target segmental nerve roots is possible without off-target
effects. This is important as spatially patterned stimulation, with activation of
specific regions at specific phases of the gait cycle, is essential for applications
to rehabilitation [9, 11, 19, [117]. Achieving this kind of spatial selectivity with
spinal cord targets is challenging. However, our results suggest that targeting
specific nerve roots may allow for spatially patterened stimulation to be applied
transcutaneously. This makes the possibility of transcutaneous stimulation for
augmenting rehabilitation more viable.

Our results have important implications for the design of electrode montages.
We have shown that the standard midline arrangements that are commonly used
in investigations of transcutaneous spinal cord stimulation are not optimal. These
require a higher current to produce activation of nerve roots, which likely mediate
the effects of stimulation. Given this understanding of the likely mechanism,
we show that the use of off-midline cathodes may allow for stimulation to be
delivered at lower intensities while minimising off-target effects, increasing the
efficacy, tolerability and efficiency of stimulation.

These results need to be validated in experimental studies to verify the mech-
anism of stimulation. However, they suggest the likely need for novel electrode

configurations to achieve optimised transcutaneous stimulation, as well as the
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possibility of spatially patterned stimulation by taking advantage of the root-
mediated mechanism of action. Further, this opens the possibility of targeting
other structures within the intervertebral foramen, such as the dorsal root ganglion,

with many potential applications.

These results are based on detailed computational models of the effects of
electrical stimulation. Further refinement of these models may allow better
characterisation of the mechanisms underlying the effect of electrical stimulation
and may help to facilitate design of stimulation protocols for experimental studies.

However, the results of these studies are only as reliable as the underlying
models. The models used here were highly detailed in terms of anatomy and
physiology. However, explicit inclusion of more tissue types and addition of specific
microstructural features which were neglected here, such as the angle of entry of
the roots into the spinal cord [49, 122] may help to further improve the reliability

of the results generated from these models.

7.4.3 Conclusion

Our results suggest that transcutaneous stimulation of neural elements is feasible,
but that the mechanism of action of stimulation is likely due to activation of
segmental nerve roots rather than direct activation of the spinal cord. Adapting
our approach to transcutaneous stimulation based on this understanding and the
differences in electrode positioning and stimulation parameters it implies is important
to ensure that transcutaneous stimulation is applied effectively. Taking advantage
of the spatial distribution of nerve roots may further allow for spatially patterned
stimulation. All of these results support the viability of model-driven, spatially
targeted transcutaneous activation of nerve roots, with potential applications to

stimulation-facilitated rehabilitation for functional restoration in spinal cord injury.



Part V

Conclusion

15/



Conclusion

Contents
8.1 Model-driven spinal cord stimulation| ... ... .. .. 155
8.1.1 Transcutaneous nerve root stimulationl . . . . . ... .. 155
[8.1.2  Targeting stimulation| . . . . ... ... ... ... ... 156
R.1.3  TFunctional restorationl . . . . .. ... ... ... .. .. 158
8.2 Computational modelling of neuromodulation| . . . . . 159
[8.2.1  Physical basis of neuromodulation| . . . . ... ... .. 159
18.2.2  Modelling of electrical stimulation| . . ... ... .. .. 160
[8.2.3  Patient-specific therapy| . . . . ... ... ... ... .. 161
B3 Outlookl . .. ... ... .. 162
831 Timitations . . ... ... ... .. ... ... . ..... 162
[8.3.2  Further development|. . . . . ... ... ... ... ... 165
833 Conclusion| . . ... .. ... ... L. 166

8.1 Model-driven spinal cord stimulation
8.1.1 Transcutaneous nerve root stimulation

We demonstrate that it is possible to produce a nervous system response using non-
invasive stimulation methods. We show this using detailed computational models of
the electric fields produced by stimulation and the effect of these electric fields on
the nervous system. This provides rigorous computational and mechanistic evidence

to support the application of non-invasive stimulation of spinal structures in ongoing

155
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trials and pilot studies, such as for aiding functional restoration following spinal
cord injury [123]. Our results show that electric fields generated via non-invasive
stimulation can produce nervous system responses, providing further evidence of
the feasibility of non-invasive spinal stimulation techniques.

However, our results show that the response to stimulation is mediated by
activation of dorsal nerve roots. Direct activation of spinal cord structures requires
significantly higher stimulation amplitudes with all electrode arrangement and
stimulation parameters assessed. This suggests that any effects produced by
non-invasive stimulation are likely to be produced by stimulation of spinal nerve
roots, with indirect activation of spinal structures. This is in line with previous
computational studies on the effects of epidural spinal cord stimulation, suggesting
that non-invasive stimulation produces effects via the same mechanism as epidural
stimulation |14} |15 |18]. This is an interesting result, as it raises the possibility
that non-invasive stimulation may be able to achieve the same effects as epidural
stimulation by acting via the same structures. While implanted stimulation systems
retain significant advantages in many domains, the ability to achieve the effects
of epidural stimulation without the associated risks and the need for surgical
intervention is promising.

These results provide strong evidence for the possibility of achieving non-invasive
stimulation of spinal structure via activation of dorsal nerve roots. This provides
mechanistic support to the application of non-invasive stimulation in this context
and raises the possibility of further extending the applications of non-invasive

stimulation of dorsal nerve roots to other applications of spinal cord stimulation.

8.1.2 Targeting stimulation

We show that the ability to stimulate nerve roots transcutaneously offers the ability
to achieve highly selective stimulation. Targeting specific neural subpopulations
within the spinal cord using transcutaneous stimulation is challenging, and is unlikely
to be feasible using standard stimulation methods. Due to the higher currents

required to achieve activation from the skin surface relative to epidural electrodes,
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larger electrodes are required in order to reduce the current density at the electrode
surface and avoid damage to the skin. As a consequence, the electrodes used for
transcutaneous stimulation are significantly larger than the structures they are
targeting, making fine selectivity challenging. Further, there is a significant volume
of intervening tissue between the skin surface and the spinal cord, and the spinal
cord is mobile during movements. This produces significant restrictions on the
level of selectivity that it is possible to achieve in targeting specific segments of
the spinal cord. While this can be somewhat overcome using techniques such as
interferential stimulation [101], significant limitations remain.

We show that targeting the dorsal nerve roots using transcutaneous stimulation
is possible with high levels of selectivity in both rostrocaudal and mediolateral
axes. This then produces activation of spinal structures in a manner analogous
to the effects of epidural spinal cord stimulation [14] |15, 18]. The anatomical
separation of segmental nerve roots makes these a far more suitable target than
direct targeting of neural subpopulations within the spinal cord. By utilising this
root-mediated mechanism for targeting specific segmental levels and lateralities, it is
possible to achieve far greater selectivity using surface stimulation than previously
thought. These results are in line with previous work that suggested differential
effects of transcutaneous stimulation at different rostrocaudal levels [34-36], as
we here demonstrate that this differential effect is likely produced by activation
of different segmental levels via nerve root stimulation.

We further demonstrate the electrode montages and stimulation parameters
required to achieve targeted stimulation at specific segmental levels. Notably,
the montages required to achieve selectivity are a significant departure from the
electrode arrangements that have been used as standard in the field of non-invasive
spinal stimulation. Most existing and ongoing trials of non-invasive spinal cord
stimulation rely on the use of midline electrodes [43, [123]. We demonstrate that
achieving targeted stimulation required the use of off-midline electrode positions.
The design of new montages based on these principles is likely to provide better

selectivity of stimulation as well as lowering the amplitude required to produce a
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response, reducing cutaneous discomfort and improving tolerability of stimulation. A
stimulation approach based on these principles is therefore likely to offer significant

practical advantages over existing methods.

8.1.3 Functional restoration

The ability to achieve spatially targeted activation via stimulation of segmental
nerve roots is attractive from an application perspective. Recent developments
in the use of epidural stimulation for functional restoration have been based on
the development of spatiotemporally targeted stimulation methods [9, 11} [19]. By
using the principles we have developed to design stimulation systems that target
segmental nerve roots, analogous spatiotemporal selectivity may be achievable
using transcutaneous stimulation alone.

The application of spatiotemporally patterned non-invasive spinal cord stimula-
tion requires the use of model-derived electrode montages and stimulation parameters
for accurate targeting. By designing systems to use this approach, we open the
possibility of applying model-derived spatiotemporally patterned stimulation for
stimulation-facilitated rehabilitation. This would allow the application of this
emerging functional restoration technique without the need for surgery, reducing
the associated risk and greatly increasing accessibility. This would potentially
allow for model-derived non-invasive stimulation methods to be incorporated
into rehabilitation to make stimulation-facilitated rehabilitation available on a

much larger scale.

While this approach would potentially facilitate rehabilitation, the precise role
of spatiotemporally patterned stimulation remains to be determined. Restoration
of locomotor function has been based on the use of patterned stimulation to
facilitate activity during walking [9]. Other work has shown that simpler stimulation
during rehabilitation aids functional recovery, and some of those functional gains
are maintained without stimulation [8]. Whether spatiotemporally patterned
stimulation augments rehabilitation to a greater degree and the extent of dependence

on ongoing stimulation need to be determined.
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Implanted therapies have a clear benefit in the event of stimulator-dependent
activity, where functional restoration is dependent on the presence of patterned
stimulation. However, if stimulation continues to be shown to augment the effects
of rehabilitation with repair and maintenance of functional gains even without
stimulation, non-invasive approaches that can achieve this potentially bring great

value to the area of functional restoration after spinal cord injury.

8.2 Computational modelling of neuromodulation
8.2.1 Physical basis of neuromodulation

In order to allow the detailed investigation of neuromodulation techniques, we have
outlined a mathematical framework for describing the effects of electrical stimulation
on the nervous system and have outlined how clinical questions can be framed as
optimisation problems within this framework. This couples a system of partial
differential equations describing the behaviour of electric fields in tissue with a system
of ordinary differential equations describing the influence of external electric fields
on neural membrane potentials. This approach allows for rigorous mathematical
reasoning about difficult problems in neuromodulation. More interestingly, the
system of equations we describe can be solved numerically with signficant practical
implications. We demonstrate that by solving this system describing the effects of
neuromodulation, we can investigate the effects of stimulation on detailed models and
can optimise stimulation parameters to achieve targeted effects in specific individuals.
This provides significant mechanistic insight into the physical systems underlying
the effects of electrical stimulation and provides the practical ability to model the
effects of varying stimulation parameters in individuals to investigate the effects.

This approach to modelling the effects of neuromodulation differs to that
used in other modelling approaches in its rigorous physical realism. The electric
fields produced by stimulation are computed using a system of partial differential
equations derived directly from the physics of electromagnetics without introducing

simplifications or assumptions about the nature of stimulation. These equations
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are solved using the finite element method on highly detailed models of anatomy.
The effects of these fields on nervous tissue are then calculated using explicit
biophysical models of axons, again avoiding any simplifications or assumptions
about the nature of the response of neurons to electric fields. This provides
significant advantages in the accuracy and reliability of results obtained by avoiding
any inaccuracies introduced by simplifications in the mathematical system linking

stimulation to observed response.

8.2.2 Modelling of electrical stimulation

We present a set of methods for carrying out detailed patient-specific modelling
of the effects of electrical stimulation. By numerically solving the mathematical
system describing the effects of neuromodulation in an individual, we can accu-
rately determine the effects of stimulation with arbitrary electrode positions and
stimulation parameters in that individual. The value of detailed modelling has been
repeatedly demonstrated in the design of novel stimulation approaches |11}, 14, |18,
19] and guiding patient-specific treatment using existing therapies [49, 50].

The approach we have developed allows detailed models of individual anatomy to
be derived from standard clinical imaging. This allows the effects of stimulation on
individuals to be evaluated, and provides significant additional accuracy over simpli-
fied, generic geometric models. By deriving detailed models directly from imaging,
we remove the need for simplifications of anatomy or highly complex, time-consuming
analysis pipelines to create patient-specific models. This represents an approach
that maintains the accuracy required for individualised modelling while providing a
method that is potentially scalable for application in clinical environments.

Having computed the electric field produced by stimulation, we demonstrate
that this can automatically be coupled to biophysical axon models mapped into
anatomically realistic geometries. This allows for highly accurate assessment of the
effects of electrical stimulation on nervous tissue. The use of biophysical models
overcomes many of the issues associated with using simplified models linking electric

fields and stimulation effects. The automated coupling methods we have developed



8. Conclusion 161

allow for these highly detailed models to be used without the need for highly
simplified geometries or laborious manual positioning of axons. This opens the
possibility for highly detailed, individualised models of anatomy and physiology in
a manner that is easy to apply on a large scale without compromising accuracy.

These methods provide an integrated set of techniques for modelling the effects of
electrical stimulation on specific neural targets in detailed models of individualised
anatomy and physiology. This allows for the effects of arbitrary electrode positions
and stimulation parameters to be assessed in a given individual using only standard
clinical imaging, without the need for highly laborious analysis pipelines. This
approach has demonstrated significant value in our investigation of the effects of
non-invasive spinal cord stimulation, and also has potential to provide valuable

insights into a range of problems in clinical neuromodulation.

8.2.3 Patient-specific therapy

By modelling the response to stimulation in detailed individualised models, these
techniques have potential applications to patient-specific therapies. These ap-
proaches can be used for detailed targeting of noninvasive stimulation in individuals,
allowing for more rapid optimisation of therapies and selection of stimulation
parameters. The same approaches can also be applied to the development of
novel stimulation methods and for the investigation of the feasibility or mechanism
of potential therapies, as described in the case of noninvasive stimulation for
rehabilitation in spinal cord injury.

The models created using this approach are highly detailed and specific to
individuals. They are generated automatically, allowing clinically useful applica-
tions without extensive time investment in preparing individualised models. This
overcomes much of the existing issues with these modelling techniques.

The application of optimisation methods then allows for automatic determination
of individualised stimulation parameters. This potentially provides a useful means
of identifying a starting point for stimulation programming and electrode placement,

potentially reducing programming time and ensuring more accurate electrode
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placement. Approaches such as this become increasingly valuable as the complexity
of stimulation systems increase, with increasing numbers of controllable parameters
and options for stimulation.

This offers a rigorous computational approach to neuromodulation based on
highly realistic individualised models. This has significant potential applications
to electrical neuromodulation and potentially offers a useful toolset for studying

neuromodulation and developing targeted therapies.

8.3 Outlook
8.3.1 Limitations

These developments offer a valuable set of techniques for modelling the effects of
electrical neuromodulation. However, the conclusions drawn are only as reliable
as the underlying model. Applications to complex targets with poorly understood
biophysical properties can therefore be unreliable. Model accuracy is therefore
dependent on the accuracy of the characterisation of the properties of each of the
tissue types modelled. This includes physical properties such as the impedances of
tissue types at various frequencies and the properties of different axon fibre types,
such as distribution of ion channel types. These parameters are not always well
characterised in healthy tissue; it is also not entirely clear what parameters change
as a consequence of disease states. For example, chronic loss of input to spinal
circuits following spinal cord injury may result in changes in the expression of ion
channels and a resultant change in the response to electrical stimulation.

Overcoming these issues would require basic science research to characterise
the specific biophysical changes that occur in pathologies of the nervous system.
In the absence of this, we are forced to proceed with modelling using the best
information available, acknowledging that this may deviate from the true state of
the nervous system, particularly in pathological states.

Further, the quality of the model is limited by the quality of the imaging and
resulting segmentation to isolate structures of interest. Imaging artefacts need to

be identified and dealt with to avoid them influencing the results of simulations.
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However, even with high-quality imaging, whether the images represent the anatomy
of interest needs to be considered. For example, the position of the spinal cord - and
therefore the thickness of the CSF layer posterior to the cord - varies significantly
with positioning. Even a very high-quality image and segmentation runs the risk of
producing inaccurate results if we attempt to apply these results to other positions
without considering whether the position during scan acquisition has influenced
the anatomy of interest. It is important to take care in the application of results,
even with apparently high-quality anatomical models.

Related to this, application of this approach requires visualisation of target
structures. If it is visible on imaging, it can be segmented and included in an
anatomical model. However, this limits application to structures not easily visible
on imaging or structures with specific microanatomy of interest. Although it
is possible to work around this issue using heuristics such as the likely location
of structures based on known landmarks or normative models of microstructure
embedded within the detailed anatomy, this limits the accuracy of the results as
the model is no longer truly patient-specific. Better characterisation of anatomy
with dedicated imaging sequences and image fusion where necessary may help
to overcome some of these issues.

The segmentation of imaging to isolate structures of interest is a key step
in the development of patient-specific models. This process can be partially
automated using simple tools, while fully automated segmentation of clinical imaging
continues to develop. However, it is necessary to carefully examine and correct the
segmentations produced. This can be time consuming. This issue is likely to reduce
as tools for automated segmentation continue to improve, but currently quality
control of individualised models requires careful attention to ensure that erroneous

results are not produced due to errors in the physical model.

Even with accurate biophysical data, imaging and segmentation, the application
of modelling results can also be influenced by the structures modelled. Off-target
effects are a major limiting factor in electrical neuromodulation. If the appropriate

structures that mediate these effects - such as cutaneous afferent fibres - are not
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included in models, effects can be suggested by models which are ultimately not
applicable in an experimental setting as stimulation is limited by effects mediated by
structures not included in the original models. It is therefore important to consider
what structures are included and if relevant off-target structures are excluded to

acknowledge that these may limit actual application.

The accuracy of the representation of the biophysically important features of
the target structures is an important consideration. While automatically generated
trajectories in anatomical volumes is a valuable approach to rapidly model complex
targets while preserving anatomical accuracy, loss of microstructural features is
an important consideration. Model structures may need to be adapted based on
existing knowledge of the target structures to ensure results are reliable and to
avoid inaccuracies being introduced by automatically generated trajectories.

Similarly, the branching structures of axon models can affect the response to
stimulation. Isolated axons with unconnected terminals can behave unpredictably
when exposed to stimulation and can produce artefactual activation. Where the
anatomical connections of a target structure are known and where this branching
occurs within the region of interest, it is necessary to adapt the model to account
for this to avoid inaccurate results.

In this way, our explicit knowledge of the target region, drawn from basic science,
helps us to build reliable computational models. By leveraging this knowledge
to produce accurate models, we maximise our ability to generate useful insights
and to use these approaches to inform experimental studies to drive forward the

field of electrical neuromodulation.

The link between electrophysiological activity and physiological also needs to
be considered in the use of modelling approaches. While it may be possible to
generate action potentials in structures of interest, the link between this activity
and clinical benefit is not always clear. Further clarity is needed on the exact link

between neural activity and the desired physiological response, in health and in



8. Conclusion 165

pathology, is needed to be able to reliably predict treatment outcomes with electrical
neuromodulation. The assumption that generating action potentials are linked to a
desirable physiological effect is reasonable, but it is less clear how much activity is
required to produce a clinically meaningful benefit, and it factors such as volume

of action potentials or patterns of activation are important.

These results provide computational evidence to support the application of
noninvasive stimulation to augment rehabilitation after spinal cord injury. However,
it is necessary to validate these results in healthy volunteers and pilot clinical studies.
These results provide a valuable advance in our understanding of noninvasive
stimulation for rehabilitation and can guide the development of further studies, but
are not sufficient to recommend application of noninvasive neuromodulation in a
rehab context in isolation. Detailed validation studies are required in order to be

able to reliably apply any of the outcomes of these computational studies.

8.3.2 Further development

These results provide a valuable basis for further developments in targeted neuromod-
ulation.

We are working on initial trials of model-driven targeted noninvasive spinal cord
stimulation in healthy volunteers on the basis of these results. We have started
to recruit volunteers to validate the ability of noninvasive stimulation to produce
targeted activation, measured by paraesthesia generation in target dermatomes and
motor activation to indicate activation of specific segmental levels. In parallel, we are
also testing the potential for varying stimulation waveforms to ditferentially activate
daxon fibre types. This aims to widen the window of selective activation of motor
or sensory fibres, limiting off-target etfects. It also aims particularly to limit the
activation of cutaneous sensory afferents, which produce discomfort which can be a
significant limiting factor in healthy volunteers or patients with intact sensation
at the target spinal level. Preliminary results of this work has been promising,
highlighting the potential translational utility of detailed computational approaches

to helping to inform experimental work in electrical neuromodulation.
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These techniques can then be refined and developed towards pilot clinical studies,
with a view to translating these techniques into a viable intervention to augment
rehabilitation in spinal cord injured patients. These tools can also be applied to other
areas of neuromodulation, such as spinal cord and dorsal root ganglion stimulation
for pain, or to peripheral nerve stimulation for a wide range of applications.

The techniques demonstrated can be further developed to offer useful tools
for investigating clinical neuromodulation. Appendix [B| outlines the integration
of the techniques developed here into a standalone framework for individualised
modelling of neuromodulation, with potential applications to targeted therapies and
the development of novel interventions. These tools can continue to be improved
to provide greater insight into electrical neuromodulation techniques. Further,
appendix [C] shows the development of a system for generating complex stimulation
waveforms for clinical testing. This allows simulated stimulation parameters to
be straightforwardly applied and tested. In combination, these systems allow for
arbitrary electrode arrangements and stimulation parameters to be simulated and
investigated mechanistically and to be applied experimentally to validate results.

Further aspects of the techniques shown can be developed to widen the scope
of application. The application of optimisation techniques can be improved to
offer better individualisation of therapies. Integration with tractography based
on diffusion tensor imaging can allow biophysical axon models to be mapped into
anatomy based on specific fibre tracts, allowing targeting of specific fibre bundles.
These and other developments potentially allow the computational framework of
electrical neuromodulation to be expanded to impact a wide range of existing

and novel therapies.

8.3.3 Conclusion

We demonstrate that noninvasive spinal cord stimulation can achieve targeted
activation of neural structures at specific spinal levels and lateralities. We show that
this is achieved by targeting nerve roots in line with the suggested mechanism of

action of epidural stimulation for rehabilitation [9, |11, |14} 18], 19]. We characterise
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the electrode arrangements required to achieve this clinically. This provides compu-
tational and mechanistic support to the application of transcutaneous stimulation
for rehabilitation in pilot studies and for its application in other domains.

We also show that a detailed physical model of neuromodulation allows clinically
meaningful questions to be addressed. We outline a series of new techniques and
tools to carry out individualised simulations of electrical neuromodulation. This
represents a significant advance in the computational science of neuromodulation.
We present an integrated system for carrying out individualised simulation. This
opens the possibility for individualised, model-driven neuromodulation therapies
and the principled development of novel stimulation systems. This is something that
we intend to continue to develop going forwards, including incorportation of our
knowledge of the microanatomy of the nervous system and axonal branching patterns,

in order to develop a valuable resource for work in translational neuromodulation.
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A.1 Introduction

The electric field produced in the human body by neuromodulation therapies
can be described using a system of partial differential equations. As described
in chapter 2, we can use the physical laws of electromagnetics to describe the
effects of these therapies.

These mathematical systems are, however, not analytically solvable. We therefore
make use of a set of techniques to compute numerical solutions for specific cases.
In this way, we can use this physical description of the behaviour of electric fields

to predict the effect that it will have in any specific individual by computing the
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numerical solution for that individual, even though we cannot derive an analytical
expression that describes this effect exactly in all participants.

The finite element method is one of most successful methods for solving systems
of partial differential equations [55]. We describe our physical problem independent
of the domain to which it is applied. We can then compute a solution for any
arbitrary domain by splitting even highly complex domains up into a large number of
more elementary structures with a simpler shape - the "finite elements" - and solving
our system iteratively on these smaller elements. By subsequently recombining all
of the elements that constitute the domain of interest, we can get a solution
on the whole domain.

More concretely, the laws of electromagnetics are well-described and can be
written succinctly as systems of partial differential equations. However, it is
difficult to numerically calculate the effect of stimulation on an individual patient’s
anatomy as the area being considered is a complex structure with many tissue
types and intricate anatomy. However, by breaking this up into very small parts
and considering these one at a time, the system of equations can be solved on
these simpler parts then recombined.

In order to use this numerical approach, we must re-express our problem in a
specific form, referred to as the variational form, the weak formulation or the
bilinear form of the system of partial differential equations. This expression

takes the general form
a(u,v) = L(v)

Where w is the unknown (test) function and v is a (trial) function used as part
of the numerical method. By re-expressing our problem in this form, we can apply
the finite element method to compute a numerical solution.

This appendix outlines the derivations of the systems of partial differential
equations describing problems in neuromodulation for both static and time-varying
currents and shows the derivation of the variational forms used to solve these systems
numerically. These derivations form the basis of the solver outlined in chapter

and are central to computing the electric fields produced by neuromodulation.
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A.2 Constant current

To describe the electric fields produced by neuromodulation, we begin with the

law of conservation of current:
V.J=--" (A1)

where J is a vector field representing the current density and p is the charge
density. This states that the current density can only change as a function of the
change in the amount of charge in the volume.

In the case of steady current problems, i.e. where direct currents are applied
and we are interested only in the "steady state', ignoring the transient periods
around the onset and offset of stimulation, then we can simplify this by stating
that there is no change in the charge density at steady state:

9p _

=0 (A.2)

By substituting equation into equation [A.T] we get:

-

V.J=0 (A.3)

i.e. in the steady-state approximation, the current density field has no sources or
sinks.

We can then relate the current density to the electric field using Ohm’s law:

J=0E (A.4)

where o is the electrical conductivity and E is the electric field.

In combination with the definition of the electric field:
E=-VV (A.5)
where V' is the scalar electric potential, equation gives us:

J=—oVV (A.6)
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which describes the relationship between the electric potential, conductivity
and the current density.
By substituting equation into equation we get an equation describing

the behaviour of steady-state currents in materials described by Ohm'’s law:
-V (6VV)=0 (A.7)

We can then solve for the electric field produced by stimulation by solving this
equation with suitable boundary conditions. In order to solve this problem using
the finite element method, we must first convert it to the standard variational form.
In order to do this, we will use the standard nomenclature, i.e. our function to be
approximated, the electric potential V', will be referred to as the trial function wu,
while v will designate the test functions used as part of the finite element method.
This step, performed purely for the purposes of consistency with the standard

notation used in the literature on the finite element method, changes equation [A.7] to:
-V - (oVu)=0

We can further generalise this by adding a source term, f, to the right hand

side, allowing for the possibility of current sources:
-V (oVu)=f (A.8)

We then multiply equation by the test function v and integrate over

the domain 2:

_/QV-(aVu)vdxz/vadZE (A.9)

We then apply Gauss-Green’s lemma to reduce the order of the derivative of
u, thereby weakening the requirement of the polynomial space used for the trial

functions to be twice-differentiable:

/—V2uvdx:/Vu-Vvdx—/ 9 a8 (A.10)
Q Q a0 On
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By applying this lemma to equation [A.9] we get:

—/QJVU-Vvdx:/vadx—/ngvdS

This is simplified by using the fact that we, by definition, require that the
test function v is compactly supported on the domain €2, i.e. v vanishes on the
boundary, eliminating the surface integral on the boundary. This allows us to

arrive at the weak formulation of our problem:

—/QO'VU-VUdI:/QfUdZL’ (A.11)

Our variational problem is then to find u € V such that:
a(u,v) = L(v) YveV (A.12)

where the function space V' is our trial space, i.e. the space from which our
solution can be drawn, and V is the test space, from which the test functions are
drawn. By imposing restrictions on the function spaces V' and V', we control the

kinds of solutions that are possible. In our case, we define:
V={veH Q) :v=up ondQ},
V={veH(Q):v=0 on 002}

where H'(Q) is a Sobolev space, imposing the requirement that u and v are
continuous over the domain 2. However, this requirement allows u to have
discontinuous derivatives, imposing a weaker continuity requirement that the
underlying partial differential equation, shown in equation [A.7, which requires
solutions that are twice-differentiable.

In order to express our problem in the standard format shown in equation [A.12]

we define:
a(u,v) = —/ﬂaVu-Vvdz,
L) = [ foa
@) = [ odr

By collecting all terms containing our unknown function u in a(u, v), the bilinear

form, and all terms containing only the (known) test function v in the linear form
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L(v), we can then apply differing test functions v from the function space V until
we have assembled a linear system with as many equations - each with a different,
known v - as there are unknown values of u. Boundary conditions can then be
applied to this linear system and it can then be solved using standard methods.

This approach allows us to calculate the potential produced by stimulation using

a standard method even on very complex geometries.

A.3 Time-varying current

The same approach can be applied in order to study the case of time-varying electric
fields produced by a stimulating current that changes over time.
Here we again start with the law of conservation of current, shown in equation[A.T]

here rearranged:

V-J+—-—-=0 A.13
ot ( )
In the case where there is a time-varying current, we can no longer assume that
0
8—? = 0 in order to simplify this expression as in equation [A.2

Instead, we take Gauss’s law, which relates the electric displacement field D

to the spatial distribution of charge:
V-D= p
By substitution into equation [A.13] we get:

. OV-D
V-J+ 5 =

0 (A.14)

We can then relate the electric displacement field to the electric field using

the constitutive law for linear materials:
D = ey, E (A.15)

where ¢ is the permittivity of free space and ¢, is the relative permittivity

of the material in the domain.
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By substituting equation and Ohm’s Law, given in equation [A.4] into

equation [A. T4 we get:

L OV - (05, E)

.oF =0
V-oFE + o

By again using the definition of the electric field given in equation [A5] we
get an equation describing the behaviour of time-varying currents in materials

described by Ohm’s law:

oV - g, VV

ot 0

-V -oVV —

As in equation [A.8] we can generalise this by allowing a non-zero source term f:

OV - g, VV

—V.-oVV — 5

f (A.16)

This then describes the electric field produced by a time-varying current. This
partial differential equation contains both spatial and temporal derivatives. While
the spatial problem can be discretised and solved numerically using the finite
element method, we also need to discretise the temporal aspect of this problem
in order to solve it.

Here we will use a simple finite difference discretisation of time. We define a
notation where superscript n indicates that value at time ¢,,, where n is a discrete
step in time, e.g. u" indicates the value of the function u at time step n. The
temporal derivative can then be approximated by a finite difference, i.e. as the
difference in the value of the expression between the current and the next timepoint

(i.e. a backward difference):

(A.17)

OV - 05, VV " V£, YV = V£, VI
ot - At

We can rearrange equation to isolate the term with the temporal derivative:

OV - gpe,VV

Y =f—-V.oVV

By subtituting in the finite difference approximation from equation [A.17], we get:

V - gpe,VV™1 —V . g4, VV™

_ . . n+1
A7 =f—-V.oVV
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Multiplying across by At, we get:
V . €0€rvvn+1 _ V . gogTvvn — fAf; _ V . avanrlAt

We can then rearrange so that all terms containing the unknown V"' are
collected on the left-hand side, while known and previously computed terms are

collected on the right-hand side:
V06, VV" T 4 V. VV"™ AL = fAt + V - g0¢, VV" (A.18)

This gives us an expression which is discretised in time and can be iteratively
solved given some initial conditions, i.e. V°. In order to solve for the electric field
produced by a time-varying current using this approach, we again must derive a
variational form for our expression. Using the same convention as in equation [A§]
we will designate our quantity to be computed, the electric potential V', as the
trial function u and will allow v to designate the test functions. By replacing

the terms in equation [A. T8 we get:
V- g0e, VU™ + V- VU At = fAL+ V- g0e, VU™
We then multiply by the test function v and integrate over the domain €2:
/Q V- (208, VYo dart /Q V- (oVur Aty dz = /Q FAt d+ /Q V- (206, Vo da

By applying Gauss-Green’s lemma, given in equation [A.T0| as in the case

of steady currents, we get:
/QéTOeETVu”“ -Vodz + /QUVU"H -VoAtdz = /vaAt dx + /fzggarVu" -Vodz
We can then express this in the standard form:
a(u™t v) = L' (v)

where

a(u"™t, v) = /Q(eoerVu"“ Vo 4 oVu™t - VoAt) de,
L) = [

Q(vat) + o0&, Vu" - Vo) dx
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with initial conditions
ap(u,v) = / goe,Vu - Vodx,
Q

L(v) = /gzeoaTVuO -Vou)de

We can then solve for the electric field produced by a time-varying current by
finding u® € V such that ao(u®,v) = L°(v) is true for all v € V. We can then find
u" e V such that a(u",v) = L™ (v) for all v € V for n = 0,1,2, ...

In this way, we can discretise the temporal component of the problem using
a finite difference approach, which produces a sequence of static problems that
can be solved sequentially using the finite element method. This then allows us to
calculate the electric field produced at each time point even with the application

of time-varying currents.

A.4 Conclusion

The physical laws describing the electric fields produced by the application of electric
stimulation can be expressed in the form of partial differential equations. In doing
so, we can see that these equations have a standard form that is independent of
the domain they are applied to. If we can solve these equations, we can therefore
compute the electric field produced in a domain of any complexity for any set of
boundary conditions - for example, a highly detailed model of individual anatomy
for a given set of stimulation parameters.

In order to achieve this, these equations must be rewritten in variational, or
bilinear, form. The primary partial differential equations for constant current
and time-varying currents are derived here, starting from physical laws. We
have then shown the derivation of variational forms of these systems of partial
differential equations that are suitable for the numerical solution of problems
in neuromodulation.

These systems can then be solved using the finite element method through
assembly and subsequent solution of a linear system. In the case of time-varying

currents, the problem can be discretised into time steps using a finite difference,
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or implicit Euler, discretisation. The problem can then be iteratively solved using
the same approach at each time step.

This approach allows us to solve, in a general way, this mathematical system
describing the electric fields produced by neuromodulation. This has significant
practical applications. By allowing the electric field produced by stimulation to be
computed on any domain and for any set of stimulation parameters, this approach
can be applied to produce patient-specific simulations of neuromodulation therapies
for any set of electrode geometries or stimulation parameters.

The systems of equations outlined here are extremely general, and can be widely
applied using a standard method to solve complex, patient-specific problems in neu-
romodulation without any alteration to the underlying mathematical system. This
provides a valuable tool to the study of neuromodulation and its clinical application.

Chapter [ describes the derivation of domains that incorporate detailed patient
specific information; these equations can then be solved on such domains to yield
patient-specific simulations. Chapter |o| describes a method for numerically solving
the system of equations described here. This allows the practical application
of the methods discussed here and their use to investigate real-world problems

in neuromodulation.
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B.1 Introduction

Electrical neuromodulation has become widely applied to a range of clinical

conditions, such as pain and movement disorders [124, 125], with emerging

applications in a number of areas such as rehabilitation [7, [9, [10]. These therapies are
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based on the application of electrical stimulation to produce controlled activation
of the excitable tissue of the nervous system. Computational modelling of the
electric fields produced by stimulation has demonstrated value in the development
of novel stimulation strategies [9, |L1} |18, [19] and in the prediction of the optimal
stimulation parameters for individuals [49, |50].

Existing methods for modelling the effects of electrical stimulation are limited by
the simplistic geometries used and the need for production of new models for all new
applications. The use of highly detailed models of anatomy has been demonstrated to
improve the accuracy of simulations, allowing more reliable prediction of individually
optimised stimulation parameters [49] 50]. However, these more detailed methods
are limited by the complex, time consuming workflows required to apply them,
making them unsuitable for more widespread use or for clinical application.

Even following the simulation of the electric field produced by stimulation in
complex anatomy, we cannot draw conclusions regarding the effects of stimulation.
We need to link our measures of the electric field to some measure of activation.
Many simplified metrics exist, from the L2 norm of the electric field [51, 77, [8§]
to classical metrics such as the activating function [89) [90]. In order to most
accurately predict the response to stimulation, we need to link our electric field
results to biophysical axon models in order to predict the physiological response
of the nervous system to external stimulation [74].

By carrying out this simulation of the effects of stimulation in an individual for
a given set of stimulation parameters, we can then apply optimisation techniques
in order to identify the set of stimulation parameters that maximise activation of
our target structure for that individual. This converts our clinical question into an
individualised optimisation problem based on our computational model. However,
the application of this kind of approach to individualising therapies is limited
by the need for detailed individualised models and automated model generation
and solving in order to allow iterations over stimulation parameters to be applied,

which is not possible with current tools.
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The clinical application of this computational approach to neuromodulation,
in optimisation of existing therapies for individuals and in the development of
new treatments, is limited primary by technical barriers regarding the existing of
automated tools with the correct capabilities. A tool that is able to use routine
clinical imaging and provides a simple interface for defining stimulation parameters
and can then automatically simulate the physiological effects of stimulation and
perform parameter optimisation therefore has the potential to have great impact
in the field of neuromodulation.

We have demonstrated in chapter [ that it is possible to derive detailed
computational models directly from clinical imaging, overcoming these issues
and providing a method for automatically deriving detailed models with explicit
representation of complex anatomy. We showed in chapter |5 that the electric field
produced by stimulation can be solved on these models, simulating the effects of
intervention, and in chapter [6] we showed that these detailed anatomic models can
be coupled with biophysical axon models to predict the physiological effects of
stimulation and optimise the stimulation parameters used for that individual.

We then aimed to develop a generalisable tool for detailed individualised biophys-
ical modelling of the effects of electrical neuromodulation using these methods. This
would provide a platform for the development of novel neuromodulation techniques
and the individual optimisation of therapies.

We demonstrate a tool that allows for the creation of individualised models
directly from clinical imaging, including the use of biophysical models and optimi-
sation for truly optimised stimulation in individuals. This tool has an easy to use
interface, with a graphical interface as well as text-based and scripting interfaces
for complex analyses. This tool is optimised for potential use in clinical workflows,
requiring only clinical imaging and a simple interface for defining parameters. This
represents a potentially valuable tool for the development of new neuromodulation

therapies and translational neuromodulation research more generally.



B. NRRDosurgery: a generalisable tool for patient-specific neuromodulation 184

B.2 Methods
B.2.1 Model creation

In order to simulate the effects of stimulation on individual anatomy, a set of
stimulation parameters must be specified. An individualised computational model
with simulated electrode placement according to these parameters can then be
generated. The electric field produced by stimulation is then solved using this
model. The results of this simulation are then coupled to biophysical axon models
mapped into the image volume. The physiological effects of stimulation can then
be measured, and numerical optimisation methods applied to identify the optimal
set of stimulation parameters to maximise activation of the target.

In order to achieve this, results must be passed from one part of the overall
simulation system to another. In its simplest form, all user-specified parameters,
including stimulation parameters and the image volume to be used, can be specified
as a single data structure. This data structure can then be passed to a solver engine
which uses these parameters to sequentially complete each part of the simulation

process and returns the results. This is shown in figure [B.1]

Model Solver
specification . engine .

Figure B.1: Flowchart of overall system design. Models are specified using a graphical
interface, a plain text file or by directly manipulating model data structures. The resulting
data structure is passed to the solver engine, which carries out all required analyses and
returns the desired results. This approach abstracts the technical details of analysis
and provides a simple interface, greatly reducing the technical barriers to applying these
methods to clinical questions.
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This forces all configurable parameters to be determined in advance. This allows
for detailed checking that all parameters are valid before a model can be run,
avoiding issues with errors in the late stages of long-running simulations. Further,
it allows the complex details of the model’s solver to be abstracted away. All
results are automatically computed and passed to the next stage, so there is no
requirement to have a detailed understanding of the workings of the solver engine
beyond the input parameters required to run a simulation.

The solver engine itself is made up of a number of stages, as shown in figure [B.2]
Each of these stages implements some transformation of the data and passes the
result automatically to the next stage using the configurable parameters specified at
the beginning. This allows highly complex simulation workflows to be undertaken

without the need for detailed knowledge of each of the individual steps.

pr:JT;‘sgs.eing L 3 Meshing »» Biophysics

Figure B.2: Flowchart of solver engine design. Images are prepared and electrode
placement in simulated to provide an image with simulated electrodes in situ. A tetrahedral
mesh is then generated using this image volume. Boundary conditions are applied and
physical characteristics applied to each tissue type. The electric field is then solved
using finite element analysis (FEA). The results of this analysis are coupled to detailed
biophysical axon models in order to evaluate the physiological response to stimulation
with the simulated electrodes.

The image processing step involves preparing the clinical imaging and mapping
the desired electrode geometry into the image volume. This allows for simulation

of neuromodulation procedures using routine pre-procedure imaging, and allows
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for iteration over electrode positions and measurement of the response in order
to identify the optimal position for that individual. The images are then meshed
to form a 3D tetrahedral mesh suitable for finite element analysis. This process
is described in detail in chapter [4]

The electric field produced by stimulation using the simulated electrodes in
detailed patient-specific anatomy can then be solved. This is carried using using
finite element analysis. As shown in figure [B.3] this involves specification of the
mathematical problem in its variational form, assembly of a linear system on the
mesh specified in the previous step with application of boundary conditions according
to the model specification and solution of the linear system using numerical methods.
The derivation of the variational form of the physical problem posed by electrical
neuromodulation is described in appendix [A] and the process for solving for the

electric field on detailed patient-specific models is described in chapter [5]

Define .
Assemble Solve linear

linear system system

variational
problem

Figure B.3: Flowchart of finite element analysis workflow. The physical problem to
be solved is stated mathematically and expressed in variational form. Using the finite
element method, a linear system is then assembled using the values at each node of the
tetrahedral mesh. This linear system is then solved using numerical methods.

The electric field produced by stimulation can then be used to derive measures
related to activation of target structures. This can be carried out using simplified
metrics, which link features of the electric field to neural activation. This is

computationally simple and suitable for some scenarios where it is necessary to
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produce results rapidly or to test high numbers of possible parameters. This process
is described in detail in chapter [3]

More accurate measures of activation can be derived by mapping detailed
biophysical axon models into the image volume. The results of the electric field
simulation can then be coupled to these models and the effect of stimulation on
physiologically realistic axons assessed. Measures of activation can then be derived
and used to evaluate the effects of stimulation with specific paramters. Methods
from numerical optimisation can then be applied in order to determine the optimal
input parameters to produce maximal activation within a specified target. This
technique is described in detail in chapter [6]

Following application of each of these techniques, the results can then be

saved or visualised as required.

B.2.2 Interface

Model parameters can be specified using a number of interfaces, suitable for different
applications. The essential criteria is that they describe a data structure which
contains valid entries for all requires parameters such that it can be taken in by
the model parses and sent to the solver engine. Models can be specified using a
graphical interface, a file format or via a scripting language.

A simple graphical user interface allows all required parameters to be specified.
By working through each section, all parameters are filled out with explanatory notes
for each. In this way, it is straightforward for users with limited technical experience
to specify and run complex simulations of neuromodulation interventions. The values
entered into this field are then used to create the model specification data structure.

Models can be specified as a plain text file using key-value pairs. This allows
for models to be quickly edited within a text editor. This allows for rapid model
updates, as well as saving and transferring models, or creating large queues of
models to be run. Similarly, it allows automatic generation of model specification
files to run analyses such as parametric sweeps. These files can then be loaded by

the solver engine and parsed to create the required data structure.
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For more advanced users, the data structures can be manipulated directly. This
allows for rapid and automated generation of models, including for optimisation
and parametric sweeps, without the need for intervening temporary files. This
also allows the solver methods to be incorporated into other analysis pipelines,
allowing highly complex analyses to be performed.

In all cases, the required data structure must specify all required parameters
to create a patient-specific mesh, map in the target electrode geometries to the
required locations, specify the physical characteristics of each tissue type and
the stimulation applied to solve for the electric field, specify the target segments
and the results required. The solver can then run the model with the specified

parameters and return the required results.

B.2.3 Implementation

All software was implemented in Python [111], using the numpy library [1206]
for handling of multidimensional arrays, matplotlib [127] for generation of plots,
FENICS [112] for specification of systems of partial differential equations, NEURON

[92] for solving biophysical models and scikit-learn [128] for optimisation algorithms.

B.2.4 Example

As a simple usage example, we demonstrate the use of this approach to simulate the
effects of stimulation with 100mA through a 3.2cm diameter cathode in the midline
over the T11 vertebra with a corresponding 3.2cm diameter anode at the same level
in the midline anteriorly. We position target axons within the dorsal columns of the
spinal cord in order to evaluate whether non-invasive stimulation at this position

with this intensity can produce activation of spinal cord structures in this individual.

B.3 Results
B.3.1 Multiple interfaces

We demonstrate a system for patient-specific modelling of neuromodulation using

multiple interfaces. A common solver engine performs all image processing, meshing,
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finite element analysis, model coupling, biophysics and optimisation steps, while mul-
tiple routes can be used to specify model parameters depending on the intended use.

Figure shows an example graphical user interface for model specification.
All required parameters can be filled out by working through each tab and the
model can then be run directly from the graphical interface. This provides a simple
means of carrying out complex neuromodulation analyses, significantly reducing
technical barriers to applying these techniques. However, this approach only allows
single models to be run and is limited in its flexibility when compared to other

methods of model specification.

Figure B.4: Graphical user interface for model specification. The data structure required
for running a model can be populated using a simple graphical interface. By working
through each tab, all of the required parameters are assigned. Explanatory notes and
links to further resources are provided to help inform parameter selection. This provides
an easy to use interface for carrying out complex neuromodulation analyses.

Models can be specified using plain text files or directly using a scripting language.
This allows more advanced workflows and integration with other tools. Additionally,
this allows automated adjustment of stimulation parameters by automatically
creating new data structures with updated parameters. This allows for sweeps
through large ranges of parameters or the application of optimisation techniques
to identify individually optimised parameters. Using this approach, models can
be run and the results assessed, then the input parameters adjusted to increase
the target activation. This can then be performed automatically for large numbers

of iterations until the ideal parameters are identified.
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This approach allows easy use of these complex techniques, lowering the
barrier for applying them to new areas, while also allowing advanced workflows
and extensability as well as integration with other software tools through the

scripting interface.

B.3.2 Abstracted system

This approach to the modelling of neuromodulation allows for the complex details
of image processing, finite element analysis, biophysics and optimisation to be
abstracted away and replaced with a simple model specification interface. This
allows users to carry out complex models without needing to deal with the details
of how to carry out any of the individual analyses.

Detailed documentation is provided, a screenshot of which is shown in figure [B.5]
This outlines the steps required to specify and run models and to interpret the
results, as well as the core theory required to understand the techniques used.

By abstracting away the technical details, we have significantly lowered the
barrier to entry for carrying out detailed computational work in neuromodulation.
This allows greater standardisation across models by using a common analysis
pipeline and opens these techniques up to a greater audience. Further, this kind of
abstraction is necessary for software for potential clinical application, where the
technical details will need to be hidden with only what is required for clinical

use exposed for the user.

B.3.3 Personalised models

We demonstrate that these software tools allow for complex, meaningful analyses
to be carried out with relative ease. In the present example, we demonstrate
that these tools can be used to demonstrate the activation of axons in the dorsal
columns of the spinal cord using high amplitude stimulation at the T11 level with

a dorsoventral electrode montage.
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Figure B.5: Example of system documentation. All steps in model specification are
documented in detail, including the parameters required and acceptable values. The
implementation of the tools and the methods used are also outlined in order to allow more
complex workflows to be developed using the scripting interface. This provides useful
guidance for the specification and development of neuromodulation models.

Figure[B.6JA shows an axial slice of the standard clinical imaging used for analysis.
Figure shows the segmentation of this image volume into discrete tissue types.
These are then combined to form a 3D volumetric model as shown in figure [B.6/C.

Simulated electrodes were then mapped into the volume at the T11 level and
the electric field produced by stimulation was solved. A 3D model of the vertebrae
and electrodes with the electric field shown as streamlines is shown in figure [B.6D,
while figure [B.GE shows the electric potential and the electric field superimposed
on an axial slice of the original clinical imaging. This demonstrates that a potential
is generated within the spinal canal with stimulation at this level.

Figure shows a sagittal slice of the imaging with example axon trajectories
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Figure B.6: Example of a personalised model. A Axial slice of original clinical imaging.
B Axial slice of segmented imaging showing separation into discrete tissue types. C 3D
model of tissue types reconstructed from segmentation. D 3D model of vertebrae and
electrodes showing electric field produced by stimulation as streamlines. E Results of
finite element analyses superimposed on clinical imaging, showing the electric potential
and electric field produced by stimulation. F Sagittal slice of imaging showing example
axon trajectories within the spinal cord. Biophysical models are projected onto these
trajectories. G Raster plot showing the response of 100 axons within the spinal cord to
stimulation. When stimulation is off there is no activity. When stimulation is turned on
there are bursts of activity within the spinal cord. Non-invasive stimulation produces
activity within the spinal cord in this individual using the electrode arrangement shown.

within the spinal cord shown in red. Biophysical axon models were mapped
onto these trajectories and the effects of stimulation on these axons simulated.
Figure shows a raster plot of the response of 100 axons within the spinal
cord to multiple pulses of stimulation. There is no activity while stimulation is off,
with bursts of activity throughout the spinal cord when stimulation is delivered.
This shows that axons within the spinal cord are activated directly by non-invasive
stimulation at T11 in this individual.

This demonstrates that it is possible to carry out complex analyses and to
answer clinically meaningful questions using these tools, using a straightforward

model specification interface.

B.4 Discussion
B.4.1 A tool for targeted neuromodulation

We present a simple to use tool that allows for complex models to be derived from
routine clinical imaging. This allows for detailed modelling of neuromodulation to

be carried out without the need for specific imaging sequences, extensive time spent
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developing individualised models or expensive external software. This provides an
integrated system for carrying out individualised modelling of neuromodulation
for a range of applications.

Our proposed system has a well-abstracted model solver, allowing for compu-
tational work on neuromodulation to be carried out without requiring detailed
knowledge of implementing imaging processing, finite element analysis, biophysics
or optimisation analyses. This opens these approaches up to a far greater audience
by reducing technical barrier to their use and brings these methods closer to
clinical application by removing the need for extensive technical work to implement
models. We provide a simple interface that allows models to be specified and run,
while the solver engine ensures that the internal models and coupling between
sections is carried out appropriately.

The system is also capable of carrying out highly complex analysis pipelines
and being integrated into the workflows of other software. The scripting interface
allows for any parameters to be altered and externalised for other algorithms. This
allows, for example, automated optimisation of stimulation parameters based on
achieving activation of a specified target structure.

This approach allows for models of a range of complexity to be developed, with
potential applications to clinical neuromodulation and patient-specific therapies,
as well as the development of novel neuromodulation techniques and devices and
scientific applications to the investigation of the mechanisms underlying the efficacy
of neuromodulation therapies.

In effect, this approach produces a function that maps user-selected stimulation
parameters to activation of target structures. The activation produced by any
set of stimulation parameters can then be interrogated. This provides a detailed
individualised model of the effects of neuromodulation. This individualised mapping
function can then be optimised in order to individualise therapy, or can be used to
develop new therapeutic approaches or answer scientific questions. This provides a

valuable new approach in the field of translational neuromodulation.
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B.4.2 Limitations

While the present approach is almost entirely automated, some manual steps are
required. Specifically, while the need to develop model geometries is eliminated,
clinical imaging must be segmented in order to run the required analyses. While
this can be carried out using semi-automated tools, manual checking and correction
remain important to ensure that results are reliable. While significantly faster than
existing methods, this still requires some time commitment for large models where
accuracy of results is critical. The development of a method for more accurate
automated segmentation of clinical imaging for neuromodulation simulation is
an area of ongoing research.

The existing system abstracts away the details of running complex analyses
and makes this straightforward. However, carrying out complex custom analyses
may require the use of the scripting interface. While well-documented, this requires
learning some details of the system and may not be immediately accessible to users
with little technical training. This is provided to allow for additional flexibility
and for the system’s powerful analysis methods to be applied to complex custom
analyses, but there is a tradeoff between usability and flexibility; carrying out
complex analysis workflows outside of standard methods may require the user to

learn some of the details of the scripting interface and how the tools work.

B.4.3 Conclusion

We present a generalisable system for carrying out detailed patient-specific modelling
of neuromodulation. This implements and brights together techniques for deriving
patient-specific models from clinical imaging, simulating electrode positioning to
allow intervention simulation using pre-intervention imaging, solving for the electric
field produced by stimulation using finite element analysis, biophysical modelling of
axons and optimisation for patient-specific therapies. These methods are coupled
together into a solver engine, and the details abstracted away to provide a simple

user interface for specifying models.
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This represents a significant advance in techniques in translational neuromodula-
tion research. We demonstrate a method for producing highly detailed models from
clinical imaging, which is easily extensible and can be incorporated into complex
workflows. This provides a valuable platform for developing novel neuromodulation
therapies, for investigating the mechanisms underlying neuromodulation and for

developing patient-specific neuromodulation approaches.
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C.1 Introduction

The application of electrical stimulation to activate nervous system structures for

therapeutic purposes is well established, with applications to a range of pathologies
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[10, 96, 125]. Chapter (1| describes the emerging application of these techniques to the
restoration of function following spinal cord injury. Chapter [2| describes the physical
basis of these therapies, while chapters [3] [4] ] and [6] show how neuromodulation
can be modelled to develop new therapies and optimise existing ones. Chapter [7]
then shows how these modelling techniques can be applied to answer meaningful
clinical questions and develop new insights for developing targeted neuromodulation
strategies for achieving functional restoration.

These modelling approaches allow the effects of neuromodulation on individuals
to be evaluated in detail. However, in order to be able to translate the insights
gained from these models into clinical benefit, it is necessary to be able to pro-
duce stimulation with complex waveforms with tight control over the stimulation
parameters in order to replicate the stimulation conditions modelled.

A simple example of this is the use of burst stimulation for non-invasive
spinal cord stimulation. Burst stimulation was popularised in the context of
implanted spinal cord stimulation as a step towards paraesthesia-free stimulation
[129]. However, it has since been adopted by practitioners of non-invasive spinal cord
stimulation and has gained widespread use in the area of functional restoration |39,
130]. This is intended to reduce discomfort by minimising activation of cutaneous
afferents, allowing for stimulation at higher intensities. In order to be able to apply
this as well as other complex stimulation waveforms, it is necessary to be able
to generate them using a standard stimulator with appropriate safety ratings for
experimental use while maintaining control of the stimulation parameters.

The Digitimer DS8R is a widely used commercially available electrical stimulator,
appropriate for human use. However, similar to most other lab-grade stimulator
systems, it produces only single stimulation pulses following a trigger input. These
systems allow strict control over stimulation parameters, but an external system must
be used to define the stimulation pattern and stimulation parameters. We therefore
require a reliable custom system which provides detailed control of stimulation

patterns in order to be able to translate the insights gained from simulation.
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We present a system for generating complex stimulation patterns for application
to human neuromodulation. This provides a method for easily adjusting the
parameters of complex stimulation modalities and represents a significant aid to
experimental neuromodulation work. Further, this makes testing the hypothe-
ses generated in computational models possible by providing tight control over
stimulation with complex waveforms without requiring the development of custom

hardware for every possible set of parameters.

C.2 Methods
C.2.1 Circuit design

The overall circuit design is shown in figure[C.I] The system is controlled by a 32-bit
ATMegad809 microcontroller. This is powered over a 5V USB connection. It is
connected to the stimulator system’s trigger input via a standard BNC connection,
through which it generates complex stimulation patterns by controlling stimulation

timing using TTL logic levels.
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Figure C.1: Stimulation device schematic. A central microcontroller generates the
stimulation patterns according to user input using a rotary encoder. The current settings
are displayed on an LCD screen. The device is attached to the trigger input of a stimulator
device using a BNC port to provide an output stage. An enable switch is included, which
can be used to terminate output as a safety mechanism if it is switched off.

Stimulation settings are controlled using a rotary encoder with push-button

switch. This allows for stimulation parameters to be altered and multiple settings
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to be changed using a single interface. The current settings are displayed on
an LCD screen.

An enable switch is included to allow rapid cessation of stimulation if necessary.
Triggers will only be sent to the stimulator device if this physical switch is set.

This provides an additional layer of control and safety.

C.2.2 PCB manufacture

The central circuit board was manufactured as a two-layer PCB. Figure shows

the PCB layout, while figure [C.2B shows a render of the resulting circuit board.
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Figure C.2: Stimulation device PCB. A Board layout. Two-layer PCB with copper
pours in the upper and lower layers as ground planes. Traces are routed between connected
components. Passives are represented by surface mount pads. Through hole connectors
are added for the central microcontroller and connections to external components. M3
mounting holes are added for mounting the system within the device. B Render of the
PCB showing the overall layout and appearance. Green soldermask and white silkscreen
are applied.

Copper pours were used as ground planes on both layers. Traces were then
routed between connected components. All passive components were included
as surface mount pads. Through-hole connectors were added for mounting the
central microcontroller. Through hole 2.54mm pitch connectors were added for
connecting to external components such as the BNC port, enable switch, rotary

encoder and LCD screen.
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M3 mounting holes were placed in the corners to allow the PCB to be mounted
within the device. Green soldermask and white silkscreen were applied to the

finished board.

C.2.3 Device assembly

All surface-mount components were positioned using a pick-and-place machine
and soldered using a reflow oven. Surface mount components were hand-soldered.
The central microcontroller was mounted on the circuit board and Molex snap-on
connectors were soldered to provide connections to external components. Wires and
corresponding Molex snap-on connectors were soldered to the BNC port, enable
switch, rotary encoder and LCD screen.

The device was constructed within a custom enclosure. A 3D printed insert
was produced with mounting holes for the PCB. This was then inserted within the
enclosure to ensure it remained fixed in position. Custom 3D printed front and back
panels were produced with mounting holes for external components. The BNC port,
enable switch, rotary encoder and LCD screen were then mounted on these panels.
A female-to-female USB expander was attached to the microcontroller and mounted
to the back panel in order to allow it to be powered from a panel connection.

All components were then connected internally and the enclosure was screwed

shut.

C.2.4 Firmware

Custom firmware was written in C++ to control the device. Drivers were written
to read the rotary encoder, write to the LCD screen and control the trigger output.
Turning and pressing the rotary encoder were programmed to trigger interrupts.
Turning the rotary encoder was set to change the target parameter, while pressing
the push-button changed the target parameter. The target parameter and current
value were displayed on the LCD screen.
The device was programmed to allow stimulation with a number of different

stimulation modalities, including standard stimulation, high frequency stimulation
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and burst stimulation. The current mode was changed by altering the mode
parameter using the rotary encoder.

Standard stimulation allowed for stimulation in the sub-1 kHz range, correspond-
ing to most standard stimulation protocols. In this mode, the frequency parameter
could be altered. In high frequency mode, stimulation at multiple kilohertz could be
applied. In this mode, the frequency parameter could be altered over a much wider
range, although with less resolution. This allowed for the use of high-frequency
methods. In burst stimulation mode, bursts of pulses are applied. In this mode,
the burst frequency, intra-burst frequency and burst duration could be controlled.
This allowed for the application of complex burst patterns of stimulation.

In all modes, stimulation was triggered by altering the logic level at the BNC
trigger output when the enable switch was set. If the enable switch was turned

off, all output was disabled.

C.2.5 Testing

The output of the device was verified by attaching the trigger output to an
oscilloscope and comparing the intended trigger patterns to the measured patterns.
The device was then attached to a Digitimer DS8R stimulator and the ability to

generate the target stimulation patterns was evaluated.

C.3 Results
C.3.1 Stimulation device

The final stimulation device allows precise control of complex stimulation patterns
using a straightforward user interface, allowing for the testing of wide ranges of
stimulation patterns in humans.

Figure shows the device within the enclosure with the top removed to
visualise the internals of the device. The circuit board is mounted centrally on a 3D
printed insert. The central microcontroller and connectors for external components
are soldered to this circuit board. Corresponding connectors and wires connect this

board to external components mounted on custom front and back panels to allow easy
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access for users. The microcontroller is powered via its USB port, which is connected

via a female-to-female expander to a panel-mount USB connector on the back panel.

Figure C.3: Stimulation device hardware. A Device within enclosure with top removed.
The circuit board is mounted on a 3D printed insert. The microcontroller and connectors
for external components are soldered to the circuit board. Connectors and wires connect
the board to external components, which are mounted on the front and back panels. A
USB cable connects the microcontroller’s power input to a panel-mount USB connector.
B Front panel of the device. The rotary encoder allows the user to alter the target
stimulation parameter, while the current settings are displayed on the LCD screen. C
Back panel of the device. The enable switch determines whether any output is delivered.
The device is connected to the trigger input of a stimulator system using the BNC port.
It is powered using the USB connector.

Figure shows the fully assembled device with front panel visible. The user
interacts with the device to set stimulation parameters using the rotary encoder,
with the present stimulation mode and current settings displayed on the LCD screen.
Figure shows the back panel. The enable switch can be used to activate or
deactivate stimulator output, providing an additional layer of safety if stimulation
needs to be terminated. The device is connected to the output stimulator’s trigger

input using the BNC port. The device is powered using 5V via the USB port.



C. A system for generating complex stimulation waveforms for human
neuromodulation 208

This provides an easy-to-use device that can produce complex, useful stimulation
patterns. The stimulation parameters can be easily controlled using a simple user
interface. This allows for wide ranges of parameters using complex stimulation modal-

ities to be easily tested in humans without the need for extensive custom hardware.

C.3.2 Custom stimulation patterns

The custom device produces complex stimulation patterns determined by user input.
Figure shows an example of standard stimulation. Stimulation pulses are
delivered at regular intervals according a frequency set by user input. Figure [C.4B
shows a corresponding example of high-frequency stimulation. Regular stimulation
is applied at high frequencies according to user selected parameters, allowing the

effects of high frequency stimulation to be tested.
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Figure C.4: Example output of stimulation device. A Standard stimulation. Example
output with regular, low frequency stimulation. The frequency of stimulation is controller
by the user. B High frequency stimulation. Example output with regular, high frequency
stimulation. The frequency of stimulation is controlled by the user. C Burst stimulation.
Example output with burst stimulation. The burst frequency, intra-burst frequency and
burst duration are controlled by the user.

Figure shows an example of burst stimulation. The burst frequency, the
intra-burst frequency and the burst duration are set by the user. Stimulation

according to these parameters is then delivered.
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This provides a means of delivering complex stimulation patterns with tight
control over parameters using a simple user interface. This allows for wide ranges
of parameters to be easily tested in humans using clinically relevant stimula-

tion modalities.

C.4 Discussion
C.4.1 A system for complex neuromodulation

We demonstrate a device that allows for the delivery of complex neuromodulation
protocols using a standard laboratory-grade stimulator system. This allows for
straightforward adjustment of stimulation parameters and reliable delivery of
clinically relevant stimulation patterns according to user-defined settings.

A simple microcontroller system with a straightforward user interface allows for
the pattern of trigger outputs to be altered over a wide range of potential values
without the need for reprogramming or altering hardware to make changes. This
allows a single standalone device to be deployed in conjunction with a stimulator
as an output stage in order to deliver a wide variety of stimulation patterns over
many variations in parameters.

This system overcomes the major issue with standard single-shot stimulator
systems that are suitable for human use by removing the need for complex pipelines
or custom hardware for making adjustments to the stimulation protocol or adjusting
stimulation parameters. We show that this simple device can reliably produce
complex, clinically relevant stimulation patterns over a wide range of parameters with
strict user control and can be used to drive stimulator systems to provide complex
neuromodulation therapies in humans. This opens the possibility of providing highly
detailed individual calibration of stimulation and for evaluation of novel stimulation

modalities by providing easy control over a wide range of parameters.

C.4.2 Applications

Non-invasive stimulation is increasingly being applied to the spinal cord [38-40].

However, only a small range of parameters have been thoroughly tested. Epidural
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spinal cord stimulation has seen great advances due to an expanding number of
clinically useful stimulation modalities, such as burst stimulation [129] and high
frequency stimulation [131]. The ability to explore a wider range of stimulation
patterns and stimulation modalities has the potential to increase the application
of non-invasive spinal cord stimulation, and also allows for greater individualised
calibration of stimulation parameters by offering finer control over stimulation.

These developments are equally relevant to areas outside of the spinal cord.
Stimulation of peripheral nerves is increasingly relevant in a number of contexts.
However, application of non-invasive stimulation to other areas is limited by
many of the same factors limiting its application to the spinal cord, including
the generation of cutaneous discomfort. The ability to use other stimulation
modalities may allow for greater comfort and increase the therapeutic window
of tolerated stimulation parameters.

The ability to finely control a wide range of parameters is useful to the
development of novel stimulation modalities and parameter combinations throughout
the body, potentially opening up new therapeutic targets and possibilities. It is also
valuable for the individualisation of existing therapies, with finer control allowing

tight individual calibration of stimulation, preventing unnecessary discomfort.

C.4.3 Conclusion

We demonstrate a system for generating clinically relevant stimulation patterns
using a device with a simple user interface. This allows for strict control of a
wide variety of parameters, opening the possibility for exploring new stimulation
modalities in many therapeutic targets.

Further, this system’s tight control allows for the detailed results of individualised
computational models of neuromodulation to be replicated, allowing individualised
stimulation parameters to be translated into an experimental setting for the

assessment of new individualised approaches to neuromodulation.
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