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Chapter |

Introduction

1.1 Motivation

Neuromodulation, the external control of neurons and their signals, is a field that has been of
interest fordecades and has been advanced greatly in recent years. Greater understanding of the nervous
system has uncovered a multitude of neurological diseases and has only broadened the questions that
researchers attempt to answer. To probe the nervous systerermfoebasic science, clinical research, or
applied medical diagnostics and therapeutics, neuromodulation techniques are required that are tailored to
each application. For example, in basic neuroscience research, an assortment of different electrical
techniques are utilized that offer varying degrees of selectivity towards exciting different populations of
neurons. Recently, lighiased neuromodulation techniques have been developed which offer greater spatial
specificity than other methodologies. Relativnew among these is using infrared laser irradiation to block
the propagation of neural signals, called infrared neural inhibition (INI), as first described n D043
advantages of INI are that it offers high spatial precisidanhabition of subsets of neurons within the bulk
tissue and does not rely on introducing exogenous agents or genetic modification that other optical
techniques rely on. Instead INI utilizes endogenous absorption of infrared light and may offer potential as
the technique of choice specific research and clinical neuromodulation applications.

The importance of these neuromodulation techniques is highlighted by the effort in recent years for
a precise understanding of the nervous system on both a cellulgstemiis level through funding sources
such as the BRAIN (Brain Research through Advancing Innovative Neurotechnologies) initiative and
SPARC (Stimulating Peripheral Activity to Relieve Conditions) program, with an ultimate goal of
mitigating the toll thateurological disease play on our society. One area of interest is the problem of
chronic pain, defined as persistent pain for longer th@nn®nths. This is not a specific neurological
dysfunction, but encompasses a broad spectrum of potential dis¢eseestalting from a myriad of factors
such as underlying disedsehronification of pairrelated to injury®, medication rebound or overuse
pairt®, and immuneelated complicatiorf$. Examples of diseases associated with chronic pain include

chronic back pain, rheumatoid arthritis, endometriosis, chronic headaches, irritable bowel syndrome, and

1



chronic fatige syndrom& to name a few. It is estimated tha4.5% of the global population suffers from
neuropathic pain with incidence rates increasing with’atyethe United States, an estimated 20% of adults
are living with chronic pain, with 8% of adults having highpact chronic pain that limits life or work
activities™. A National Academies report from 2015 estimates the economic burden for treatment and lost
productivity to be $56®35 billion'2.

Treatments for pain act to inhibit the propagation of pain signals to either block their transmission
to thecentral nervous system or alter the perception of the pain sensation so that is not perceived as noxious.
Modification of neural signals can be performed using chemicals, Most readily available treatments use
pharmaceuticals, including opioids; howevegreasing evidencemphasizehe deleterious effects of
prolonged opioid use, including abuse, overdose, and increased risk of fractures and myocardial
infarctiong** Over prescription of opioids in the Unit&tiates has led to their widespread use in what has
been called the fAopioid epidemicbo, a period of 16
opioids has nearly quadrupled, where now opioids are responsible for 6 of every 10 overdoSe Haaths
trend isdemonstrateéh Figure 1.1 from the Center forDses e Cont r ol and Preventio
opioid epidemi&®. In response, the NIH Pain Consortium put out a call for proposals for research into non
pharmaceutical paimanagement, and a major national push has started to better understand the central
and peripheral nervous systemsdadevelop novel biological targets and clinical devices for pain
management that do not rely on opigids outlined in the NIH HEAL (Helping to End Addiction Leng
term) Initiative.

Non-pharmacologic, deviebased methods of modulating activity to allégighronic pain can
overcome many of the drawbacks of opioids. Methods such as transcutaneous electrical nerve stimulation
(TENS) and spinal cord stimulation (SCS) are used to ameliorate peripheral neuropathies and utilize
injection of current through skior implanted electrodes; however, their use is accompanied by a variety
of potential complications and side effects over time including lead migration, incompatibility with
magnetic resonance imaging (MRI) scanners and pacemakers, and relatively pifioitgfec. SCS in
particularcan suffer from >30% of devices being explanted over 5 years, where 20% of all devices are
explanted due to inadequate pain réfigFigure 1.2). Conversely, optical methods have shown to be
spatiallyprecise and do not interfere with electrical recordingsthus their compatibility with pacemakers
and MRI scanners is expected. These optical methods, which include but are not limited to opt&genetics
chemical uncagirf§, and infrared neural modulatitil, have been developed in the last few decades and
represent modalities for highly targeted clinical neural control.

Thermal modulation of neural activity has been a subject of research for décadesas made the jump
to clinical implementation through RF basedeating™** and clinical trials for ultrasound

neuromodulatioff. Thermal modulation may be advantageous for a number of reasons, including: 1)



Temperature can be applied Aowasively, 2) thermal technigaelo not necessarily require contact with
tissue (e.g. laser heating), 3) while heat conducts thrissyie, it propagates much slower than electrical
current spread in tissue, potentially allowing fpeater spatial localizatiorand 4) thermal modulation
works through different mechanisms than electrical techniques and may not experience the same type
tolerance effects nor electrical toxicity effects. While the effect of temperature on neural conduction has
been probet>*?, there is a lack of understanding of how thermal modulation can best be utilized, and
optimization of heating parameters is still needed for a clinical device to be viable.marher
neuromodulation has been applied through radiofrequency (RF) Héatitigisonic heatint), and laser
induced heating“® however, complicating these thermal effects are concuetectrical, mechanical, and
optical (e.g. photochemical effects, ionizing radiation) interactions, respectively. Recent work has shown
that temperature rises applied using short wave infrared (SWIR) lasers are effective in applying localized
neuromodulatin*?®, and irradiation with these wavelengtimost exclusively result in tissue heating since
they are highly absorbed by wdteiare too low in energy to induce photochemical effects, and operate in

a pulse parameter regime that is not stress corifiiezl pressure in thtissue due to laser pulses does not
build up). This methodology, called infrared neural modulation (INM), serves as an optimal technique to
explore thermal effects on action potential propagation and optimize purely thermal parameters.

As previously disassed, INI is the regime of INM that results in block of heural signals by properly
selecting laser pulse parameter$his infrared optical technique has the potential to result in the
development of a novel method of managing chronic netinig pain with lower costs, good analgesic
efficacy, and improved targeting ability, without the risks associated with opioid analgesics. INI has already
demonstrated a size dependence phenomenon where smaller diameter axons are inhibited with lower
tempeature$®, which motivates that INI may be well suited to inhibit pain signals that typically are
conducted to the central nervous system through small diametef‘aRyits to clinical implementation,

a clearer understanding is needed of the fundamentaltissee interactions. Primarily, investigation of

these interactions will aid with targeting different neurons within bulk tissue in a therapeutic and non
damagingway which is a potential limitation when inducing a temperature rise on a small spatial scale.
Towards reducing the probability of damage, temperatures induced in tissue should be minimized while
still sufficient for inhibition. To date, INI has been impiented in acute studiesAplysia californica**3

crayfist®, rat', and musk shref¥ demongtating a reversible and natamaging method of heat block,
however the measured temperatures appear problematic for sustained clinical use. If INI is to succeed in
longitudinal and clinical studies, methods of reducing the thermal load (temperature &iplie}l to the

tissue will be needéd*® Ways of achieving this may take the form of reducing the temperature experienced
by the tissue, reducing the time that a temperature is applied, and precisely abglyamgperature such

that only regions targeted for inhibition are heated, with minimal heating outside the region of interest.
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1.2 Specific Aims

The work in this dissertation attempts to identify how light application can be tailored towards
optimization of the heat distribution. Optimization may take many forms, but at its basic level, an
understanding of where the heat goes and how hot the tissudugigtg INI needs to be understood for
proper targeting. Once the light and heat has been delivered to the tissue, cellular responses to this
perturbation can be assessed to identify irradiation techniques that will target specific neural populations of
interest. Considering an implantable research or clinical device to apply INI, neurons of interest must have
therapy applied while residing within bulk tissue. Any technique towards minimizing temperature and
optimizing efficacy needs to be able to be aghiln situwith minimal physical manipulation of the neural
tissue. One easily controllable parameter is the length of applied heating along an axon. Thus, the work in
this dissertation assesses whether the length of heating along the axon, herein referretlimcdehgth
(BL), may provide a method of reducing the temperature needed for INI and better targeting of neurons
within bulk nerve. In addition, proper placement of any clinical device is crucial to selectively target
neurons of interest, and while tkemperature for inhibition can be reduced, its advantage will be lost if
proper targeting is not performed. While intraoperative functional tests can be performed to aid in the
placement of a device, the collateral effect of heating will be poorly quaht#nd optimal placement may
be hard to ensure. Therefore, an understanding of the induced heat distribution is important to guide the
targeting of specific neurons in the bulk nerve. Direct measurements within a nerve may not be possible,
especially climcally, but computational models offer a method of predicting how tissue will respond to laser
irradiation across many different scenarios. Therefore, to optimize targeting of neurons in the bulk nerve

with lower temperatures, three aims are proposed:

Speific Aim 1: Characterize the effect of optical scattering on the temperature distribution from laser

irradiation

Computational modeling of biophysical phenomena provides a means of rapidly probing underlying
physics, assessing biological mechanisms, gotimizing application of various techniques. Optical,
thermal, and neural simulations can be paired to understand INI all the way from the light source to action
potential failure. These simulations provide a method of assessingndseed heat distriliions in tissue
towards optimizing targeting of neurons in known tissue geometries. One critical barrier limiting the
predictive power of these models for INI is the lack of understanding of how optical scattering contributes
to the temperature distributio The value of the scattering input parameter into Monte Carlo simulations

of photon propagation is unknown for nerve at INI wavelengths, and multiple factors make direct
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measurement exceedingly difficult. To probe how optical scattering ultimatelysafifiecheat distribution

from laser irradiation, a Monte Carlo was used to inform the heat source in a COMSOL Multiphysics
thermal modelThe results from this model were validated in two different setups, ana gh@m@metric
sweep across optical absogptiandreducedscattering coefficients was performed. Subsequent validation
of the trends with scattering were validated final set of experimentaheasurements

Specific Aim 2: Identify the effect of block length during infrared neural inhibition

Temperature thresholds identified for infrared neural inhibition are-demaging and sufficient for
acute experiments; however, for long term applications, these temperatures prove problematic. It has been
hypothesized that a relationship may exist betweempiplied BL and the temperature needed for INI. The
presence of this relationship would suggest that the temperature for INI can be reduced with proper
application of the BL. In this aim, the presence of this phenomenon was established by probing INI in
Aplysia As a first approximation, temperature thresholds for INI using one optical fiber were compared to
two fibers aligned axially along nerves, doubling the irradiation length. Temperatures from laser irradiation
were assessed at INI radiant exposurediolds using a thermocouple in a water bath and magnetic

resonance thermometry of an immersed nerve phantom.

Specific Aim 3: Optimize block length as a viable strategy for reducing the temperature during infrared

neural inhibition

Initial investigation in Aim 2 provided the proof principle that there exists a relationship between
the BL and the temperature needed to apply INI, and that using two adjacent optical fibers offers inhibition
at a lower temperature compared to a sitfigher. With this revelation, it is possible that the BL may be
optimized to minimize the temperature at INI threshold. Therefore, a probe which would allow for
application of many different lengths of IR irradiation, and therefore many block lengthspmsricted
to explore the parameter space. A novel setup for performing simultaneous measurement of electrical
activity and temperature information Aplysianerves was developed which allowed for determination of
the probability of inhibition as a furion of temperature for different neural populations. Performing this
assessment across many nerve irradiation lengths provided a clearer picture of how BL affects the INI
temperature threshold and revealed an unexpected relationship where two regimda#hiexiesult was

then validated using non laseduced heating, where heated saline was instead perfused over the nerve.



1.3 Dissertation Outline

The material comprising this dissertation is organized in the following manner:

Chapter | gives and imduction to the goal of this dissertation. The motivation for the work
contained herein is outlined, and specific aims developed to complete this goal are discussed.

Chapter Il provides background on information necessary to understand the work coimdiincsed
dissertation. Methods of nheuromodulation are introduced, the physiology of pain is discussed, and infrared
neural inhibition is defined in detail. Underlying lagissue interactions leading to INI are described, and
methodologies for computatially assessing these biophysical phenomena are presented.

Chapter lll characterizes the effect of optical scattering on the temperature distribution induced by
laser heating at INI wavelengths. Both a computational parametric sweep of the parameteif space o
absorption and scattering andetvalidation stuéeswere performed to demonstrate how the maximum
temperature, full width at half maximum, and thermal penetration depth change as a function of optical
scattering. This work has beamitten up in a mamscript that is in preparation for submissiortheJournal
of Biomedical Optic$JBO).

Chapter IV demonstrates a prauffprinciple of the presence of a block lenglpendent
inhibition phenomenon, performed both computationally and withimarvitro invertebrate nerve
preparation. The work presented here was publishéebid, J.B., Ganguly, M., Poorman, M.E., Grissom,

W. A. , Jenkins, M. W. , Chi el , H. J. and Jansen, E. D.
Block to Reduc&@ emperatures During Infrared Neural Inhibitiohasers Surg. Med., 52: 22F5. (2020)

Chapter V assesses the parameter space of BL and optimizes the length-iofilasetr heat

application along the nerve. This work not only identifies thermal thrésHiot different block lengths but

identifies two different regimes of thermal blodiis work was submitted aBord J.B., Ganguly M., Zhuo

J ., McPheeters M. T., Jenkins M. W. , Chi el H. J. , anoc
Infrared Nei r a | I nhibition to Minimize Temperatimre Thr
review.

Chapter VI summarizes the results of this dissertation and presents a set of conclusions about how
the contained work may impact the field of infrared neuratiatation, and society more broadly. Steps
towards continuing this work and future studies that are possible due to the findings presented here are
outlined.

Appendix A describes a study conducted in &pmysia nerve to investigate the mechanism
underlyirg INI. This work was published ifMohit Ganguly, Jeremy B. Ford, Jungi Zhuo, Matthew T.
McPheeters, Michael W. Jenkins, Hillel J. Chiel, E. Duco Jansen, "Veaifagel potassium channels are
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critical for infrared inhibition of action potentials: an expeental study,” Neurophoton. 6(4) 040501
(2019)
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Chapter I

Background

2.1 Neurophysiology

2.1.1 The Action Potential

The action potential (AP) is the electrochemical neural signal that neurons use to communicate
with other neurons and effector organs. Ultimately to understand any neuromodulation technology, the
basics of new conduction must be understood, since the end goal of heuromodulation is to either elicit
APs or silence them. APs are generated by neurons, the basic unit of the nervous systems, which are
composed of four separate regions: dendrites, axons, cell Aodythe axon terminal The dendrites
receive external information from either their environment or otberans, and have specialized structures
or ion channels to be sensitive to different stimuli, such as chemical stimuli, mechanical stimuli, or
temperaturé Axons, the specialized long projections of the cell which can span lengths from millimeters
up to a meter, are responsible for conducting action potentials across distanees ¢ohr t he si gn.
destination. At the end of the axon is the axon terminal which turns the electrochemical signal into a
chemical signal that can be sensed by other neurons or effector organs at the synapse. Neural activity is
only possible because of tekectrochemical gradient established across thegemieable cell membrane
of the neuron (Figure 2.1, A). lons are transported across the membrane using proteins (ion channels and
pumps) in both passive and active transport. Separation of charge Ibéatls socapacitive effect and the
establishment of an electrical potential across the cell membrane, and each type of charged particle, E

contributes to this membrane potential according to its equilibrium potential, or Nernst potential.

YUY 6€E OQE 00 G ITEBAN
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Equation 2.1

where R is the ideal gas constant (R=8.314 J/mol/K), T is the temperature in Kelvin, z is the valence of the

charge (ex. +1 for K-1for Cl') , and F is Faradayés constant ( F= |
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Typically, only sodium, Ng potassium, K and chloride, Clions are considered when calculating
the resting potential, however calcium ions and negatively charged proteins may play avellé a$
equilibrium, neurons have a resting potentialGf to-80 mV (intracellular compared to extriloéar).
Neural signaling takes advantage of charge separation by selectively allowing ions to flow along their
electrochemical gradient. An action potential is characterized by the following set of interactions (Figure
2.1, B). When a stimulus of sufficieamplitude is applied that depolarizes a region the membrane, it elicits
a response in voltageensitive channels in the membrane. Voltage gated sodium channgligitially in
a closed state, respond to a depolarization by opening and allowinduxnoiinpositively charge sodium
ions into the negatively charged cell, resulting in further depolarization which recruits maréfida
membrane potential approaches the Nernst potential for(N&5 mV). The Na quickly enter an
inactivated state whered pore of the channel is open, but ions may not flow through, and eventually the
channels enter the closed state where the pore is closed and ions due not pass through. Depolarization of
the membrane triggers voltage gated potassium channglsglsingpositive potassium ions to flow out
of the now positively charged region of the cell towards the Nernst potential 68& mV) which
repolarizes the cell to a state that is hyperpolarized compared its resting potential. When the membrane is
hyperpolarizd, the K, channels inactivate, and the active transport of sodium and potassium through Na/K
ATPasebring the potential back to the resting potential. This interaction occurs over small regions of
membrane, however, depolarization in one region of memtehcies this cascade of interactions in
adjacent regions of membrane, causing a depolarization wave down the axon which is transduced at the
axon terminal into a chemical signal that can be sensed by other cells. Inhibitory neuromodulation
techniques camterfere with this signaling at the level of stimulus application at the dendrites, at the axonal
level to block the propagation of an elicited AP, or at the axon terminal to stop chemical release the post
synaptic cell. It should be noted that this enfirocess relies on temperatdependent interactions, which

play a role in the mechanism of thermal neuromodulation.

2.1.2 Modeling Neural Conduction

2.1.2.1 The Hodgkiluxley Model

lonic currents in neurons can be modeled to investigate ion channel kinetics, the dynamics of neural
signal generation and propagation, and the mechanism of stimulation or inhibition of neuromodulation
techniques. The HodgkiHuxley (HH) model provides a set efjuations that adequately evaluates action
potential propagation by considering an equivalent electric circuit of the cellular membrane (Figure 2.2).

This model was introduced in a series of papers in the 1950s published by Hodgkin an#*HTikkegixon
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Figure 2.1 Mechanism of neural conduction. A) Axonal membrane. The phospholipid bilayer mesgparates

charge, polarizing the cell and creating a capacitance. lons can cross the membrane through ion channel proteins
contained within the membrane. B) A typical action potential. Stimuli cause a depolarization of the membrane (i).
Once a threshold Wage is reached, voltage gated sodium channel open providing the sodium cyjresggbnsible

for the rising phase of the action potential (ii). Voltage gated potassium channels are triggered which rapidly depolarize
the membrane in the falling phasfehe action potential (iii). The resting potential is reestablished using pump proteins
(iv). Reprinted from Luan et dl.Copyright© 2014 LuanWilliams, Nikolic and Constandinou. This is an open
access article distributed under the terms of@neative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) ordimeare credited and that the
original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
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component currents from ionic components traversing the membrane (Sodium (Na), Potassium (K), and leak (1)) and
from the membrane capacitive compan@h,). lonic currents {J) are driven by the separation of ions across the cell
membrane, resulting in the Nernst potential driving force which is represented as battg)icEd€h ion has a
particular conductance i§g) across the membrane, repmsel as resistors, and the sodium and potassium
conductances are represented as variable resistors due to their-dejtagdenceddapted from Hodgkin etl
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is modeledas a cylinder with a radius, and negligible membrane thickness. The extracellular space is
assumed to be grounded and a good conduCtarents through the membrane are defined as either an
ionic current (bnic) Or a capacitive currentdh), whereby the total current through the membrane is the sum
of the capacitive current and all ionic currents. The membram®déeled as a capacitthe membrane
capacitance) in parallel with a set of parallel resistors and voltage sources (representing ion conductances
and the Nernst potentials of individual ion species, respectively)

The HH model accounts for three types of ionic currsotium (N&), potassium (K), and leak
(L) where:

KO) ‘O O O Equation 2.2

In Figure2.2, each ionic current is dictated by Hernst potential, kn, and a conductancepg
Variable conductance is used for'dad K to account for their voltage sensitivity. Each ionic current can

be calculated as:

T Q w O Equation 2.3

where \;, is the membrane potentialngand g are modeled as a function of gating elements which
represent the probabifiof the channel changing into either a conducting orcmrducting state: labeled

m for sodium activation, h for sodium inactivation, and n for potassium activation. Values for these gating
elements were experimentally derived by monitoring sodium atasgiom conductance over the course

of the action potential. When fitting the change in potassium conductance, it was found tHat an n
relationship best modeled potassium activation. Similarly, sodium activation was found to have an m
relationship, and sthum inactivation an h relationship. Thus, conductance is modeled by the following

eguations:

Q T £ Equation 2.4

Q T 4 Q Equation 2.5
where @ and "@ are the maximum sodium and potassium conductance [conductafice/cm

respectively, and n, m, and h are all dimensionless variables between 0 and 1. The gating elements n, m,

and h can all be calculated from the equations:
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where U and b are voltage dependent variables. C
fromanoract i vated st at e t oistharateaot ttansferdrone ah activiatadtsete towh i | e
nonractivated state. Hodgkin and Huxl ey experimental
axonat6.8C®. Both U and b values for other neur™@l syst.

A temperature dependence has been incorporated into these variables, deemed tiee@is the rate

by which biological processes are acceleratdten their temperature increases by°@00
° Using these equation, neural activity can be adequately modeled in response to a range

of conditions such as tissue heating.

2.1.2.2 The NEURON Simulation Environment

NEURON is a simulatiorenvironment which provides a platform for computational models of
neurons and networks of neurdhdJsing NEURON, the Hodgkin Huxley model, as well as other neural
conduction models, may be applied. NEURON relies on the application of the cable equation
W . @

'I'_b Ol o Equation 2.9

—a
—a

—a

which describes theurrentvoltage relationship in a ordimensional cablé*2 Computational geometries

comprised of multiple connected segments of axons can be set up over which the cable equation is solved
by using applied mechanism files which define par
and b feferd gates] antl temperature dependencies of HH parameters. NEURON has been used to
simulate neural activity in many scenarios, including for heat blotkOne of the parameters able to be

modified is tle temperature of each computational node. Gangpudy utilized the NEURON simulation
environment to develop a modified HH model with a more appropriate temperature dependbecy at

elevated temperatws@sed for INH, and the mechanistjaredictions generated from this modified model
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were validated experimentatfywhich motivates that INI can be accurately computationally assessed using
NEURON.

2.1.2.3 Length Constant

One important interpretation of the cable equatioh@ddéngth constant of axons. Voltages in axons
decay over distanoghen not actively propagated by Wand this can be assessed by considering steady
state behavior (dV/dt = 0). What emerges from this analysis is that the voltage exponentially decays as a
function of distance as governedtne length constang,, whi ch i s defined as the

of the membrane resistancg, to the intracellular resistance, r ( se#i])a [ r

o © QF Equation 2.10

Where V(x) is themembrane voltage over the axonyaVis the maximum value of the voltage, x is the

distance from where current/voltage is applied. As axon diameters incrgasereases due to a larger
crosssectional circumference andincreases due to a larger s@se ct i on all ar ea, whi cl
increasing. Thus, voltages decay over longer distances for larger diameter axons. The practical
consideration for this is that when applying a neuromodulation method, if it targets axons, both the axon
diameters of theneurons and the length of axon over which the neuromodulation is applied should be
considered since it may affect dosage. Indeed, for infrared neural inhibition, it was determined that larger
diameter axons require greater temperatures for inhibfitidhis was first determined analytically using

the cable equation and then validated experimentally. It would also stagasbn that length dependent

effects may exist for infrared neural inhibitiphowever, investigation is needed into how these phenomena

may interact.

2.1.3 Peripheral Pain Physiology

Pain is the unpleasant experience that is utilized to alert srganio the occurrence, or the
potential, of tissue damage. The fundamental transmission of pain signals relies on action potential
propagation and utilize the architecture of the nervous system. The transmission of these signals which
encode for pain is tlad nociception, and thus neurons that carry these signals are called nociceptors.
Nociceptorsresiding in the peripheral nervous system (PRM&ay information to the brain via the spinal
cord whichboth make up the central nervous system (CN3jce &the brain,these signalswill be

perceived aspain, both in terms of eliciting a physical response and affecting emotional state
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Neuromodulation for pain management can interrupt the transduction process at any of these tissues
depending on the diseastte and intended effect. For the purpose of this thesis, it is helpful to focus on
the peripheral nervous system becatigeovides and advantageous morpholtgynvestigate the effect
of block lengthsince heating can be localized to axons which agarozed into bundles within nerves.
This physiology allows for the approximation of each axon as an electrically excitable cable, which can
then utilize the cable equation (Section 2.1.2.2) to approximate the membrane potential and
inter/intracellular cuents.

The axons in nerves project from different types of neutbas canencode motor or sensory
information. Some of these axons are encircled by myelin which acts as an insulator to increase the speed
of signal propagation, or conduction velocity,aiagh saltatory conductidéft® Neurons with myelin are
referred to as A type neural fibers while those without myelin are C type neural fibers. Nociception is
conducted by™A&U AWmdfiCbéideescode for heat, cold,
the skin, and when activated provide the fast sens
Their axons are t he s ma lndiareter, aodconducttatyspeeds of &to 40onfss , 1
C fibers, on the other hand, are the smallest dia
single C fiber can encode multiple modalities of pain from either chemical, thermal, or mechanica
stimulate, and therefore are sometimes referred to as polymodal nociceptors. When activated, they are
associated with the sl ow, deep Aburningo pain, a
nervous systelm  Not abl vy, C fibers can exque@ni ewhceer ea relpen
stimulation of these neurons results in greater intensigiof over tim&% It has been suggested that this
wind-up contributes to the development of central sensitiZatféncharacterized by a decrease in the
signal threshold at the spinal cord to elicit a painful response and an increase in response to suprathreshol

stimuli.

2.1.4Aplysiaas a Model System

Aplysia californicahas been a key experimental model in probing neural development, neural
conducti on, and memory, winning the Nobel prize f
work with the model in learning and mem®ryAdvantages of thaplysiainclude their large neurons and
the robustness of their neurons whitan provide upwards of 8 hours of experimental manipulation of
excised tissues. Thiplysiais an invertebrate, and thus does not have myelinated axons, nor does it have
a brain. Instead, théplysisd s ner vous system i s magmdléntegrgon aerftersgangl| i

for their combined 20,000 neurons. This nervous system has been mapped down to individual neurons
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which reside in the same locations and demonstrate repeatable types of firing behaviors acro$s?animals
Connective nervesin between these ganglia and, of these nerves, the longest in the animal are the pleural
abdominal nerves (also known as the Pleural Abdominal Connectives, PACs) which forms connections
from the left pleural ganglion to the left abdominal ganglion ana fitte right pleural ganglion to the right
abdomi nal ganglion. Axon diameters of -Beamohsi ng
the most common diameft&f®. The left PAC(LPAC), and the right PAC (RPAC) are slightly different in
mor phol ogy. Notably, the RPAC has two @iamdnhe axons
RPAC has more axons that the LPAC (~3700 vs ~2&00he length of these nerves provide plenty of
room to test lengtibased effects of neural conduction along axons, and their unmyelinated neurons that are
only a couple microns in diameter serve as a good first appatixin of vertebrate @bers for the purposes
of INL.

Along with these advantages come some shortcomings &glysiamodel. Primarily, lack of
myelin presents a difficulty in truly understanding the biophysics of neural signaling in myelinated neurons.
Aplysiaare an adequate first approximation of unmyelinated neurons, but experiments in vertebrate animals
and humans are necessary to probe how neuromodulation techniques interact with myelinated neurons. One
other characteristic that must be monitoredhiat the exact complement of ion channels will be different
betweenAplysiaand vertebrates, and so identified effects on neural conduction must be validated in a

vertebrate to properly support its relevance for human use.

2.2 Neuromodulation

2.2.1 @mmonly Used Techniques

2.2.1.1 Electrical Methods

The current gold standard for devisased modulation of neural activity is through electrical means
due to its reliability, repeatability, and safety. These electrical techniques rely on injecting eleoctnt
into or applying a voltage potential to the tissue to depolarize or hyperpolarize the cell membrane. Electrical
modulation offers the option to both stimulate and block neural acfitttdepending on the pulse
parameters and stimulation hardward.arge diameter axons are affected at lower currents than small
diameter®* Electrodes can be as simplebase wires or sophisticated as multielectrode arrays which can

have 10s to 1000s of contact points with tissue (Figure 2.3). Their application can range in invasiveness
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from being completely nemvasive, such as placement oe #kin which sacrifices spatial precision, to
impaling the neural tissue for a high degree of selectivity. Many clinically implantable devices utilize
electrical stimulation, and are highly effective as a therapy for a multitude of applications suadh as pai
mitigation, prosthetics, and cardiac pacemakers. Despite these advantages, there are some drawbacks to
electrical techniques. Electric current has a tendency to spread in tissue which lowers spatial selectivity and
requires well optimized, expensive, apdtentially invasive devices for precise stimulation. Tolerance
effects have been noted for some applications of electrical stimdfatidrere more current is needed over
time to elicit a response. Lastly, toxicity effects can be a probletedfrical pulse protocols and optimal
hardware are not carefully consideted

Common pain therapies using electrical stimulation include TENS and SCS which are believed to
work through Gate Control Theory in which afferent signals are gatie spinal cord and signal from
larger diameter, nenociceptive sensory neurons will block the transmission ofpdihis idea is akin to
rubbing a wounded area to make it feel better. Typical drawbacks for these technologies lieatl
migration, incompatibility with magnetic resonance imaging (MRI) scanners and pacemakers, relatively
poor specificity, and paresthe¥l&’. Particularly with SCS, there is a high cost barrier and-4080
incidence of complicatiofi$ High frequency alternating current has shown poteintjatoviding block of

both large diameter and small diameter neurons within bulk Herve

2.2.1.2 Pharmacologic Methods

Neuromodulation with pharmacologic agents work by providing receptor agonestsagronists.
Some agents apply neurotransmitters or hormones, such as serotonin, dopamine, and té¢td$tesene
drugs act on receptors tdtar directly allow the flow of ion channels through the cell membrane or through
metabotropic receptors which act through a signaling cascade in th&/keh. considering alleviation of
pain, pharmacologic agents (i.e. drugs) is often the first actime $hey offer a neinvasive and easily
applied means of modulating sensory perception. Drugs can work through a multitude of mechanisms which
can allow for enormous chemical specificity but can make it difficult to identify the right treatment and
dosagefor patients. The first response of physicians is typically nonsteroidalnflathmatory drugs
(NSAIDsY*“*¢because of their favorable risk factors. If NSAIDs prove ineffective, tesatoften turns to
opi oi d anal ge s-oposl reeeptorc Mhis aresents @ veryehigh risk factor as has been
identified from the emergence of the opioid epidémand guidelines for minimizing the risk of addiction
and other deleterious effects have been outthe@epending on the underlying reason for pain,
pharmaceuticals such as muscle relaxanfgatis, antidepressants, and anticonvulsants can be effective
Pharmaceuticals which act along the axonal membgarod, as lidocaine, have been observed to require

higher concentrations for larger diameter axons, demonstrating-sesértive specificits?.
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2.2.1.3 Ultrasonic Methods

Ultrasound (US) has been recently used for both neural stimulation and inAflotiduS offers
extremely low invasiveness since it can be applied through the skinvendtraverse the skull for
modulation of brain activi§f. In addition, focal regions are generally on the order of Pomirtf and it
has been reported that s peeniathiewed, buythisodropsttoradewonmd e r
when operating transcranialfy This is generally a lower resolution of control compared to other methods
of neuromodulation such as highly optimized electrical methods and optical modalities. A difficulty with
US neuromodulation is the highly vasia results® which could be due to the multifaceted mechanism of
modulation. Particular trends in parameters have been identified to apply
stimulation or inhibition; however, the interaction of mechah&nd thermal mechanisms make a true

understanding of the underlying biophysics diffi¢tlt

2.2.1.4 Optical Methods

Optical methods have emerged in the past few decades as potential mechanismsiltdingod
neural activity. In the 1980s direct illumination of neural tissue with visible/near infrared light was shown
to elicit an effec® 8, While inhibition of pain signals was shown, ibsue of tissue damage was not well
addressed in these papers, and inhibition was not always reversible. Low level light therapy (LLLT) has
also been applied for neural modulation by looking at the easing of.gs@urotransmitter uncaging is
another method of optically modulating neurons whereby signaling molecules are activated or inactivated
by a photosensitive region of the mole&lifé A common molecule used with this technique is glutamate
due to its role in stimulating excitatory neurons. This techniquesésgshigh spatial resolution and has
been used in neural circuit mapping experinfénithe most notable impact in recent years in the field of
optical neuromodulation has been the development of optogenetics. Optogenetics uses implanted light
sensitive ion channels in the membrane of tangeiron$®. By illuminating the tissue, neurons can be
selectively excited or silenced. Optogenetics began with channel rhodopsin which required blue light to
activate and had its response saturate at relatively low stimulation frequenaoiesth®im many types of
optogenetic channels have been developed which allow for stimulation over a range of wavelengths and
that can respond at high pulse frequeriéidespite its utility, the main drawback of optogenetics is due
to the gentc modification required to implant the ion channel in neurons. This poses a problem for clinical
implementation and limits the use of optogenetics to research applications. More recently, short wave
infrared (SWIR) optical neuromodulation schemes haverged*®. Questions still exist about the
underlying mechanisms for these techniques, but pheyide a spatially precise method which may not

require introducing exogenous ion channels.
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2.2.2 Infrared Neural Modulation

INI is another way of applying a neural heat block but with high spatial discrimination and with a
delivery scheme thanables highly customizable probes which do not require contact with tissue. While
direct optical modul ation of neural tissue has be
applied optically using light in the visible and négrared (NIR wavelength$ it was shown that this
irradiation resulted in a sustained disappearance of the neural signal which only recovered long after
irradiation ceased and did not fully recover in many cases. It was not until 2005 tha¢Vselmiblished
the first account of neural excitation using midve infrared (MWIR) wavelengths which introduced the
concept of specifically targeting water absorption in neural tissue to apply photothermal neuromodulation,

and launched the field of infrared neural modulation (INM).

2.2.2.1 Thermal effects on neurons

The susceptibility of neurons to thermal effects has been noted since the beginning df the 20
century’. In 1949, Hodgkin and Katz systematically showed the effect of different bath media temgserat
on the resting potential and action potential dynamidsatifjo forbesistellar nerve®. One important
finding from this article was that action potent.
returned to cooler temperatures. Thus, a reversible heat block was shown. Since this foundational
experiment, heat block has been studied in a range of computational and animal models. Thermal
requirements for heat block have been observed to be neuron type depPeAdeitionally, it has been
shown that cooling of nerves can result in neural Bfocs well as can a mixture of both heating and
cooling®.

When neural tissue is heated there are both changes in the resting potential of neurons and in the
kinetics of ion channels. The steady state resting potential of cells depolarize in response to lower
temperatures and hyperpofaiin response to high temperatdte€arpenteet al. showed that while the
resting potential of neurons decreased with increasing temperature, the threshold membrane potential to
elicit an action potential iAplysiapacemaker cells was not temperature dependent (Figufé Bdth Ky
and Na peak currents increase at elevated temperdtuiBse duration of these currents also decreases
with increasing temperature showing that ion channels inactivate more quickly. Additionadlye Knore
likely to be in a conducting statélawer voltages when temperatures are incréased

It has been shown that both sodium and potassium current amplitudes increase with temperature,
however potassiuraurrents have a greater temperature sensitivity Both sets of ion channels exhibit
faster onset of currents at increased temperatures, but potassium onset times decrease in amplitude more

quickly than sodium onset timé<°>. The reason for this greater potassium channel sensitivity to
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temperature is likely duto K, channels containing a region of amino acid residues similar to those found

in TRPV1 (transient receptor potential subfamily V member 1) channels, a type of cation channel which
can be gated by changes in temperature Hlofiaken as a whole, the temperature dependency of ion
channels results in altered ion currents causing action potentials that are lower amplitude, lower duration,
and faster conductinglven neurons are heated, and sufficient heating can create a heat block. Because of
the greater temperature sensitivity of voltage gated potassium channels, it was the most likely mechanism
for heat block. Recent work has determined thatafe indeed chiéf responsible to INf but
temperature effects on other factors such ag dlaother ion channels may play a synergistic of

contradictory role. The mechanism of INI will be addressed in section 2.2.2.3.

2.2.2.2 Infrared Neural Stimulation

Wells et al. demonstrated the first stimulatiedn of a
¢ m¥in the frog sciatic nerve using a free electron laser which providedlaskr pulse to action mottial
resulting in a muscle twitch. This processes of optically stimulating neural tissue using IR lasers was given
the name infrared neural stimulation (INS). It was shown that the mechanism for INS is likely due to a
spatietemporal thermal gradientgemr at ed in the tissue due #%.dhewater 6
main advatages of INS over other neuromodulation modalities are its spatial specificity, lack of reliance
on exogenous agents, and ability to be applied without contact with the lisaddition, these advantages
are achievable using even relatively easy to implement light application methods such as optical fibers
without the need for costly beam shaping components.

The underlying mechanism of INS has been investigated, and iebasshown that much of the
effect is due to thermally induced capacitive changes in the cell merfibfahewever, the contribution
of heat sensitive ion channels and the release of intracellular calcium cannot be ignored. Interestingly, INS
induced ion currents were generated in different types of cell membranes and it washehodirect
irradiation of any lipid bilayer results these capacitive curreftsSince the first set of experiments in the
rat sciatic nerve, INS has been tested in animal models rangingAfptysiato humans and applied for
motor control, stimulation of the cochfé& pacing of the hedft®* stimulation of noshuman primate
bran®®8 stimulation of the cavernous nef(& and stimulation of human dorsal rootfétso name some
of the applications. Optimal wavelengths in the SWIR, 18400 nm and 186@880 nm, were identified
due to the penetration depth of the light in tissue being on the order of half the diameter of a nerve.
Additionally, there is wide availability of loveost sources at these wavelengths due to technological
developments in the field of telecommunications. Since the discovery of INI was due to studies in INS,

many of the same wavelengths and application methods are utilized.

27



0-]
x CFT
o RMP
-20+
> % x
E !* x ¥ X X * X X
= X
<
-
z
(77 ]
040 2 4
e 4 8 R’RW1 1B 9 7 3 [ 5
w n
z
L4
= o
=
w
s oo 9 o
-60- o
o o
o
Q
o o o
1 i i L
5 10 15 20 25

TEMPERATURE (°C)
Figure 2.4. Resting patéial and AP threshold potential as a function of temperature.-(CHfical Firing

Potential) (RMPResting Membrane Potential). Numbers represent the order of te3tiag7 Carpentef.
Originally published in Journal of General Physiology. https://di@j/10.1085/jgp.50.6.1469

28



Laser parameters for INS in the peripheral nervous system utilize pulse widths on the order of
milliseconds and repetition rates of <5Hz due to the overlap of the temperatures of subsequent pulses
resulting in a sustained eldian of tissue temperature above baseline. INS of the central nervous system
applies pulse parameters more similar to INI where pulse widths are on the order of 100s of microseconds,
repetition rates are in the 100s of Hz, and duration of applicatiof e 0.5 second% The mechanism of
stimulation of the CNS is still under investigation since-a fiulse to activity is not seen, and other
mechanistic factors such as hsansitive ion channels, intracellular calcium release, dadagtivation
have been implicated as having a substantial role.

Multiple methods of pairing INS with other techniques have been tested. Contrast enhanced
methods using gold nanoparticles allow for the stimulating wavelength to be within the tissaé opti
window (80@1300 nm) which both increases the penetration depth of light and specifically tags tissue for
stimulation, but requires the introduction of exogenous particles to absorb those wav€lénhdduke et
al. explored the advantages of combining INS with electrigalusation and found that the optical energy
required for neural stimulation could be reduced while maintaining the increased spatial spééfficity
The field is continuing to expand to other cell types in the nervous system including astrocytes, microglia,
and satkite glial cells, and efforts to fully elucidate the mechanisms of activation and to translate INS into

a clinical modality are ongoing.

2.2.2.3 Inhibition Neural Inhibition

In 2013, Dukeet al.used SWIR wavelengths to cause neural inhibitiorhis initial study Bowed
the utility of INI in both an invertebrate and a vertebrate model to inhibit AP generation, AP propagation,
and muscle contractidh Dukeet al reported an & rise associated with INI in theplysiabuccal nerve
and a §C rise in the rat sciatic nerve. In contrasiprevious optical inhibition studies, the neural signal
immediately returned when irradiation ceased with no evidence of functional dansagkingly, INI was
achieved with much shorter pul ses, 200 ¢ s, and hi
theperipheral nervous system. By using a pulsed approach, heat is generated during irradiation of the tissue
and thermal relaxation occurs during irpeise periods, and an overall temperature rise results from the
superposition of the heating dynamics franultiple pulses. This allows for tight control over the
temperature distribution within tissue. Application of heat block using laser heating also allows for high
spatial precision so that specific tissue can be targeted and small groups of plated’neurons

Evidence suggests that INI works through heat block mechanisms identified by Hodgkin and
Kats’®, and that a temperature thresholdeiguired Gangulyet al developd a modified HodgkirHuxley
model that added a temperature dependence to the maximum ion conductances and axial resistivity, updated

the Qo temperature dependency, and added a temperature dependent-goi@issium pump to more
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adequately capture actiomtential conduction at elevated temperatures experienced duritfy TKIs

model was used to assess the mechanism of heat block which revealed that potassium channels are critical
for its occurrence. This hypothesis has been validatedtro (Appendix A) by applying ion channel
blockers, tetrodotoxin for Nand tetraethyhmmonium for K, to small sections of nerve that were blocked

with INI showing that INI could not occur when the potassium channels were blocked, but was still effective
when sodium channels were blocke®ynamics of inhibition were further probed in the crayfish by Zhu

et al to assess temperature dependeritadd K kinetics and membrane resistance which highlighted that

the AP amplitude recovered at a different rate than the AP dufation

Other phenomena associated with INI have been uncovered that may help increase its selectivity and
clinical adoption. A size dependence was noted vidyesenaller axon diameters require lower laser radiant
exposures and lower temperatures for block (Figure’®2Bhis directly has implications for targeting
nociceptive signals within bulk nerve since they are chiefly transmitted by small diameter axons. Another
phenomenon was identified by Lothedtal when teshg hybrid electreoptical inhibition, using kilohertz
frequency alternating current (KHFAC) in conjunction withflRIKHFAC can block conduction of neural
signal$® but suffers from an onset response that can last longer than several seconds where many large
amplitude, asynchronous action potentials are elicited at higheéney before block eventually sets in.

This results in large muscle twitches and potentially painful sensory neuron stimulation. INI was shown to
be able to block this onset response until KHFAC took effect at which point the laser was turned off,
demongtating that hybrid inhibition offered a method of lowering the thermal load associated with INI and
removing the onset response of KHFAC. Methods of performing contrast enhanced INI to increase targeting
specificity have been performed by using gold nagdethat highly absorb light at 785 nm which increases

the penetration depth of ligfit, but introduces exogenous agents, negating one of the advantages of INI.

2.3 LaserTissue Interactions

Laser irradiation of tissue begins a cascade of events that are dependent on the material properties
of the tissue. These intetions follow well described equations so that the biophysical response can be

modeled and predicted.
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2.3.1 Optical Interactions

When laser light is irradiant on tissue, several interactions occur. Fatst,ifiteracts with the
interface of the tissue due to the refractive index mismatch between the tissue and the previous medium (air
if free beam irradiation and glass if an optical fiber is in contact). Photons will either be reflected back into
the previais medium or transmitted into the tissue according to Fresnel Eqi&tishigh depends on the
angle of incidence and refractive index of the medium, n, defined as the ratio of the speedimfaigh
vacuum to the speed of light in the medium, among other factors. Transmitted light will be refracted,
whereby the angle of propagation is altered according to Snel&.I@mceinside the tissue lighhatter
interactions can occur, chief among these are optical absorption and scattering. Nonlinear effects can occur
at high enough optical intensities, but INI does not operate in this regime, so these effects will not be
considered

Optical absorption is characterized by energy from a photon being transferred to a molecules in the
form of eliciting electronic transitions and stimulating vibrational and rotational modes in chemical
bonds$®. Once absorbed, this energy can be dissipated by the release of photons in the form of fluorescence
and phosphorescence, driving photemical reactions through intrar intermolecular energy transfer, or
dissipated as heat. Wavelengthsed for INI are too low energy to drive electronic transitions, so
fluorescence and phoetthemical reactions are ignored, and the dominant interaction is heat generation due
to targeting of absorption bands of water molecules.

Optical scattering in tisguoccurs from refractive index mismatches between the bulk medium and
particles within the medi um. Scattering can take
wavelength is changed after the scattering event from either a gain or loss of enetgstic scattering,
where the wavelength is unchanged by scattering. Inelastic scattering occurs at a much lower probability
than elastic scatterin®, so for the purpose of INI, this is igred. The amount and direction of scattering
is dependent on the wavelength of light, the scattering-sexgfon of the scattering particle(s), and the
concentration of scattering particles. Two regimes of scattering are considered: Mie and Rayhaigsh regi
The Mie regime occurs when the scattering particle eseson is comparable to or larger than the
wavel ength of I|ight, o, whil e Rayl ei-gehtionsiscrautht er i ng
smaller than the wavelengdth

Coefficients are used to r epr e[é/mm]|tandtsdateering,e | at i v
€s [1/mm], events in a medium, and are defined as the inverse of the mean free path length of photon
propagation before an absorption or scattering event occurs. These optical properties, along with the
refractive index and anisotropy factor (g), are wavgllerdependent, and thus must be characterized at

each wavel engt h o {fcannab beedireetly tmeasutech becagsa any sepsed sgnal is
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dependent on both the amount of scattering and the direction of scattered photons. The tendency towards
directionality of scattering is dependent on the scattering phase function and is captured in the anisotropy
factor, g, which is the average cosine of the scattering ‘@hdléie value of g can be betweenand 1,

where-1 means photons are completely back scattered backward, 1 means photons are completely forward
scattered, r@d 0 means photons are scattered isotopically. What can be calculated from measurements is the
reduced scattdri whicbei i ad b diwg tsf(ieg)]. Optical scattering ¢
exhibits predictable trends with wavelength. Nheory shows that an exponential equation can be fit to

the wavelength dependence of scattering in the Mie regime. Additionally, in the Rayleigh regime, the
amount of scatt er HWgBy pombipng thése latiariships, an e@uhtiore-can be
developed using measured parameters that encompasses the wavelength dependent relationship of
scattering™.

. o 0 = pQ _ Equation 2.11
= VT & LTTTE A

where ad is a sc@alang babOrtrmeequfdrlactta o:n of Ray |l €

wavelength in nm, andw is the exponential fit parameter for Mie scattering.

2.3.2 Determining Light Distributions

The distribution of light within tissue can be approximated a few different ways depending on the
assumptions that can be made about the tissue and the optical properties. The simplest approximation uses
Beer s | aw, wh mtensity of ight, |, fatalépth,a,fisfan eaponenmtial decay from the intensity

at the surface of tissue, |
0 TQ 2 Equation 2.12
He r e [1/mng], the total attenuation coefficient, is equal to the addition of the absorption
coefficientand t he scat t gte). When scaiteringfisegtigible this equatioa provides the

distribution of light in the tissuéor a collimated bearsince absorption only affects the amount of light

penetrating through the tissue and not thedion of photons-or a norcollimated beam, equation 2.12
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can be coupled with information about the divergence to determine the distridtigoattering is not
negligible, this equation gives the expected measured intensity at depth, z, but do@ad®irgormation
about the distribution of photons because directionality of scattering is not captured.

To more accurately approximate photon propagation analytically, one can use the radiative
transport equatioff.

OiAH * 0ifK  niHeD iAHR1ee "YIRH  Equation 2.13

where L{ hi Mis the radiance [W/fsr] at position r in directiontHp is the scattering phase functidrssr],
and S is the optical source term.

In practice, it is difficult to solve this equation to determine propagation paths of photons and the
distribution of absorption in tissue. Two commonly used methods to approximate photon flux and
absorption disthutions are Monte Carlo simulations of photon propagation and diffusion theory
approximations. Diffusion theory treats pHhH%%tons a
and is lss computationally intensive that a Monte Carlo, but relies on the assumption that scattering is
dominant over absorption. This assumption is violated at INI wavelengths where absorption is dominant.
Thus, simulating light distributions in tissue during hdlies on the Monte Carlo method.

A Monte Carlo simulation is a probabilistic model that launches discrete packets of photons into a
computational geometry. Each v oxaeld andg Oncelarinclged, 0 me t r
a photon (paket) propagates through the geometry until it traverses a scattering. |[€hggthscattering
lengthisr andomly determined from ans Teexwpighhofthetphotohis di st r
reduced according to how far it propagatikaing the scatring lengthand the absorption coefficient of
the voxels it traversed. A scattering event is then considered, and a new direction of propagation is
determined based on the phase function using a random number generator. The above process of
propagation ighen repeated. The photon is terminated if its weight drops below a threshold level or if it
exits the geometry. Interpretable and reliable information about optical fluxes and absorption maps can be
generated by performing these steps for millions ofg@i®which can takep tohours b days. Recently,

a graphical processing unit (GPU) accelerated Monte Carlo was developed that has provided a massive
speedup so that simulations now take minftes

Monte Carlo simulations are ideal for determining distribution of absorbed photons inméde
variety of tissue geometries, and for probing absorption trends in neural tissue. For INI, these absorption

distributions provide crucial insight into the distribution of heat generated. Absorption maps phaevide t
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distribution of absorbed energyh at can be used as the heat source
inform the laseinduced temperature distribution. For a single pulse the temperature can be calculated:

Y o= Equation 2.14

whereH[J/cn?] i s t he r adi &isthe densityofihe tissue ang[d&/kd/K] i therspecific
heat®. This equation assumes that the duration of the laser pulse is sufficiently @inpered to the
thermal diffusion time constant of the tissue so that conduction does not play a role. Once a photon is

absorbed and heat is generated, optics no longer dictates any further interactions.

2.3.3 Methods of optical property measurement

As discussed in the previous section, assessment of light distributions in tissue is possible through
computational models, however values of the optical properties are needed as input parameters. Optical
properties can be estimated through measurements le€tiefi and transmission through a sample.
Properties are highly dependent on the components and organization of tissue, and so for accurate
assessment how light truly behavethe manipulation of tissue should be minimizeth situy,
characterization is fficult, and some techniques require removal of tissue. Available tissue size will also
affect the technique and grinding tissue into a paste has been performed to pool tissue samples, but this will
alter the measured properti&s Dehydration freezing,and fixation of tissue will also alter the measured
parameterd’. For the purpose of this dissertation, this overview will focus on commonly used methods to
esti gpeand .

Calculating the optical properties reqsrprobing sample with known irradiation parameters,
either directly or indirectly, measuring photon distributions. A vast majority of techniques rely on reflection,

R, or Transmission, T, measurements (an example of a technique that does not measiirssRsand a

thermal camera to measure the ighh duced temperature risg Wheni ch <ca
measuring excised samples, both R and T can be measured since there is access to both sides of the sample.
When this is the case, integratinghsres are one of the technique of choices since they allow for sensing

of (ideally) all photons either reflected or transmitietegrating spheres are hollow spheres that are coated

with a material that is highly reflective across a broad range of emyttls. A sphere will have several

ports, or openings, to accommodate the placement of a sample, a detector, and irradiation from a source.

Samples can be placed over these ports to make total reflection and total transmission measurements that
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are indepedent of the angle of photon leaving the sample (whether reflected or transmitted), hence they
are said to integrate over all angles. For measurements of R, a sample is placed over the sample port and
light enters from the entrance port directly oppositeshimple (Figure 2.6). Light reflected off the sample
will be incident on the wall of the sphere and reflected until it reaches the detection port located on the side
of the sphere. Measurements of T can be made in a similar configuration where irraditimisample
now occurs on the surface opposite the sphere such that transmitted photitecieel Any port across
from the sample is covered with the reflective material so that photons are reflected around the sphere until
sensed at the detectionrp Setups can be utilized with one sphere where R and T are measured separately
or with two spheres where R and T are measured simultaneously. It is assumed that all light incident on the
sample is either measured in the reflection sphere, measuredtiartemission spherer absorbed by the
sample. Erroneous calculations can result from lost photons due to ports that are not completely covered
and from samples that are too small which leads to photons being scattered out from the sides of the sample
Consideration of photons lost due to specular reflections off the sample is needed. Processing of this
information is performed using the inverse adding doubling méthod

Othercommonmethods of optical property estimation largely rely on only measueihectance
distributions The troublewith these methods for INI wavelengtissthat diffuse reflections dramedilly
decrease when absorption is greater than scattering Vitmitt the signal to noise rati(GNR) of these
techniques, making thenot well suitedor the task One method applies fib&asedight application and
sensing®™ ! A probe is placed in contaciti the tissue to deliver light, and a second probe is placed at a
known offset to measure reflected light. Spatial frequency domain imaging (SFDI) is another method of
approximating optical properties by projecting light on a sample with different sfratiglencies and
imaging the reflected light*'> The diffusion approximation of the radiative transport equation is then
applied t o .dptbeconii nteh et hte ses u-pass filernseaningthablomerspattas a | o
frequencies will propagate deeper and higher spféiglencies will be attenuated more quickly. This
allows for depth resolved informatiarsing SFDI Only a camera, a light source, and a spatial modulator
is needed, and the simplicity, noontact nature, and spatial information gathered lends itselftavell
potential clinical implementation. Since this technique relies on the diffusion approximation which requires
scattering events to be much more prevalent than absorption events, SFDI cannot be applied well to INI
wavelengths. Current attempts at perfomgthis in the SWIR have utilized extrapolated information from

shorter wavelengths’
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Figure 2.6 Integrating spheres to estimate optical properties. Single or double sphere configurations can be used to
measure the refleghce off and transmission through a slab of tissue. Samples are placed between slides for an
optically smooth surface or liquid samples are placed in a cuvette. Monochromatic sources can be used with
photodetectors for single wavelengths, or polychronsaticces can be used with spectrometer detectors.
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2.3.4 Thermal Interactions

Once heat is generated, it can be dissipated through three possible means: conduction, convection,
and radiation. Cooling of the tissue due to irradiation is typicediyligible therefore only conduction and
convection will be considered here. Thermatauaction is the movement of heat down a thermal gradient.

The Fourier equation models the temperature time dependence of due to cofduction

Uy
=" @y Equation 2.15
“ 90 g

where T istemperature and k is the thermal conductivity [WimRearranging the equation, we can see
another common form which @ts]l,i zetsg)teneU=stk/e(rymal di

%{)Y |y Equation 2.16
Convection is due to the relative motion between a fluid and substrate which are in contact and
typically occurs in tissue due to blood perfusibmvitro setups may have convection occur due to the
movement of bath media over tissues. The heat flow leetwiee tissue and the media at the surfage (Q
[W]) due to convection is defined as:

0 @Y Y Equation 2.17

where h is the convective heat transfer coefficient [¥liin A is the surface area at the interface][riis

is the surface temperatu[K], and b is the bulk fluid temperature [K¥. These aspects of heat transfer,

along with the heat generated due to tissue metabolisg) (1 are model ed i n'®enneds
(P_c‘) QY ] w’Y Y U Equation 2.18
I'n this version, convection due to blood perfu

the volumdtraction of blood to tissue [ml/ml] and,&s the temperature of the arterial blood. With a slight

modification of the equatiom heatsource(such as a laser) can be add@gr.fW/m°] .
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" &)TT—;( Y] Y Y D 0 Equation 2.19
Techniques such as finite element analysis (FEA) can be used to apply this model to understand

temperature distributions and heating dynamics in bulk tissue. FEA is a method of piecewise approximation

by taking a physical strtiere and breaking it up into a finite number of discrete elements. Equations are

solved at nodes generated at the vertices of elemehish can be assigned therméfetent properties

based on the materialVhen setting up an FEA, there are there astefs to follow as defined by Coek

al.**These are:

1 Define the geometry by dividing the structure(s) into a finite number of elements

1 Define the properties for each element

1 Assemble the elements to form the model

1 Apply the known loads. This will be nodal heat fluxes for heat transfer analysis

1 Apply the known values. For heat transfer, this will take the form of known temperatures, initial
conditions, and thermal boundary conditions.

1 Solve the equations to determine noddles temperatures for heat transfer analysis

Calculate the element heat fluxes from temperature values and the temperature field

After these steppostprocessing can occur. Software has been created which allow for easgrabtup
optimizationof thegeometry ananeshing of theelementsas well as most the other required F&Aps.
COMSOL Multiphysics Modeling Software is onetbE potential softwarewhich canperformFEA for

thermal analysis and has been used in this dissertation for its ease of implementation

2.3.5 Thermal Measurements

Various methods exist for sensing temperature. Among these are using thermocoupfé§ (TCs)
thermistors and thermopif€d infrared imagin? magnetic resonance (MR) thermométty
fluorescencE® ultrasound thermograpHy, and temperature spatially offset Raman spectroscopy (T
SORS}*® however this is by no means an exhaustive list. The work conducted in this dissertation utilized

three tehniques TCs, infrared imaging, and MR thermomettlyus those will be highlighted
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2.3.5.1 Thermocouples

Thermocouples are the junction of two metals which utilize the Seebeck effect to measure a change
in temperature. The Seebeck effect stéites when a junction occurs between two metals, a potential
difference will be creatétf. Practically, two different junctions are created such that one serves as a
referencepotential Voltagedifferencewill be linear with temperaturever set intervals depending on the
types of metals use®y varying the two types of metals used, different temperature sensitivities and
different applicable temperature ranges can be achi¥vé&tiermocouples can provide very high temporal
(~ millisecond)and thermal resolutio-0.01°C). Temporal resolution is limited by the size of the metal
junction and the media tlraedium being measurfd Drawbacksof this techniquénclude being limited
to pointmeasuremest requiring multiple thermocouples for any kind of spatial measurements, and the
need to be in physical contact watsample which caaffectthe heating dynamié¥. Therefore, careful
attention must be paid to how they are applied. Ultimately, TAdeaéfor applicationsiat do not require

spatial information and can be implemented into a rang& wivq in vitro, andin vivo setups.

2.3.5.2 Thermal Imaging

Ther mal i maging measures radiant energy from t
temperature. All matter above absolute zero irradiates energy, and blackbodies are objects that are perfect
absorbers and emitters of radiant energy. The magnitude of the irradiated power emitted by a blackbody,

Wy [W/m?% € m] is rel athgd to its temperature

= — Equation 2.20

where h is Pl anck®[s?kgs),rcsstthe speed ¢ftightqd~B.6 x30m1L 6] ), & i s
wavelength of the radiationpk s Bol zmannods Eo[HK)taahT is teriperdiBe ik 10

Kelvin'®, Integrating over all wavelengths gives the total emissive power of the surface:
oY Y Equation 2.21

where, is theStefanBoltzmann constant (5.67 x $QW/m?K™]. Tissue, however, is not a blackbody,

andto accountforthisn ef fi ci ency factor called the emissivi

oY -,°Y Equation 2.22



Using thermal imaging caprovide temperature information with high spatial and temporal
resolution. Additionally, since it is necontact, the sample does not need to be disturbed to take
measurements. The drawback in biology is that most tissues contain high water contenttabed mus
hydrated. Thermal imaging typically senses wavelendibsveen either-5 ¢ m-1@r , &8d die to the
absorption coefficient of water at these wavelengthssémsingdepth is limited t80- 1 0 0 **% Trnis
becomes a problem in situations where the tissue must be immersed in fluid, such as in electrophysiological
recordings of excised nerves. Additionaltypowded experimentaetyps do not lend themselves well to
thermal imagingincecomponents may physically block the field of view of the camera.

2.3.5.3 Magnetic Resonance Thermometry

MR data can be utilized in a few different ways to measure thermal changes. These inolgide usi
proton density, Tand T relaxation times, the diffusion coefficient, magnetization transfer, and proton
resonance frequency (PRF) information. An overview of these can be found ineRiaké® In this
dissertation, the PRF method was performed using the phase mapping technique where shifts in the phase
of the MR images are quantified and related to temperaturgeban

The resonance frequency of the (water) nucledetermined by the local magnetic field which it
experiences. This local field,iB[T], is related to the external magnetic fieldy (Bie strength of the
magnet), by the equation:

0 p i B Equation 2.23

where s is the shielding constant. Water hydrogen protons are shielded from the madiedtidip their
electrons, however adjacent hydrogen bonds disrupt this shielding. As the temperature increases, more
vibrational states (stretchingending) are present in the hydrogen bonds al dppends less time in a
hydrogenbound state. This increases the shielding felt by the hydrogen protons, and degsgabes B
decreasing the PRF.

Using gradientecalled echo imaging sequences, thesphshift between images can be related to

temperature change. The change in temperature is proportional to the phase shift as follows:

yy Y ¥ Equation 2.24
T 6 YO q '

wheree “Y is the phase of the current image while€'Y is the phase of the reference images the
gyromagnetic ratio (42.58 [MHz/T]), is the PRF change coefficient, and TE is the echo time. Therefore,

when measuring the temperature rise during INI, amg@ean be taken before the laser turns on, and an
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image can be taken once heating has occurred. The subtracted phase between these images is proportional

to the temperature rise.
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Chapter Il

The Effect of Light Scattering on the Temperature Rise at Infrared Neural Inhibition Wavelengths

3.1 Abstract

Computational modeling of ligtitssue interactions at absorption dominatedelengths typically
ignores optical scattering; however, this assumption may not be acduretevork aims to assess how
optical scattering effects the temperature distribution during laser heating to determine if scattering can be
ignored and how erre in the amount of assumed scattering can alter computational prediétidiosite
Carlo simulation of photon propagation was integrated with a thermal simulation in COMSOL
Multiphysics. Validation ofthis modelwas performed using a set of thermal canmard thermocouple
measurements in agarose phantoms. Subsequently, the model was used to parf@metaic sweep over
absorption and reduced scattering coefficients theoretically achievable in neural tissue to better understand
the expected effeain thetemperature distributiofrom scatteringA final validation of these trends was
performed by thermal imaging the temperature distribution in water phantoms with and added polystyrene
scattering agenfThe parametric sweep showed a 7% change in the maxiraomperature rise, >20%
change in thermal penetration depth, and no dependency of the surface full widthnadxiadfim of
heating over reduced scattering coefficients theoretically possible in the tEsese trends were
confirmed using the water batralidation measurement§Vhile the effect of scattering on the heat
distribution is small, it has a naregligible effect and in most cases cannot be ignored, and therefore a
Monte Carlo simulation is needed. Best estimates of scattering coefficientsensaficient to result in

small errors when simulating heat distributions if values are not available in literature.
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3.2 Introduction

Optical therapeutics require precise knowledge of the dose and distribution of light to guide the
therapy of inérest. For infrared neural modulation (INM), infrared light is applied to neural tissue to either
stimulate signal conductiéror block propagation of action potentfal@oth effects rely strongly on
absorption of optical energy by tissue to create a transient temperature rise. Infrared neural inhibition (INI)
requires a sustained temperature rise to create a neural hedt'b@mkputational models that simulate
light transport, heat transpdttand neural conductidean be coupled to optimize light application during
INI for specific therapeutic effects. A Monte Carlo model of photon transport is appropriate for simulating
the distribution of absorbed photons during®&IThis probabilistic simulation launches photons packets
into a simulation geometry and tracthe path of the photon packet and its relative weight as it is absorbed
and scattered in the meditimEach voxel in the geometry must have 4 optical properties defined: the
refractive index (NNabsor pti on .[mm% ) f i csicearttt e & [my?]), candeoptical ci e nt
anisotropy (g). Ultimately, a distribution of absorbed photons can be generated. This distribution is
proportional to the heat source distribution, and can be used inn@athmodel to guide the location and
amplitude of the heat source term to ultimately p
(1), thermal condugtusing Pkhned Fhebitputiofehsboameg uat i o
opticakthermal model may then inform on the likelihood of thetappd damagdé, or may be used as the
input to a neural conductionadel to predict neural responé’,

Utilizing these computational models to provide useful predictive information presupposes that the
correct, or at least sufficiently accurate, tissue input parametehgede tnodels are known. There is a
distinct lack of information about the correct optical scattering parameters for neural tissue in both
vertebrates and invertebrates in the wavelength range at which INI is applied, chieflyl#Z40nm and
1860- 1880 m. The main chromophore at these wavelengths can be approximated as water due to its high
absorptioh®, however, little information is avaible in literature about the scattering properties of the neural
substructures. While absorption events are assumed to be dominant over scattering events at these
wavel engt hs, scattering stildl o ¢ ¢ maysbe insafficignttbo her e f
estimate photon distributions. Theduced scattewi n@ s bv@Df) camn bent |, €
experimentally determined, however, this is particularly difficult at these wavelengths due to absorption
dominating over scattering and the reduced sensitivity of silicon detectors at $hogexave infrared
(SWIR) wavelengths. Add to this the constraints in nerve of 1) their small size which limits both the
mass/volume of tissue available for probing and the beam diameters which can be used, and 2) their

cylindrical geometry which creates curved surface. These characteristics, while not impossible to
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overcome, pose a daunting barrier to obtaining accurate and precise optical property measurements at these
wavelengths. Operating in an absorption dominated wavelength regime further ctespheasurement

as it violates the assumptions of many analysis techniques (especially diffuse reflection) that utilize
diffusion theory which assumes scattering as the dominant interaction in the sample. Common measurement
techniques include using integjray sphere, probebased techniqu&s and spatial frequency domain
imaging (SFDIF. Integrating spheres require a large sample of tissue compared to the beam diameter, and
the entire entrance port to the spta must be covered which is difficult when measuring nerve. Multiple
samples may be laid on top of each other, or ground up and cortbinedever, this will alter the
measured optical properties compared to tinewvo values,and any properties due to the organization of

the tissue will be lost. Additionally, sample thicknesses for integrating spheres (and any other transmission
measurement) require thicknesses on the order of 100s of microns to obtain enough signal inviagehor
infrared (SWIR) spectrum. For profbased techniques, the tissue must be large enough to apply multiple
adjacent optical fibers, although single fiber techniques are possible, and this technique shows reduced
collection efficiency in high absorptioand low scattering tissu€$% SFDI can potentially be used,
however detectors with high enough efficiency in the SWIR are expensive. Additionally, at INI
wavelengths, diffuse reflectance will be low due to the high absorption, which also adds to the problem of
signal to noise ratio. Wilsoret al?® (2014) pushed SFDI into the SWIR while characterizing optical
property changes due to burn, but used information from 8880 nm to extrapolate out to 1800 nm,
highlighting that direct measurementtire regime of INI is difficult.

Extrapolating equations out to the SWIR that are fit in the visible andimfeared which
approximate the reduced scattering coefficient may prove to be an adequate approximation since optical
scattering is well characiged for particle distributions of known size and concentratfotiss generally
accepted that scattering can be approximated in two regimes: Mie scattering regime where the wavelength
of light is on the order of the scattering particle size, anddRglylscattering regime where the wavelength
is larger than the scattering particle. The Mie regime can be modeled as scattering decreasing exponentially
with wavelength, and this exponential can be fit to experimental data to achieve the exponentiglterm,
Scattering in the Rayl“%HBquton 214 ¥isitleavavelsngths indigsue@are i o n a |
considered to fall within the Mie regime, but moving into the SWIR shift this closer to the Rayleigh regime.
Prior studies have experimentalipeasured the reduced scattering coefficient in tissue at different
wavelengths, and these studies have been aggregated by Jacques 2013 to develop analytical approximations
of reduced scattering coefficient spectra for different tigSu€se reduced scattering coefficient can be
approximated as a function of wavelength by utilizing empirically measured coefficients which estimate

Mie and Rayleigh scatterifijas discussed in section 2.3.1
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where a6 is a sc@alangetdsdBommeqialact ooa of Rayl €
wavelength in nm, andw is the exponential fit parameter for Mie scattering. Fitted parameters for many
tissues have been reportedVhile this collection of data contains various netissues, information is
limited at 1460 nm and does not exist for 1875 nm, thus utilizing these equations at INI wavelengths would
be an extrapolation, whick may hdespfufripoisentoft @r &
distributions in sue during | NI . Equation 1 |l ays dutata wa
various wavelengths and aédtmbgnasetimpngdegtl ngi vbeEk
regi me of scatteri nd Iwayihn ¢ inbetwecvitesaextremesl ue of ¢

It would be informatived,t owhkentolme rh ofw oum cneer & sau rn
extrapolation error, affects the expected light and heat distribution. A joint etbtesahal model was
created by merging Monte Cafxtreme (MCX) and COMSOL Multiphysics. To validate this model, two
independent validation studies were developed. The first of these probed the surface temperature
distribution in an agarose gel slab using thermal imaging while the second probed theattewnpe
distribution with depth in a block of agarose using a thermocouple (TC). In each of these setups, the optical
scattering coefficient was varied using the addition of polystyrene microspheres in various concentrations.
After validation of the modeh par ametric sweep investigatbi ooon was
expected thermal outputs by varying the amount of absorption and scattering in a Monte Carlo model of
light propagation. The simulated distribution of absorbed photons was thdnassihe heat source
distribution in a finite element analysis of thermal conduction, run in COMSOL Multiphysics. A third set

of experiments was performed purely to validate the trends predicted in the parametric sweep investigation.

3.3 Methods

3.3.1 Published values for the Scattering Coefficient

A literature search for optical properties of nerve and other tissues was performed. A wealth of

literature is available on optical scattering of tissue in the visible and near infrared &fiphewever
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few articles tested scattering in nétvéor at wavelengths in the regime of fi1**. The only artict that
repowt ead & NI wavel engt hs eiah20pf Filatgyvaeteal 2817 repoded ane wa s
extinction coefficient spectrum for pig spinal cbydbut an approximation of the contribution from
scattering could not be performed. Some sources reported equations that could be used to approximate
ed (¥ Est i nda tneesa reelidndtbls or waeural tissue have been aggregated in Table 3.1.
Jacques 2013 reports fitted parameters for various tissues (Optic Nerve, Muscle, Average Brain,
Average Fibrous Tissue, Average Soft Tissue) for estimating the reduced scattering coefficiest
wavelengths based diquation 2.11lwhere the contribution of Mie and Rayleigh scattering could be
varied?®, but the data used for fitting do not extend to INI wavelengths. This equation does, however, present
a theoretical frameavr Kk f or assessi ng Ot BerpEEEEdatto @@ 1tb estimate s o f

ed purely in the Mie or Rayl eigh regi me, respect
scattering parameter. Using this equation and the reported meffiti s |, t he He xvtalawpe | arnt e dt
upper andd Ilionmetrs ef or the above tissue types at 14E¢

For optic nerve which we hypothesize will be the most similar to peripheral nerve out of the tissues reported
this methodol o@y 1460i mant) @ an dOh ghGalt8nmed nm) ™ Ehe 0. 56
approxi mate phy®i wlasgide a le $mé h.Breim’.¢d alldissue types tested.

These esti mad evsalgwe slstudg ¢ bhei m t he

3.3.2 OpticalThermal Model

An HP Z6 G4 Workstation with an Intel Xeon processor was used for all computational modeling.
This workstation utilized an NVIDIA GeForce RTX 2080 graphical processing unit (GPU) exclusively for
computation while a end GPU provided video output. The hardware allowed for rapidly running Monte
Carlo and COMSOL Multiphysics simulations (B0 seconds andi320 minute simulation times for
this study, respectively) and the greatest slow down came from reading and wfitlata to text files.
General parameters are discussed below for the joint ofitimahal model, however, simulati@pecific

parameters are described for each set of simulations in their respective sections.

3.3.2.1 Monte Carl®imulations

Photon absorption maps were generated using a GPU parallelized Monte Carlo model called
through MATLAB (MCXLAB®). These simulations utilized cubic voxels to generate computational
geometries. Each geometry assumed that the optical propertieshofnegiium were homogeneous.

Simulations utilized in this study used a photon source of either a uniform diverging disk to mimic the
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Table 3.1. Optical properties of neural tissues and various tissues in the infrared spectrum

Tissue Wavelength [nm] g [mmT Reference

Rat Optical Nerve 1863 0.55 Jiang 201%

Rat Sciatica Nerve 1863 0.36 Jiang 201%

Rat Muscle 1863 0.11 Jiang 201%

Rat Heart 1863 0.67 Jiang 201%

Rat Skin 1800 0.85 Wilson 2014°
Human Skin 1600 0.671 1.1 Troy 200’

Rat Liver 1875 ~0.6 Parsa 198%
Human Skin 1450 1-2 Bashkatov 2008
Human Skin 1875 ~1.5 Bashkatov 2008
Rat Brain 1460 ~0.75 Golovynskyi 2018
Rat Brain 1875 ~0.6 Golovynskyi 2018
Rabbit Sciatic Nerve Paste | 850 1.5-3 Chan 199¢'
Human Dura Mater 1460 (extrapolated)| 0.87 Bashkatov 2018
Human Dura Mater 1875 (extrapolated)| 0.77 Bashkatov 2018
Rat Brain 750 0.1-0.61 Johns 200%
Human Cortex 956 0.420.89 Bevilacqua 1998
Human Optic Nerve 956 1.52 Bevilacqua 1999
Rabbit Brain 808 0.62 Pitzschke 2018
Human Grey Matter 1064 0.57 Yaroslavsky 200%
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output from an optical fiber, or a specific pattern input by the user based on beam profiler measurements to
adequately approximate the complex light distributions resulting from spatial modes from the multimode
laser after beam shaping. Due to the GP@lization, geometries greater than 4 x 4 x 4 mm with 0.01

mm size voxel could be run using at least 50 million photons in <60 secondsd@jreedent simulations

were run for 1 ns, and it was noted that all photons were absorbed within the firsfihhé &dimensional
distributions of absorbed photons were generated which are probability maps of where any given photon
may be absorbed in the geometry. Absorption distributions were exported into text files in a format readable
by COMSOL. Data was orgagd into an N x 4 array where column 1 is the X location, column 2 is the Y
location, column 3 is the Z location, and column 4 is the absorbed energy value at that (X,Y,Z) location.
Thus, each row from 1 to N is a different voxel in the geometry (N vexgsrted).

3.3.2.2 COMSOL Thermal Model

Ther mal simul at i on s-heattequatitll wer® rurvusing Pheedimeassodal b i o
geometries in COMSOL Multiphysics version 5.5 which performs a finite element analysis to compute the
heat distribution. Computational geometries were generated from simple shapes, such as cubes and
cylinders, and subsequity meshed to generate elements over which the heat equation could be solved.
While particular simulations utilized different geometries and thermal boundary conditions, this joint
opticatthermal model relied on two components common to all models vettlimived the Monte Carlo
simulations to guide the heat source term. First of these is the interpolation function (defined here as
Sourcéx,y,z)) which interpolates the text file containing the results of the Monte Carlo simulations so that
COMSOL can appl the appropriate value to each mesh element. This was used to guide the distribution
of the heat source term. The second commonality is the Heat Source block which is used to apply the heat

source term, ¢, using the absorbed photon distribution withoietien:

00 QI GQQL.£,0Q
— ZYe O |

[
IR ) Equation 3L
a0 : a

n

where AveragePower is the average power applied from the irradiation source, dh is the voxel size used in
the Monte Carlo simulation, arfburcéx,y,z) is the interpolation fuiction which acts to spatially weight

the irradiated power.
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Table 3.3. Agarose Phantom Recipes

Thermal Imaging Phantoms

Thermocouple Phantoms

1 0.027 0.51
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3.3.3 Phantom Creation

Agarosegels were mixed using high melting temperature agarose (A7174, Mil§igma,
Burlington, MA), deionized (DI) water, and pol yst)
(Cat# 0731615, Polysciences Inc., Warrington, PA) to create 2% (w/v)csgagels with different optical
scattering coefficients (Table 3.3). Thermal camera experiments and optical property measurement required
the creation of flat gel phantoms of known thickness that could be placed on a microscope slide for imaging.
To repeatbly generate these phantoms, molds were created using polydimethylsiloxane (PDMS) (Sylgard
184, Dow Inc., Midland, MI) using the process shown in Figure 3.1A. Samples used to measure optical
properties required optically thin slabs, thus coverslips wWiekedgogether and placed on the bottom of a
curing dish to create thin vacancies ( ~0.55 mm and ~0.88 mm thick stacks. PDMS (10:1 base:curing agent)
was poured into the dish to completely immerse the coverslip stacks and allowed to cure at room
temperaturdéor 48 hours. Once cured, the PDMS was peeled from the dish, leaving vacancies in the PDMS
in the shape of the coverslip stacks. These steps were also performed using two 1 mm thick microscope
slides glued together to form a 2 mm thick vacancy to gendgratsamples for the thermal imaging
validation. PDMS molds were turned upside down relative to their curing orientation (Figure 3.1B), and
coverslips were laid across the flat surface over the vacancies. Hot agarose phantom mixture was then
micro-pipettedinto the mold, and the space under the coverslip was filled and allowed to set, resulting in
agarose gels with repeatable thicknesses. The PDMS mold was then removed, leaving the gel in contact
with the coverslip. This was then mounted on either anotbeerslip to form the optical property
measurement sample (Figure 3.1B), or on a microscope slide to form the thermal imaging sample (Figure
3.4A).

3.3.4 Optical Property Determination

Optically thin optical property measurement samples were created from a portion of the agarose
mixture from each phantom using the previously cured PDMS molds (in Figure8R.0hce cured, thin
samples were sandwiched between two coverslips. Transmims@surements were performed to estimate
the total attenuation coefficient of the samples using the setup shown in Figure 3.1C. An infrared laser
(=1463 nm) was ported via an optical fiber (M18L
(F260ARC-C, Thorlabs Inc., Newton, NJ). Collimated transmission through the optically thin samples
(irradiant spot diameter ~ 3 mm) was measured using a sensor (PS19Q, Coherent Inc. , Santa Clara, CA)

connected to a power meter (EPM 2000, Coherent Inc. (forivkrlgctron), Santa Clara, CA) with an
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Figure 3.1. Phantom creation and characterization. A) Molds were created by curing PDMS around stacks of
coverslips. Once cured, the PDMS was peeled away. B) To create optically thin slabs to measure the optical properties
of agarose phantoms, coverslips placed ov@M8 molds and hot liquid phantom mixture was injected via
micropipette into the vacancy under the coverslip. The agarose was allowed to solidify and cool to room temperature
prior to measurement. Gels were removed from the molds, but kept in contachevitbvierslips, and a second
coverslip was used to sandwich the agarose slab. C) Optical property samples were mounted on a holder beneath an
irradiating laser.
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aperture imposed (diameter ~ 7 mm) over the sensor to reject the majority of the fonttarddsca
photons. Thus, by comparing the collimated transmission to the total power incident on the sample using

a Beerds | aw approxi mation and accounting for ref
- AgDo p Y p Y Equation 3

Where Ry is the power measured from the collimated transmissigig e total power incident on the
s a mp {isethe total attenuation coefficient [mhipt is the thickness of the agarodabs and R; is the

reflection at the interface between material i and material j:

Equation 3

Where nis the refractive index of material i angdisithe refractive index of material j.

The absorption coefficient of water (the major
ata,=28.75 mm as determined by Hale and Querry 1973 T h«i s & £4£Optical anisotropy was
approximated using a Mie scattering simulation available through Virtual Phdtdnice the Beckman
Laser Institute, and inputting the particle distribution of polystyrene beads and the refractive indices of
polystyrené"*?and agaro$@ (1.57 and 1.343, respectively). Resulting optical properties of each phantom

can be found in Table 3.3.

3.3.5 Thermal Camera Validation Study

3.3.5.1 Experimental Measurements

Agarose gel slabs (n = 6 phantoms) (made using the process in Figure 3.4A) were mounted between
a microscope slide and a coverslip and placed on a stage (MEO2 mounted on a PLRY, Thorlabs
Inc., Newton NJ) mounted below a thermal camera (FLIR A8313sc, FLIR Systems, Inc., Wilsonville, OR)
with a 4x objective lens such that the camera focused on the gel through the coverslip (Figure 3.4B). A
collimation lens (F260AP{550, Thorlabs Inc., Newton, NJ) dedring collimated light from an IR laser
(Innovative Photonic Solutions, Monmouth, NJ) via an optical fiber (M18L01, Thorlabs Inc., Newton, NJ)
was positioned above the sample at ad&@le so that it could irradiate the center of the top of the gel

without being clipped by the objective lens. Thermal imaging was performed at 40 frames per second for
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10 second trials where the first 2 seconds consisted of baseline temperature information prior to CW laser
irradiation. Six trials were collected for each tsg@ang phantom, and the next phantom. The light
distribution at the sample was measured using a beam profiler (BR20%horlabs Inc., Newton, NJ).

3.3.5.2Simulations

A 3D volume was generated in MATLAB using 0.02 mm voxels to mimieiperimental setup
in which a 2mm thick agarose slab was sandwiched between a 0.2 mm thick coverslip and a 1 mm thick
microscope slide. The length and width of these slabs were truncated to be 6 x 8 mm to reduce simulation
time. The optical properties oflisa glass used for the slide and coverslip and for the agarose phantoms
can be found in Table 3.4. A patterned irradiation source was used to allow for applying a custom initial
launch distribution of photons which utilized the previously measured dgptibdtion. For each
simulation, a collimated beam of 100 million photons were launched dtz§l@ relative to normal from
the sample.

The computational geometry in COMSOL was created with the agarose slab (22 x 25 x 2 mm)
sandwiched between a 0.2 nand a 1 mm thick piece of Corning 7940 (fused silica) of the same length
and width (material properties in Table 3.4). A Dirichlet boundary condition (T°€)28as used for all
side and bottom boundaries. A heat flux condition was defined for the tomldrgu(coefficient of
convection = 50 W/(HK))*. At t = 0 seconds a heat sour&jation 3.) was applied using (dh = 0.02
mm) and AveragePower = 63 mW. A cylindrical region (r = 3.5 mm) in the centhe afdometry was
created for mesh control to apply very fine meshing where the temperature rise was applied, and large mesh
elements were used outside of the cylinder where a lower sampling density was acceptable. A time

dependent study was run for 8 sec®imd0.1 s steps.

3.3.5.3 Data Analysis

Thermal imaging sequences were directly exported to MATLAB using the MATEAR
SDK®*. The time at which the laser turned on was extracted from each trial by identifying the first frame
containing a temperature rise. Images were background subtracted using the mean oRthinfaiges
(prior to irradiation) to generate a temperature rise image sequence. The maximum temperature rise over
time was tracked for all trials. Spatial information about the temperature distribution was extracted by
thresholding the image. Since thdlitnation lens was angled (Figure 3.4B) this resulted in an elliptical
spot on the phantom, creating an elliptical temperature distribution at the surface. Ideally, the 1/e drop in
the temperature rise or the full width at half maximum of the tempemdistrébution along the major and
minor axes of this ellipse would be quantified since these are common metrics to quantify spatial

distributions, however, the field of view (FOV) of the camera was too small to capture the full temperature
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Table 3.4. Optical and thermal properties of simulatedmaterials

Agarosé®#® | 1.343 2.75 Sample 0.776 0.6 1010 4180
Specific
(Table
3.3)

Nerve'® 1.4 2.0, 2.5, 0115 0.7 0.49 1075 3643
3.0,3.5
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distribution. It was found that the contour formed at 75% of the maximum temperature rise was entirely
contained within the FOV for all time points. A mask was created for each frame by thresholding based on

75% of the maximum temperature rise in the framdorm this 75% rise ellipse. The mask was then
assessed using the Aregionpropso function in MATL.
after rejection of any noisy pixels outside of the ellipse. For each of the three nigleg6 trials per

phantom) were aligned in time relative to the laser on time and the mestaridard deviation of each

metric was calculated over the 8 seconds of heating.

For simulated temperature distributions, all data were exported from COMStekttfiles and
imported into MATLAB for analysis. Distributions were interpolated to achieve regular sampling of 0.02
mm over a depth of 0.26 (full X and Y dimensions) to include heating contributions sensed by the camera
from the coverslip and the fir6t06 mm of agarose (the approximate penetration depth of thermal imaging
a waterrich samplé®). This volume was then averaged in deptletoaate the information captured through
thermal imaging of the phantoms. Thesdidensional distributions were then analyzed in the same manner
as the thermal images to calculate the maximum temperature rise and the lengths of the major and minor
axes ofthe 75% temperature rise ellipse.

Linear regression was performed to assess the trends in the characteristics of heating as a function
of scattering. Slopes of the best fit lines for both measured and simulated results were compared to flat line

to deternne if optical scattering influences the calculated metrics.

3.3.6 Thermocouple Validation Study

3.3.6.1Experimental Measurements

Inside of plastic wells (Catalog # 140675, Thermo Fisher Scientific Inc., Waltham, MA), a cleaved
and polished 400 e&m &iVISNIRtOGegan @ppcs ina, ddrgo FL) veas placed P 4 0 0
orthogonal to, just out of contact with, and centered®Ma ¢ m di amet er bare wire ||
(time constant < 0.1 s) (Item # 5TI-EI-40-2M, Omega Engineering Inc., Norwalk, CT), both held on
micromanipulators (Kite Manual Micromanipulator, World Precision Instruments, Sarasota, FL). The
optical fiber was then translated backwards along theiz either 0, 0.5, 1.0, or 2.0 mm from the TC. Once
placed, agarose mixture (n = 3 phantom mixtures) was poured into the well so that the setup was completely
immersed with at least 5 mm of agarose above be Hutput (Figure 3.5A). The agarose was left to cure
and drop to room temperature (~°2Y) prior to experiment trials. The TC was connected to a thermocouple
data acquisition system with cejdnction compensation (E245, Dataq Instruments Inc., Akro®H),

which allowed for temperature sampling at 200 Hz. Five trials, each 60 seconds in duration, were recorded
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for each TC placement. Laser irradiation was applied from at t=5 seconds to provide an initial baseline
phase. To limit the computation time ded for simulations, a practical steady state was defined as the
temperature changing by less than or equal to 1% per second which was noted at ~30 seconds after
irradiation was initiated.

3.3.6.2Simulations

Opticatthermal simulations were performedmdar to the thermal imaging study, but with
geometries appropriate to mimic the TC setup. Monte Carlo simulations used a 4 x 4 x 4 mm homogeneous
geometry with 0.01 mm voxels. A 0.4 mm diameter cylinder representing the optical fiber was placed in
the cerer of the XY plane which extended from Z = 0 mm to a depth of 1 mm. A uniform disk source was
placed at the tip of this cylinder, which diverged at 9(@32 NA fiber in agarose).

COMSOL simulations created a single block representing agarose. Aary{radius = 0.2 mm)
representing the optical fiber was placed inside the block extending from the top surface to 1 mm into the
geometry at the center of theYKplane. Planes of symmetry at X = 0 and Y = 0 were utilized to reduce
computation time, and thgeometry was quartered so that only the region of X > 0 and Y > 0 were kept.

At the output of the fiber, two blocks were created for fine and ultrafine mesh control (2 x 2 x 2 mm and
0.5 x 0.5 x 0.6 mm). Material properties are defined in Table 3.4. Synmrbeundary conditions were
applied to all boundaries along the planes of symmetry at X =0and Y =0 (dT/dX = 0 and dT/dY = 0,
respectively). A Dirichlet boundary condition (T =°2) was used for all side and bottom boundaries.
Thermal insulation waapplied at the top boundary. Simulations of 35 seconds in duration with 0.05 second
timesteps were run with an initial temperature 2@\ heat source guided by the distribution of absorbed

photons from the Monte Carlo simulation was initiated at t=0.

3.3.6.3 Data Analysis

Times at which the laser turned on were first identified for each heating trial based on when the
temperature rise first began. The 0.5 seconds prior to irradiation were averaged to determine the baseline
temperature for the trial.|Mtrials for a TC placement were temporally aligned at the laser on time (t = 0 s)
and averaged together. Average temperatures at 30 seconds of heating were then assessed as a function of
distance from the optical fiber across scattering phantoms. Atleath, an analysis of variance (ANOVA)
was performed to assess if the temperature in the three phantoms were statistically significant. For each
simulation, the temperature with depth from the optical fiber was exported to compare to the TC

measurements.
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3.3.7 Optical Property Parametric Sweep

Validation studies served to demonstrate that the ogtieamal model was capable of predicting
the temperature distributions in laseadiated tissue phantoms; however, a clear picture of the intricate
role of optical scattering was still lacking. Therefore, a simplified setup representing irradiating-a semi
infinite volume of neural tissue with an optical fiber just out of contact with the tissue was created to assess
how laser heating is affected by optipaoperties. The absorption coefficient was chosen based on values
of water absorption at INI wavelengths available in the liter&tuFee reduced scattering coefficients were
varied over thedHftbadbcetiateld I nmiTabl ef 3¢ 2.

Monte Carlo simulations utilized a homogeneous medium of 200 x 200 x 300 voxels (X X Y x Z)
with dh = 0.01 mm spatial step size (2 x 2 x 3 mm toiz)sivas used with a refractive index of n=i..4
A uniformly emitting source in the sYpmmeratthetop a 400
of the medium, centered at X=Y=0 to minan irradiating 0.22 NA (in air) optical fiber at the top of the
geometry. This disk source emitted 50 million photons into the medium with a divergence anglé.of ~9.1
Monte Carlo trials were pg@0R6580H8sdmbond aidllomeiombi na:
1 (in 0.1 mm" steps) with g = 0.7. Changes in the distributions were quantified using the optical penetration
depth (the 1/e drop in fluence rate from the surface) and by assessing how many photons v abso
inside versus outside the diverging NA of the optical fiber.

A cubic volume (20 x 20 x 20 mm) was created in COMSOL that was large enough so that the
thermal boundaries did not affect the temperature distribution. One corner (X =Y = Z =dysigisated
as the center of the irradiated zone so that symmetric boundary conditions could be applied at the planes X
=0 and Y = 0. All other side and bottom thermal boundaries applied a Dirichlet boundary condition (T =
2(°C), and the top boundary apgdi convective cooling (h = 10 W/m/K). A block (0.5 x 0.5 x 1 mm) was
defined to provide extra fine meshing where the heat source term from the Monte Carlo simulation was
applied. Around this block, another block (3 x 3 x 3 mm) was defined to ease thzanegion from extra
fine in the heated region to coarse in the rest of the medium. Material properties for the neural tissue are
found in Table 3.4. Values of 10 mW and 0.01 mm were useHduoation 3.1 A stationary simulation
was performed which simafled the steady state temperature distribution resulting from laser irradiation.

Resulting temperature distributions were exported to MATLAB and assessed for changes in
temperature rise and spatial extent of heating by comparing (1) the maximum terepésatuf2) the
thermal penetration depth at the center, defined as the depth at which the temperature rise drops by 1/e of
the maximum temperature rise, and (3) the full width at half maximum (FWHM) of temperature rise at the

surface of the geometry.
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3.38 Water Bath Scattering Trend Validation

To provide one more method of validation of the trend between the temperature distribution and
optical scattering, a third setup was created by thermally imaging laser heating in a water bath through a
glass covalip (Figure 3.3). One of the difficulties of performing thermal measurements of tissue heating
is obtaining spatial information at a depth, especially when high spatial resolution is needed due to the small
scale of optical fibebased heating. Lothet al. developed a method to probe the heating from an optical
fiber at a depth using a thermal camera and placing the optical fiber so that its output was bisected by a
waterwindow interfacé'. Scattering phantoms were created using deionized water mixed syibnsied
polystyrene beads as a scattering agent, thus a different method of optical property determination was
needed to accommodate the liquid phantoms.

3.3.8.1 Phantom Creation

Target optical properties were chosen to fall within the theoretical bauhd® ¢ ( Tabl e 3. 2) .
scattering simulatét*® was used to simulate the reduced scattering coefficient using a polydisperse
distribution of particle sizes based on the PS particle distribution provided by the supplier (mesterdia
= 0.96 ¢&m, coefficient of wvariance=0.08 ¢m, perce
changed in the $i=mull,atOo.rl,6t o0 aReirhcudetidewerlmadelby stipemm
gluing two coverslips between two glass mgrope slides, leaving ~0-0926 mm air gap in the middle
of each cuvette (Figure 3.2A). The thickness of each gap was calculated by subtracting the caliper measured
thickness of each individual slide from the total measured thickness of the cuvetkePStmixture was
diluted to the identified concentraddonThaendrpapnpaem
power through each filled cuvette was measured with a power sensor (PS19Q; Coherent Inc., Santa Clara,
CA) using the setup ifrigure 3.2B where 1875 nm light (Capella Neurostimulator; Lockheed Martin,
Bethesda, MD) delivered via an optical fiber was collimated and incident on the face of the filled cuvette.
Using Beerdés | aw, t he | o0 s svaschlouated. A lineabfiswas appliedcand and
cawas identified asthey nt er cept of tihi emf &t d 68 ufbohre aeeatcihn gc oen c e

of polystyrene beads (Figure 3.2C).

3.3.8.2 Experimental Measurements
A setup was created using agila 12 cylindrical well plate which was cut in half along a row of the wells,
and a glass coverslip was glued to the cut face of one of the wells (Figure 3.3). The half well was filled to
the top of the coverslip with polystyrene bead mixtures. A thecarakra (A8303sc, FLIBystems, Inc.,

Wilsonville, OR), imaged the bead mixture through the glass winfoveptical fiber wa placed 0.2 mm
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Figure 3.2.A) Thin cuvette construction. Two coverslips were glued between two microscope slides as spacers

leaving the center of the slides open for sample insertion. Polystyrene mixtures were then pipetted into the cuvette.
B) A collimated beam of 1875 nm light was incident on the face of each slide and transmission measurements were

made using a power meter ptal immediately behind each cuvette, n=4 cuvettes per phantom. C) Reduced
scattering coefficients were det er mi pferckach avettesvare h
calculated and averaged across trials. A line was fit to datthangntercept was determined to be the absorption
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Water Bath Thermal Imaging Setup

A) Imaging Schematic B) Close-Up Fiber Placement
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Figure 3.3.A) Temperature measurements were performed on polystyrene bead mixtures with various amounts of
optical scattering using the shown schematic. Thewallfwas placed on a stage and a mounted micromanipulator
was used to pl ace aalfibé balf eventhe bath @nd lhif cventbetceverslim A theirntal camera
was used to image laser heating through the coverslip window. B) Awogew of the optical fiber placed over the

bath.
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above the coverslip using a micromanipulator suchttieaglassPS mixture interfaceisected the output

of the fiber (Figure 3.3B). Placement was aided by both the thermal camera and a separate digital
microscope camera which was focused on the tip of the optical fiber. Once the fiber was placed, it was not
moved for the rest of the experiment to maintain the same sectioning of the light distribution across all bead
mixtures. Bead mixtures were added and removed from the half cylindrical well using a dropper, and the

well was rinsed multiple times with DI waxtbetween every bead mixture. For each trial, thermal imaging
captured 18 second recordings at 15 frames per second. Laser irradiation (24.2 mW, 0.2 ms pulses at 200Hz)
from an I R | aser (&= 187 5-LockBeegMeartin) veas thgegred23secondsmu |l at o |
into each trial. Five trials were recorded for each PS bead mixture.

3.4 Results

3.4.1 Thermal Camera Measurements

Thermal imaging of laser heating in agar gels was able to interrogate surface information of the
temperature distributh as a function of optical scattering. Temperature distributions were assessed for the
maximum temperature and for spatial information which was calculated by thresholding the measured and
simulated images based on 75% of the maximum temperature riseiinage. The major and minor axes
of the ellipse formed by this threshold value were then calculated to inform on the size of the temperature
distribution. Figure 3.4C shows the response of these three quantified characteristics: the maximum
temperatureise (Figure 3.4Ci), the major axis of the 75% temperature rise ellipse (Figure 3.4Cii), and the
minor axis of the 75% temperature rise ellipse (Figure 3.4Ciii). Simulated and measured temporal responses
of these three characteristics are plotted in FiQW€, left column, and different scattering phantoms are
color-coded. The values at 8 seconds of heating for these data are plotted as a function of the reduced
scattering coefficient in Figure 3.4C, right column. Simulated results on average fall viatBtnof the
measured values (< 5.2%, < 11.8%, and < 2.8% error for the maximum temperature rise, major axis, and
minor axis, respectively). Linear regression was performed on the simulated and measured results as a
functiGon amfd ¢t he sl ope of the regression |ines wer
One fit, the simulated trend of the maximum temperature with scattering, demonstrated a 95% confidence
interval of the fitted slope coefficient that did natlude a slope of 0, meaning that the maximum

temperature demonstrates a significant positive trendimgteased scattering. For all other fits, both
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simulated and measured, a zero slope fell within the 95% confidence interval of the fitted coefficient,
demonstrating that there is no significant trend between these surface metrics and optical scatting. Since
this includeshie measured temperature rise, it is likely that experimental variability masked the true trend
between scattering and temperature.

3.4.2 Thermocouple Results

A thermocouple was used to measure the temperature at various depths from an irradiating optical
fiber in agarose phantoms with different amounts of optical scattering (Figure 3.5A). Note that all measured
temperatures are plotted at the depth from ther fillus the radius of the TC (0.04 mm). It was discovered
that fluctuations in laser output over different days resulted in different power levels for the same laser
settings (£26=40mMV4@omBconW= f D582 4 mbh HGMW28BImm' ), €
therefore, results were normalized to the temperatures sensed when the TC was just out of contact with the
fiber (z = 0.04 mm) to overcome this variation. These normalized results for both the simulated and
measured depth distributions are pl@d i n Fi gure 3. 5B. T hbée sree sruel stusl tisn
greater drogoff of the temperature with depth (i.e. higher spatial thermal gradient) since the temperature
rise values at z = 0.54 mm follows a decreasing trend with increased optitafisgddecrease by 15.5%
from 0.346i 1.288 mm). The temperatures at this depth were shown to be significantly different using a
oneway ANOVA and multiple comparisons test (p<0.05). Simulated results (dashed lines) also exhibit a
greater thermal graglint with increased scattering, predicting a 12.8% decrease in the temperature rise at z
= 0.54 mmObet e 8 4 6 c’ak greater.dépthsg therdifferences in temperature between
scattering phantoms is lost in the variability of the setup.

To overcome the power fluctuations in the experimental setup, an idealized set of simulations with
the same average power across simulations was used to compare how optical scattering affects the
temperature rise amplitudes instead of the relative valuesultRdrom simulations run with 22 mw
average power are plotted in Figure 3.5C. This analysis demonstrates that the maximum temperature rise
increases sl i gbht@dQy.f2widomh e Pdr. 3adt6e 1Y, as wall.ag Bi€ maximum
temperature oeacr s s hal l ower (0.82=mM. 84 &I Respde.ths@Baemme
maximum temperature, a faster drop off (higher spatial thermal gradient) occurs at greater depths with
higher scattering, corresponding to a reduced 1/e thermal penettapth (0.86, 0.835, and 0.76 mm for
ed = 0.346, O0.5respectivelypd 1. 288 mm

74



A)
Optical
Fiber /

Thermocouple

>/

Plastic
Well

Zmm

Z=10,05,1.0, 2.0

Agarose Gel

B) Temperature Rise with Depth:
Validation Dataset

1.2
_
= IS
[ 1 { \\
S oy
3 N Sim. Meas
1Y
2 0.8 A — T p'=0346mm"
X = -1
o gpl ?\ 77777 b pg=0.507 mm
5 o N — §pg=1.288 mm”
g_ 0.4 N
NN
g 02f el
= It
0
0 0.5 1 1.5 2 25 3

Depth From Fiber (mm)

C) Temperature Rise with Depth:
Simulated Results at 22 mW

147 . —
PR 13
O 12}
o _ ﬁ;\\&‘_‘ P
3 10 ‘!\ — 12-},’.\
== 3 Y
% st ‘.\‘ ————— 1 = 0.346 mm
Elry R ps' = 0.507 mm
@ I D Py’ = 1.288 mm
Q 41 NS
a BN
£ 2 I Tl
[} r S=al
[ I IR
0 S

0 0.5 1 1.5 2 2.5 3
Depth From Fiber (mm)

Figure 3.5.Thermocouple validation. A) Experimental setup. In a well, an optical fiber and thermocouple were
placed usingnicromanipulators. The optical fiber was initially placed just in contact and centered with the
thermocouple (aided by the pilot light). The thermocouple was then translated either 0, 0.5, 1.0, or 2.0 mm
backwards (the z direction)). The well was therdlvith agarose which was allowed to set. B) Validation dataset.
Measured temperatures are plotted over depth along with the simulated depth distributions using the measured laser
powers for each experiment. Data were normalized to the temperature®.8dzmm. C) ldealized results.

Simulated temperatures using a congsd svtae nute s2 2amVe apvl eort at geec
at the center of the fiber.
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3.4.3 Parametric Sweep Results

3.4.3.1 Optical Distribution Dependence on Saaitg

Monte Carlo simulations were performed across a range of physiologically expected absorption
and reduced scattering coefficients. Figure 3.6A shows slices taken at Y=0 Ztpkade of the resulting
absorption distributions, shown on the same catate. The values in these maps can be interpreted as the
probability of any photon being absorbed in a given voxel, and this map caultggied by laser power
to give the distributdi en 0gf Oa b¥gresadwalidr tlprityyhewaver, On | y
a more complete data set can be seen in Figure 3.7 where the reduced scattering coefficient is shown in
steps of 0.2 mrh The most noticeable difference in these maps is that the maxuaiue of the color
scale increasewith increased scattering, representing an increase in the maximum number of absorbed
photons in a single voxel which ultimately corresponds to a larger heat sourc&hiergame trend is seen
a sainereases, which would be expected since, as per titefioif the propertymore photons are absorbed.
The 1/ e penetration depth is aedh citroc rbecasienv eTrhsied vy
to visualize on the distribution images but has been quantified in Figure 3.6B. Changes iretretipe
dept hOwiwtelr ee on the order of the Monte Carl o spati
data points (dots) since the penetration depth was calculated using these discrete grid locations. This is
overcome by applying an expential fit to the data (lines). Most of the absorbed photons are confined
within the divergence angle of Ilight emitted from
increases (Figure 3.6C) due to radial scattering of photons from uattethe fiber outward. The location
of where this scattered light is absorbed can be more easily visualized through difference maps (Figure 3.8)
which were created by taking the differencée bet we
valueand subtractingd t=hebf diins t hie b ¢ t.vatue Shpreforeg éachgnage
f o =¢ 0'hasm value of 0 everywhere since that absorption map was subtracted from itself. These
maps show tdhat phdt bhn ghhtabe absarbed seperficially im the tissue and outside
the NA of the fiber (at a depth within a few hund]
the dark blue regions within 0.5 mm oefphdtonsearesur f ac
absorbed. While photon absorption distributions are informative of where heat is initially generated, it is
ultimately the temperature distribution that guides the heat block effect of INI; thus, thermal simulations
will help elucidate to wht extent these differences in the light distribution translate to changes in the

temperature distributions.
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A) Distribution of Absorbed Photons
' 1 1 1
/”LS 0 mm 0.7 mm 1.5 mm 1075
— 3
'ua
2.0 mm
12.5 ~
L~
o
cc
12 2B
2.5 mm™* 0 5
L
- T8
E
& 1.5 ©w e
N Q (=)
2%
3.0 mm 1 S £
.8 =1
}
<g
0.5 ~
3.5 mm!
0
B) Optical Penetration Depth C) Photons Absorbed in Fiber NA
0.3 100
€ 028 oo f1,=2.0 mm" 1 |= 95
£ s 2
£ 0.26¢.c o0 o - 20
%) o p,=25mm’ '\g 85 /43535
2 024 2 i
S < 80 0 mm
© = 4=
§ 0.22 g 25 25 e
& & 70 =20,
0.18
0 0.5 1 1.5 65o 0.5 1 1.5
pg (mm™) pg (mm™)

Figure 3.6 Parametric sweep optical resulfs. Representative absorbed photon distributions from Monte Carlo
simulations across SWIR tissue absorption and scattering coefficients. All images are taken fremplameat

Y=0, and are plotted on the same color scale. Values correspond to thelipyadfabphoton being absorbed in each

voxel. A more complete set of light distributions can be found in Figure 3.7. B) Optical penetration depth at the center
of the absorbed photon distributions is plotted over scattering for different absorptidoieatstf Some scattering

induced changes occurred on a scale smaller than the spatial step size of the Monte Carlo (0.01 mm), so an exponential
was fit to each dataset. C) The percent of total photons launched that are absorbed within the divergirge NA of t
fiber is plotted as a function of scattering.
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Absorbed Photon Distribution
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Figure 3.7.Absorbed photon distributions in theZplane at Y=0 from the Monte Carlo simulations are shown in
0.2mmist epdH 6 Dr e aldusedimtheparanetoctsweep. Allimages plotted on the same color scale.

Color represents the probability that a photon is absorbed in a voxel. Each image is 1 mm x 1 mm with the shown 0.5
mm scale bars.
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Absorbed Photon Difference Distribution
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Figure 3.8.Absorbed photon difference maps are shown for thepkane aty=0. These maps represent the change

in the absorbed photon di6s ttoimip adr el hhiosri spireFghteéed Traig, t he s
the diff erdenft er .isagaductysvhere since that image is subtracted from itself. All images are

pl otted on the same color scale where a posiptsiOvenmval ue
L distribution. Color represents the probability that a phag absorbed in a voxel. Each image is 1 mm x 1 mm with

the shown 0.5 mm scale bars.
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3.4.3.2 Temperature,abn@te i bution Trends with ¢

Steady state temperature maps were generated for all sets of optical properties. For each map, three
characteriscs were calculated: (1) maximum temperature rise, (2) 1/e thermal penetration depth, and (3)
FWHM at the surface. Figure 3.9A shows the temperature maps in the Y=0 plane at the extreme values of
caand ei mul ated. Each ddolerscalée. bhe FWHMmat the surfecesig highlighted h e s
with the black bar above each distribution and the contour of the 1/e drop from the maximum temperature
rise is outlined in black. A more complete set of temperature distributions can be seen in Ejjurbese
correspond to the temperatures induced by the absorption distributions in Figure 3.7. The maximum
temperature rise above D of each distribution and the percent change in maximum temperature rise
compar £d =t Baresslmown in Figure 38 As would be expected, the induced temperature rise
increases with increased optical absorption (shades of blue). This was observed to be ~32.4% increase from
€a=2.0mmt 0,=8.5mnt. It is also seen that the maximum temperature increasesnaitased
optical scattering and that the effect of scattering is diminished at higher absorption coefficients. An
increase by ~7 % was observed over the 1.5'mna n g @0 oaft 2.8emm', while this was ~ 4.5 %
i ncr e as35 mart Trends in tk thermal penetration depth (the 1/e drop in maximum temperature
rise at the center of the fiber) were also quantified (Figure 3.9C). The thermal penetration depth was
observed to decrease with both increasing absorption and increasing scattering. Bdédtterong, an
i ncr e afom2.0nmmte3.5mm decreases the thermal penetration depth by 28.9%. An increase in
ed fromoD5mmr esul ted i n a ~220n0 dnda-~16 % seereasdwhen ¢
£a= 3.5 mm. The FWHM was gantified (data not shown), however it was observed that changes were
less than 1.5% over 1.5mm ang e dfogec adhlt = £ thenFwwHM decreased by 13% from
€a=2.0 mm'to 3.5 mm".

3.4.4 Water Bath Results

A set of measurements was raday thermally imaging a water bath with PS beads added as a
scattering agent to validate the predicted trends from the parametric sweep. This validation was not meant
to mimic the setup used in the simulations, but to probe if changing the scatteribedrastthe same
predicted changes in the maximum temperature rise, the 1/e thermal penetration depth, and the surface
FWHM. Figure 3.11 shows how the metrics quantified from the measured temperature distributions vary
over time and as a function of scaittg. Results show that the maximum temperature rise increases with
an increasing reduced scattering coefficient (Figure 3.11A), validating the predictions of thetbetival
mo d e | in Figures 3. 4, d. 5 e sd rede,08~2@ from th@ lrighestdd he r an
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Figure 3.9.A) Simulated temperature distributions taken from thé ane at Y=0 are shown for the extreme values

ofaammdd ecassessed. Al di stributions are plotted on the
highlighted by the black bar ab®the image, and the contour showing the 1/e drop in maximum temperature rise is
outlined in black which highlightsgsanhddovwi hbeeaber mAl mpea ¢

set of distributions can be found in Figure 3.10.B)l&ex i mum t emper at urse forsedii fsf ol o
(left) and t he Ope=r chs shomn ¢right) demenstratingpamincgeasing trend with scattering that

i s more pr on alChThe thermaltpenktratioredeptheis ot ode f og  dleft)famdthent ¢
percent c koa ng ebisfshomm(right) demonstrating a decreasing trend with scattering that is more

pr onounc e d. Samme chaogesewere smaller than the spatial scale of the interpolatiom{@)Q1so

exponential curves were fit to the data to show the trends.
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Temperature Distribution
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Figure 3.10.Simulated temperature distributions taken fromth@ X pl ane at Y 60 sareep ss hodwnl .i2n
f or al | . wldistiibations aré plotted on tleame temperature color scale. Each image is 2 mm x 2 mm
with the shown 0.5 mm scale bars. Lasgarndbeating i s sho
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Figure 3.11 Left column) The maximum temperature rise (A), 1/e thermal penetration @ptmnd full width at
half maximum at the surface (C) are plotted (meastahdard deviation) over time for different scattering phantoms
(orange), 0.19

(H = 0

(blue),

0.009

( bY). Righticglumn) BteaBly7

(purp

state rise values (mean--standard deviation) taken from temporal results are plotted as a function of the reduced
scattering coefficient, and a linear regression is applied to each. It is seen that increased scattering leads to higher
temperature rises, lower thermal penetration depths, and no significant trend with FWHM.
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thel owest waliuse ss ecefn ¢( Fi gure 3.11A, right). The 1/ e
is shown in Figure 3.11B. Plotting the steady sppienet r at i on depd h( Risguwr & uh.cl
right) shows that greater scattering results in a decrease in the penetration depth, from 1.257 to 1.11 mm.
The full width at half maximum of the thermal profile at the surface was calculated (Fi¢@f&).3The
measured steady state FWHM shows va@&ri amnidond, sbwtar
is likely due to a different source of variation. Linear regression was performed for each metric as a function
ofdH & By as H$% sosfidange interhiak of the slope coefficient the significance of the identified

trend from a flat line was determined. Both the maximum temperature rise and the thermal penetration
depth demonstrated significant deviation from a line of zero slope whliate the predicted increase in
temperature and decrease in thermal penetration depth with increased scattering (Figure 3.9). This same
analysis determined that no significant trend with scattering is observed for the thermal FWHM at the

surface.

3.5Discussion

3.5.1 The effect of scattering on the temperature distribution

Overall, the effects of optical scattering can be summarized as the following: 1) increases in
scattering will increase the maximum temperature induced in the volume (dependthg thermal
boundary conditions), 2) increases in scattering will not measurably affect the spatial distribution of heating
at the surface, and 3) increases in optical scattering will reduce the 1/e thermal penetration depth. Each of
these responses adeiven by changes in the distribution of absorbed photons. This is most easily
understood by assessing the parametric sweep simulations. Recall that as scattering increases, photons are
absorbed more superficially (Figure 3.8). This results in a greatemma absorption value with greater
scattering (Figure 3.7) that drives this increased temperature. Since these photons do not penetrate as
deeply, neither does the heat source, and thermal conduction is not able to propagate the heat as deeply.
Some of tle photons are scattered radially outward as evidenced by the yellow regions outside of the NA
of the fiber in Figure 3.8. This would initially suggest the temperature distribution at the surface increases
in size, however, this is counteracted by the reduwat source immediately next to these regions (Figure
3.8, dark blue within the NA of the fiber) and any change in the absorption distribution is not substantial

enough to drive a larger lateral distance of heating at the surface. Additionally, @ailycirdhges in the
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spatial temperature distribution will be smoothed out over time due to thermal conduction. The magnitude

of the effect that scattering has on the heating is reduced with increased absorption (Figure 3.9), likely due
to the reduced meaneke path of photons leading to fewer scattering events. These predicted trends from
the simulations are supported by each of the measurements. Figure 3.11A demonstrates that the temperature
increases with greater scattering, and Figure 3.4Ci demonstmtethis change in temperature may not

be large, depending on the variability in the setup and the thermal boundary conditions. Figure 3.5B and
figure 3.11B demonstrate that a lower thermal penetration depth is indeed observed with greater scattering.
Last, figures 3.4Cii, 3.4Ciii, and 3.6C highlight that the spatial temperature distribution at the surface do
not trend with optical scattering.

3.5.2 Model and Experimental Limitations

All models are not without their limitations; however, itiigportant to understand when those
limitations do and do not detract from the goal of the simulations. The efitezahal simulations
developed here demonstrate a range of errors when comparing amplitudes, however one of the main goals
of this work has ben to understand the trends in the temperature distribution associated with changes in
optical scattering. To validate the optithermal model, two validation studies were developed: a thermal
camera validation and a thermocouple validation. The tharama¢ra validation is the more idealized setup
since thermal cameras allow for interrogating spatial information and since the sample here allowed for
fewer unknown sources of cooling. The agarose sample in this setup was insulated on most of its surface
by the presence of glass, except for the sides of the slab. This was not a concern, however, because the
temperature rise was centered in the gel, and these edges were far from the induced temperature distribution
(> 8 mm). The glass top and bottom limite ttontact with air, which is beneficial because air contact may
result in water evaporation at the surface (causing evaporative cooling) and limits the effect of convective
cooling directly on the gel. The amplitude of this convective cooling can beuttifficestimate. It is noted
that for this more idealized setup, errors between simulated and measure values were typically less than
10%. One surprising aspect from this thermal camera validation is that the simulations suggest that a
positive trend existbetween the maximum temperature rise and the reduced scattering coefficient, but this
was not visualized in the measurements. To understand this, the thermal images were assessed early in the
heating period (the first-2 frames of heating). Looking dtdse heat distributions provides an indirect way
of assessing the light distribution since the camera is sampling at 40 fps (every 25 ms) which is fast enough
to where only minimal thermal diffusion occurs between frames (thermal diffusivity of agaro$é2- O

mn¥/s). This analysis revealed slight changes in the light distribution between agarose phantoms that are
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likely due to the spatial modes from the multimode laser diode varying over time (and with the temperature

of the diode). When the datawere platd i n chronol ogicdl ardernidnswiass
demonstrating that the variability of the laser output was masking any subtle changes in the temperature. It
was calculated that the percent difference between the maximum and minimurofvedgd metric (i.e.

the total variati o oampl eadle was i 4elr3%Bnge. ®@®%, cand
3.05%, 0.55%, and 0.45% for the simulated maximum temperature rise, major axis, and minor axis,
respectively. This indicates thidte amplitude of the real trends would be masked by the variability in the
experiment and are smaller than the variability values calculated here. For example, the fact that the
maximum temperature trend is covered up by 4.15% error suggests that anyitinescattering is not
substantial. While direct measurement of the simulated temperature trend is not shown using the thermal
camera, evidence of this is demonstrated by TC measurements and by the water bath validation. For the
spatial metrics, the simations predicted that these do not change with scattering, and a change of 0.5%

over a range of 2 miwhether positively or negatively associated with scattering, is negligible in practical
applications, so this is not so worrisome.

The thermal camera measurements provided validation of superficial aspects of the model, but the
TC measurements were needed to validate the trends between the temperature depth distribution and optical
scattering. TCs provide point measurements, ankdesavdrkflow was developed where the gels were cured
around each placement of the optical fiber relative to the TC. The sample, while contained within a plastic
well, required that the entire top of the gel be exposed to air, which adds the concern wfnucdoking
terms. Additionally, one key difference here is that the optical fiber is embedded in the gel which provides
a route for conductive cooling which is not present in the thermal camera validation. This cooling causes
the maximum temperature to ecat a depth away from the optical fiber (Figure 3.5). This is unlike non
contact irradiation methods (such as in the parametric sweep, thermal camera validation, and water bath
validation) where the maximum temperature occurs at the surface (Figur&d@.@).direct comparison
between a fiber in contact and just out of contact with the tissue, the parametric sweepwasred o* ¢
0 and 1.5 mma t .= 2.5 mm" with the fiber placed in contact with the medium (Figure 3.12), which
highlights just hownuch the fiber acts as a heat sink.

Considering the accuracy associated with the quantified metrics, errors in the thermal camera
validation were on average 4.1% and all errors were less than 12%, while in the thermocouple validation,
errors were 16.7% oaverage with all errors less than 47.5%. TC measurements here presented higher
error s, however , O t= wla s3riadSexmbintd thehgeedtest tdéviationefrom the
simulation results, and removing these from the analysis droppedrtine ® 7.7% on average with all
simulated values < 20.5%. Errors associated with these TC measurements are most likely to come from TC

placement errors.
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Figure 3.12 To highlight how the temperature distribution with depth chadggending on the irradiation setup,
parametric sweep si mu3d2bmmams wer@ @pkilrd e rithadkdng)witha n d
the irradiating optical fiber out of contact (left) and in contact (right) with the surface of the. ti¥fen the fiber is

in contact, the maximum temperature rises in the tissue decreases and the maximum temperature moves from the
surface to a depth within the tissue. This highlights how the optical fiber acts as a heat sink and how a small change

in thethermal boundary conditions can have a large effect on the temperature distribution.
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Water bath temperature measurements were used to help validate the trends predicted by the
parametric sweep and model validation measurements; however, the exast melasured are not
comparable to the values in the main text. A liquid whteed sample was used instead of the solid agarose
samples which has different material properties. Secondly, the thermal boundary conditions are different in
this setup compardd the other setups. Last, the light distribution in this case is bisected, which may greatly
change the light distributions relative to the other experimental setups. Initial work attempted to apply the
opticatthermal model to this setup, however it wisserved that ideal placement of the optical fiber
relative to the coverslip is challenging, and invariably some unknown offset or angle will be present.
Without this information the light distribution cannot be properly simulated because the distriffution
initial photon launch locations and angles cannot be matched. Since a coverslip window is used, this leads
to further complications due to reflections off the glass and potential coupling of light into the coverslip
which would result in photons slowlgaking out of the coverslip over extended distances compared to
their penetration depth in water. These interactions then compound with other errors already present in the
setup or opticathermal model. While this setup was not able to be simulated; tesslts serve to further
validate the predictions of the optigdlermal model since an independent investigation was able to
corroborate previously simulated and measured effects of optical scattering on the temperature distribution
during laser heating

Taking the prior discussion into account highlights that while this model may not be equipped to
offer exact absolute values, it can serve to predict the expected trends in the heat distribution due to optical
scattering. Knowledge of these trends aredeel in the field of INI because, up until this point, optical
scattering has been mostly neglected as playing a role in the temperature distribution. Understanding the
role of scattering at these INI wavelengths will help guide the application of ejité&rahal models for
predictive and optimization applications which can aid in the selection of laser irradiation parameters used
to apply neuromodul ation agd wihlelt hel arfirfoyn hmew s umn
extrapolation error, affecthe expected light and heat distributions.

Understanding the role of scattering at these wavelengths and validating simulated trends is
difficult. Validation requires using experimental setups that are easily simulated, and ideally both the light
and hetdistributions would be measured to validate the optical and thermal models, respectively. The
problem is that the sensitivity of common optical sensors drop off drastically in the short wave infrared
which adds to the problem that measurements will dgreasstarved due to photon propagation being very
low at these wavelengths. This can be overcome by using the temperature distribution as an indirect method
of informing the light distribution, which is also helpful in the context of the optiaimal malel for INI
since the temperature is ultimately the important factor. Since indirect methods need to be used, and since

absorption is already known to be the dominating optical interaction at these wavelengths, even if the role
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of scattering is significanthe measurable signals are likely to be quite small, and experimental variability

can pose a problem if it is on the order (or greater than) the change in signal due to scattering. Towards this
end, the contribution from the thermal boundary conditicars lwe difficult to approximate but plays a

major role in the formation of the temperature distribution and teasing out the effects due to boundary
conditions versus scattering can be a challenge. Nonetheless, this study attempts to probe the role of
scatteing despite these difficulties, and while each set of experiments in this study has its caveats, taken
together they begifn duwr iinngf olrars etrh eh eractliengof let i s a
identified in this study should be focused rather than the exact values. Moving forward, validation of

exact values would be needed for each future experimental setup utilized, but with this awareness the
opticatthermal model may be used to help understand how various changes to tissue opticaéprand

modifications to irradiation methods may change the expected temperature distributions.

3.5.3 Practical Implications for Simulations of INI

Past INI studies*?*3 have been performed using wavelengths in the bands of1¥BDnm and
18607 1880 nm because their relatively high optical absorption and because of the abundance of low cost
diodes at these wavelengths due their usage in the telecom industry. Thesedlemgth bands have been
functionally considered equivalent since the absorption coefficient in these regimes can be matched, and
since optical scattering is typically ignored. The present study can probe the similarities between the heat
distributions & these wavelengths. Take two absorptioatched wavelengths: 1470 nm and 1875 nm
w h e r.-e2.5emn. The expected differences in the temperature distributions can be identified in Figure
3.9 by compari nga.2tbenmirelatitheexp al ddgat hesesfor 1470 n
nm (Table 3.2). I f opti(d4mdn v éda middTske8rAthi) e sk Inadr. &5 6uU SNE
terms of the maximum temperature rise, the difference between the two wavelengths only corresponds to
<1%, a negljible difference. The difference in thermal penetration depth is ~2.5%. Figure 3.10 provides a
visual of the appr oxi2hattedheatd. 6i $wdichQuatBativegms ( ¢
appear si mil ar .avaludsutte tempamre dismbutionhiredacedsby 144@70 nm and
18607 1880 nm bands are effectively the same (2.5% different). This differences will increase slightly at
| ower matndh &@& c e e asFanctenal expéeriménes between these two wavelengthsdshou
be performed prior to concluding that there are no differences between using these two wavelength bands,
and the distinction between infrared neural inhibition (INI) and infrared neural stimulation (INS) should be
emphasized. This prediction should hédd INI since the timescales of irradiation are long enough for

thermal conduction to occur, however, this conclusion cannot be drawn for INS because single pulses are
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typically used*°® or irradiation timescales are relatively sRband need to be assessed separately from
this investigation.

Knowledge of how the temperature distribution changes with scattering can be tsdual ptan
INI experiments and understand results of studies. In some cases the effect of scattering is small (e.g.
metrics at the surface and differences between @a&
demonstrates that these difference carl ler ge over grbe a(twep treang®sdiofff esr
temperature and 20% difference in thermal penetration depth (Figure 3.9) ) demonstrating that, overall,
optical scattering has a nowegligible effect on the temperature distribution. Becaude lofi s , Beer 6s
approximations are not sufficient to estdH mase th
substanti al By <| ®wathn abBumnhto naintain <5% simulation error for all heating
metrics). Otherwise, a Monte Carlo simulation is required to simulate the light distribution. Conversely,
di fferences in these metrics are |l ow whé&ndaoampar
t herefore uncer tbaiunsteyd iinn thMoen tvea IQuaer loof sei mul ati ons
for | arge errors. Exact #Hrbasedwiohl Figperd 309 tlme
error is deemed tolerable in the overalhperature distribution. This assessment suggests that making
esti mad esaodd eon extrapol ated values from equati on
of simulating the temperature distribution at INI wavelengths. Usination2.11 it i s esti mat e
= 1470 nam,0.¢e75 in optic nerve (TablHe v3al2ue anfd ittha
difference is tolerable between the simulated temperature distribution and the true temperature distribution,
accep abl e esHi mates i of tdhe si mul alktlimmhbasadoh the plots inl bet\
Figure 3.09. Ther &f cwraesm, bteh el 6e €4 iomdt e roofm s he true

scattering will still be below 5%.

3.6 Conclusons

In this study, various simulated and real setups were used to probe the effect of scattering on laser
heating. Simulations used a paired optitermal model which combined a Monte Carlo simulation of
photon propagation with a finite element anaysit hat sol ves Penneds bioheat
which used measurements from a thermal camera and a thermocouple showed agreement between the
trends induced by changes in the reduced scattering coefficient of optical phantoms. Notablyitshe resu
demonstrated that greater optical scattering creates increased maximum temperature rises, reduced 1/e

thermal penetration depths, and have a negligible effect on the spatial temperature distribution at the
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surface. The effect of scattering was seerbéoreduced with higher absorption coefficients. Prior
assumptions that the effect of scattering is negligible appear viable in particular scenarios, but ultimately
oversimplify the inter actd owhse no cecsu ri rmtiongf abghbedh ea cdd osi
photons (such as when using a Beerods | aw approxinm
temperature rise (up to 7% simulation error) and significant error in the thermal penetration depth (>20%
simulation error), thus a bestst i mad estoduled be made and a Monte C
propagation should be performed.

Evaluation of how optical scattering effects the temperature distribution due to laser heating is
greatly important in the field of infrared neural maatidn since the inhibition and stimulation responses
of neural tissue is driven by the either the temperature or the temporal and spatial temperature gradients.
The lack of published optical properties for nerve in the SWIRAfdysia mouse, rat, rabbitjog, and
many other research animals creates a problem when trying to simulate or predict the biophysical response
of these tissues to laser irradiation. This study made a first attempt to assess the role that optical scattering
plays in the developmentf the temperature distribution in in various simplified homogeneous tissue
phantoms. Further analysis is needed to understand how cellular structure and tissue organization will affect
the light and heat distributions generated and these will be thetsofiijeare complex and further validated
models. The analysis presented here provides a baseline understanding of the relationship between optical

scattering and laser heating which may serve to inform and guide the development of these future studies.
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Chapter IV

Identifying the Role of Block Length in Neural Heat Block to Reduce Temperatures during
Infrared Neural Inhibition

4.1 Abstract

Objective: The objective of this study is to assess the hypothesis that the length of axon heated, defined
here as block length, affects the temperature required for thermal inhibition of action potential propagation
applied using laser heating. The presence difi sughenomenon has implications for how this technique,
called infrared neural inhibition (INI), may be applied in a clinically safe manner since it suggests that
temperatures required for therapy may be reduced through proper spatial application bielightve

validate the presence of this phenomenon by assessing how the peak temperatures during INI are reduced

when two different block lengths are applied using irradiation from either one or two adjacent optical fibers.

Study Design Assessment of #role of block length was carried out over 2 phases. First, a computational
proof of concept was performed in the neural conduction simulation environment, NEURON, simulating
the response of action potentials to increased temperatures applied at diffesgioth at halfmaxima
(FWHM) along axons. Secondx vivovalidation of these predictions was performed by measuring the
radiant exposure, peak temperature rise, and FWHM of heat distributions associated with INI from one or

two adjacent optical fiber

Methods: Electrophysiological assessment of radiant exposures at inhibition threshold were carried out in
ex vivoAplysia californica(sea slug) pleuradbdominal nerves (n=6), an invertebrate with unmyelinated
axons. Measurement of the maximum tempeearise required for induced heat block was performed in a
water bath using a fine wire thermocouple. Finally, magnetic resonance thermometry (MRT) was performed

on a nerve immersed in saline to assess the elevated temperature distribution at timt expadiares.

Results Computational modeling in NEURON provided a theoretical proof of concept that the block length
is an important factor contributing to the peak temperature required during neural heat block, predicting a

11.7% reduction in temperaturise when the FWHM along an axon is increased by 42.9%. Experimental
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validation showed that, when using two adjacent fibers instead of one, a 38.5 + 2.2 % (mean = S.E.M.)
reduction in radiant exposure per pulse per fiber threshold at the fiber output. 36) is measured,
resulting in a reduction in peak temperature rise under each fiber of 23.5 + 2.1 % (p5; %8& 15.0 +

2.4 % (p = 1.4B3) and an increase in the FWHM of heating by 37.7 £ 6.4 % (p-3),168.4 + 5.2 % (p

= 2.4E5), and 51.9 ©.9 % (p = 1.7E3) in three MRT slices.

Conclusions This study provides the first experimental evidence for a phenomenon during heat block in
which the temperature for inhibition is dependent on the block length. While more work is needed to further
reduce the temperature during INI, the results highlight that spatial application of the temperature rise
during INI must be considered. Optimized implementation of INI may leverage this cellular response to
provide optical modulation of neural signals wiblver temperatures over greater time periods, which may

increase the utility of the technique for laboratory and clinical use.

4.2 Introduction

Clinical pain management techniques typically utilize pharmacological agents or electrical
therapies. For intervention in disease states involving chronic pain, first action often includes
pharmacological agents such as NSAIDS (nonsteroidalrdlaimmatory drugs), antidepressants, muscle
relaxants, or opioidsIn particular, chronic opioid therapy has increased in prevaleteeying with it a
high risk of habituation, tolerance, and dependence that increases the risk of overdose and other deleterious
effects'®. Development of nopharmacological therapies is critical, resulting in government initiatives to
better unlerstand and treat chronic path Electrical interventions such as spinal cord stimulafittand
high frequency alternating curréit’, whether used in acute applications or implanted for chronic therapy,
can provide relief, but are limited in their spatial specificity (precise spatgdting of neurons) due to the
tendency of electric current to spread in tissue and tolerance effects where more current is needed for
therapy as time progresses, which results in even more current spread and reduced specificity. It has been
shown that ombining electrical therapy with optical modulation may help overcome some of these
limitations'®. Ultrasonic technologies offer a method of neuromodulation that can be applistvasively
but are limited by focal size and spatial selectiify. In contrast, optical technologies for
neuromodulation, while inherently being more invasive compared to ultrasound and transcutaneous
electrical §mulatior??, have high spatial precision and would require a similar level of surgery as that used

for implantable electrodes. Infrared neural modulatidfiM) in particular offers both neural stimulation
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and inhibition without introducing exogenous agents. Infrared neural stimulation (INS) has shown to be an
effective method for stimulating action potentials in many animal m&tfélsard has been applied in
human dorsal rootlet$ but its complementary technique, inframeelral inhibition (INI), has yet to be
translated for human use due to the temperature rise required for therapy.

I NI works through heat block mechani $mMHeat el i ci t
block was first described Wytodgkin and Katz in 1948 who noted that, at elevated temperag, action
potentials in the squid giant axons decreased in amplitude and increased in conduction velocity (CV), and
that further increasing the temperature resulted in failure of the axons to conduct. Since this foundational
article, thermally induced Ieincing of neural activity has been explored for a range of animal models and
applicationd®*, Mechanistically, heat block is hypothesized to act through changes in vgiitege
potassium channel dynanté$®. At high enough temperatures, hyperpolarizioffagegated potassium
ion currents overwhelm depolarizing voltag@ted sodium ion currents so that the axon can no longer
generate an action potentfal

Using a laser to apply a temperature rise has allowed for smaller regions to legl temgepatially
precise and acutely reversible heat block without functional daifdge This method can be narontact
with tissue, however in many cases probes delivering irradiation are placed in contact with the nerve,
especially when delivering IR light in a fluid environment since the sudingnmedia will absorb the light
before it reaches the nerve. The proximity to the neural tissue needed for INI highlights that clinical
application would require surgical exposure of neural tissues for therapy, however, this is often performed
when applyng spinal cord stimulatidf The greatest barrier to clinical implementation is the temperatures
associated wi t h I NI . A single temperature rise
neuromodulatory effect across all systems (Table 4.1). Furthertherejagnitude of these temperatures
needed for therapy, while viable for acute inhibition experiments, cause concern when considering
sustained application, and this needs to be addressed before translation to humans. The parameter space of
INI has yet tdoe fully explored, and thus insights are needed into how to properly apply this technology to
different neural tissues in a nalamaging, sustained manner. Developing methods that can be applied
across many neural model systems will greatly aid in the thraf this technology by providing
understanding of the fundamental mechanisms governing heat block. When considering thermal damage to
tissue, it is known that damage probability increases with not only greater temperature, but also with
increased duratioof applicatiof**> Thus, duration of application for any INI therapy may be extended if
the temperature rise in that region of tissue is decreased. It is this concept that drives the work described in
this study.

Currently unknown is how the spatial extent of heating along axons affects heat block. Based on

prior mathematical analysis of the cable equéfjome hypothesize that heating greater lengths of axon,
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Table 4.1. Temperature Rise for Heat Block acrosslodel Systems

Model System

Temperature Rise at
Inhibition Threshold

Reference

Squid Giant Axon ~20°C Hodgkin and Katz, 1949
Computational Model of Xenopus 26-32°C Mou et al, 2012’

laevis

AplysiaBuccal Nerve 7.02C Dukeet al, 2013°

Rat Sciatic Nerve 5.2°C Dukeet al, 2013°
AplysiaPleural Abdominal Nerve 9.7C Lothetet al, 20172
Musk Shrew Vagus Nerve, Small 2.9°C Lothetet al., 2017

Diameter Neurons
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increasing the loick length (BL), will decrease the temperature required. Applying INI in this manner would
spread the effect over a greater volume of tissue, allowing for INI to be applied for longer periods of time.
Here, we demonstrate the role of BL during INI by dogbthe optical irradiation length using two adjacent
optical fibers, and comparing the radiant exposure, temperature rise, and the full width at half maximum
(FWHM) of the heat distribution at INI threshold bathsilico andex vivo

4.3 Methods

4.3.1 Computational Modeling

For an initial proof of concept that block length plays a role in the peak temperature rise required
for INI, the conductivity of amAplysiapleural abdominal nerve axon was simulated using the Hodgkin
Huxley model implemented in the NEURON simulation emwiment®, which models the equivalent circuit
of the axonal membrane as lesitts (ion Nernst potentials), resistors (ion channel conductivities), and a
capacitor (membrane capacitanc&plysianeuron parameteYs representative of neurons in the pleural
abdominal nerve that can be testedvivp wer e used to model an unmyel.i.:
diametef® and 25mm in length. This was implemented over 9999 computational nodes with 0.025 ms
timesteps for a stable simulation environment. At the end of the axon, a passive segment was placed to
overcome the closed end effect which causes voltage increases at tiieaastdsed cable. Temperature
rises were applied to the axon for two different BLs which were based on thermal camera (SC8303, FLIR
Systems Inc.) measurements from temperature rises due to irradiation from one or two adjacent optical
fibers. Duringthessme asur ement s, a probe with two adjacent 4(
a 20% polyacrylamide gel with similar optical and thermal properties to tissue using either one or both
optical fibers. Onalimensional slices were taken from the imabeough the hottest point in the
temperature distribution and applied in the simulation to the axon as shape templates that could be
modulated by a scaling factor to apply arbitrary temperature rises to theimesilieo with the expected
temperature disbutions from one and two fibers.

Four different simulations were performed. First, an axon held at room temperafiGi (26
simulated as a control to understand the neural conduction of an unheated axon. The axon was stimulated
using the Iclamp furton to inject a 0.5 nA electric pulse for 1 ms at one end of the axon, and the resulting
propagation of the action potential along the axon was tracked. The maximum membrane voltage of the

action potential at each computational node was used to vistiaiztrength of the action potential as it
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propagated along the axon. Next, the temperature rise required for inhibition when heated with a single 400
em core diameter optical fiber was model ed. I nhi
less han-60 mV at the most distal computational node, which is below the voltage required to activate
voltagegated sodium ion channels in the mddeThe scaling factor of the omémensional temperature

profile along the nerve was modulated until the lowest peak temperature rise that resulted in inhibition was
identified as 1. A temperature rise profile which approximated heating frotwtcadjacent optical fibers

was then applied to the axon and the temperature rise at inhibition threshold was identified using the same
procedure as for one optical fiber. This simulated peak temperature rise at inhibition threshold was recorded
as Ts2. Last, as a control to test that a greater length of heated axon is required to achieve inhibition at a
lower peak temperature, the temperature profile from one optical fiber was again applied, now with its peak

temperature set atsd

4.3.2 Probe Design

A custom dual fiber probe was designed and buitiab f r om t wo bi furcated
optical fibers (fiber A and fiber B) (BIF40UIS-NIR, Ocean Optics, Inc.) to reliably apply INI over two
block lengths with constant monitoring of the powemnireach laser. For each bifurcated fiber, all distal
ends (after the bifurcation) were cleaved and polished. One of the two paths from each fiber set was chosen
as the monitoring path which was used to measure laser power during tissue irradiationeif batbth
from each of the bifurcated fibers were used to construct the probe. The two probe paths were brought
together and secured parallel to each other using plastic casing and optical epoxy and were further polished
together. Flatness of the probe outpvas checked and separation distances between the fibers was
measured with a stereoscope and a thermal camer a
probe was created in the same way as the first but with longer fibers after the ibifiu2@tfeet) to be
compatible with a magnetic resonance (MR) imaging scanner, allowing for the instruments containing
metal, such as the lasers, power meter, and triggering electronics, to remain outside of the scanning room.
The proximal end of each bifcated fiber was connected to a separate laser system such that fiber

A was connected to laser A and fiber B was connected to laser B. Two diode laser systems (Capella

E

\

Neurosti mul at or Lockheed Martin) ( o=toitr&liatdthen m, 20

samples. These diodes were triggered using a pulse generator (DG535, Stanford Research Systems) and
optical powers (converted to radiant exposure per pulse at the output of the probe) were measured using a

high-sensitivity thermopile (P20, Coherent Inc.).
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4.3.3Ex Vivo Electrophysiology Setup

Experimental validation of computational predictions was performed in n=6 different pleural
abdominal nerves from Bplysia californica(Marinus Scientific, Long Beach, CA) weighing 2380
grams (one nerve per animalplysiawere anesthetized using inf®n of 333mM MgC] (~50% of body
weight), and one of the pleural abdominal nerves were dissected and placed in a room temper&@jre (~20
recording dish lined with polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) contapilygia
saline (460 mM NCI, 10 mM KCI, 22 mM MgCl, 33 mM MgS£10 mM CaCJ, 10 mM glucose, 10 mM
HEPES, pH ~7.6). The ends of the nerve were suctioned into hand pulléilegdrgolyethylene suction
electrodes such that the nerve was taut. Bipolar leads terminating iletilsiiver wires were placed with
one polarity in the suction electrode and the other polarity placed into the grounded saline bath. One end of
the nerve was electrically stimulated with one of the suction electrodes while the other end was used for
recordng. The previously described optical probe was placed in contact with the nerve between the two

electrodes such that each optical fiber fully irradiated the nerve while immersed in saline (Figure 4.1, A).

4.3.4 Neural recordings

Compound action poteiafis (CAPs), the summation of the multiple (>1,000) individual action
potentials, were stimulated at one end of the nerve using monophasic pulses of cu2et$90 ¢ A, 5 ms
pulse width, 2 Hz, 90 second duration, 179 stimulations) and recorded in Axograpladduisition
software. Signals were amplified by 10,000x and-1000 Hz bandpass filtering was applied using a
differential amplifier (Model 1700, M Systems). The signal was digitized using a Digidata 1440 digitizer.

Initial recordings establishedégmormal response of the nerve to the 90 s electrical stimulation protocol.
Next, the nerve was irradiated to identify the radiant exposures per pulse occurring at INI threshold. These
inhibition protocols provided laser irradiation for the middle 30 sésoof the 90 second recording
(Stimulations 6€119) (Figure 4.1, B). First, only one laser (Laser A) was used to irradiate with one of the
fiber paths (Fiber A), and the applied radiant exposure was modulated until an inhibition threshold value,
Hi, was dentified where only one of peaks in the CAP was inhibited. During the experiment, inhibition
was defined as the first visual disappearance of a CAP peak, however, this disappearance was later
guantified, and inhibition was confirmed in pgsbcessing byghowing a statistically significant drop in

the rectified area under the curve of this peak. Consequently, radiant exposures above threshold were tested.
Since inhibition threshold was determined in pastcessing, B repetitions of inhibition at the raht

exposure threshold were performed for each nerve.
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A) Electrophysiological Setup C) Thermocouple Setup
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Figure 4.1. (A) Electrophysiology setup. Aplysianerve is immersed in a dish filled wikplysiasaline at room
temperature. Nerve ends are suctioned into polyethylene suction electrodes. Bipolar electric leads terminating in
chlorided silver wires are placed in the setup with one polarity in the suction electrode and the other polarity in the
grounced bath. One of these provides electrical stimulation of neural activity while the other records neural signals.
A dual fiber probe was placed in contact with the nerve and connected to two infrared laser diodes. (B) Stimulus
waveform during each recordinig which 179 electrical stimulation pulses are applied to the nerve at 2 Hz with
5milliseconds pulse width for 90 seconds. At 30 seconds (stimulation 60), the laser(s) is/are turned on, providing
optical pulses 0.2 milliseconds in pulse width at 200Hz30@rseconds. (C) Thermocouple setup. A fine wire
thermocouple was immersed in a water bath and positioned under the optical probe at the location of maximum heating
due to laser irradiation from fiber A or fiber (B, D) MRT Phantom. This three dimensRDgapfinted nerve holder

(red) was secured in the cap (blue) of a 50m tube with a hole drilled in the center allowing for insertion of the probe.
The probe was positioned in the central channel of the holder, and the nerve (gray) was strung acroatttiee gap
bottom of the holder and secured with glue so that it was in contact with both optical fibers. This whole setup was
placed in a tube filled witAplysiasaline and positioned in the magnetic resonance (MR) scanner for imaging.
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Once the single fibethreshold was identified, inhibition threshold was found using two fibers
(Fibers A & B together). Laser powers per pulse out of each optical fiber were kept equal throughout the
experiment. Initially, the radiant exposure values were set to 50% afdHthen slowly increased until the
two-fiber inhibition threshold, b was found by the same criteria as far H

4.3.5 Thermal recordings

A two-pronged approach was used to estimate the heating occurring at INI radiant exposure
thresholds using one andd fibers. First, a thermocouple was used to measure thelépendent heating
at the spot of maximum temperature rise in a water bath. Second, MR thermometry (MRT) was used to
determine the spatial extent of heating at INI thresholds. These temperaagerements were made for
the previously identified radiant exposure thresholds for each of the six nerves (gilués and six i

values).

4.3.5.1 Thermocouple recordings

Thermocoupl e measurements were taken using a f
(FWO05, Campbell Scientific Inc.) connected to a DATAQ model2B% with builtin cold-junction
compensation for signal acquisition. The thermocouple was seaulgulaced in a beaker of tap water at
room temperature (Figure 4.1, C). A micromanipulator (KkRREWorld Precision Instruments) was used
to hold the optical probe and was mounted on a motorized translation stag&YPI8orLabs Inc.) for
fine motion cotrol during placement of the probe over the thermocouple. A total of 3 trials were performed
for 3 different conditions, 1) only laser A irradiating with Measuring under fiber A, 2) laser A and B
both irradiating with Hmeasuring under fiber A, and l8ser A and B irradiating with Hneasuring under
fiber B. For each trial, the probe was positioned with the laser(s) on, and the probe was positioned at the
spot of maximum temperature. When two fiber temperature measurements were performed, the probe was
first placed with only laser A or B on (for condition 2 and 3, respectively), and then further positioned with
both lasers on to account for any shift in the hotspot due to the addition of the second laser. With this
placement, an estimate of the maximiemperature experienced by each of the nerves could be obtained.
Once positioned, the laser(s) was turned off so that the reading relaxed back to baseline at room temperature.
The | aser (s) was then triggered at ioch@@ingHhe wi t h
electrophysiological inhibition protocol. All Hand H values were tested to identify the maximum
temperature rise for one and two fiber inhibition for each of the 6 nerves. A steady state temperature

consistently occurred within 5 secondfk heating at any given radiant exposure. Temperatures were

105



sampled at 200 Hz and the recorded steady state temperature rises were averaged over 15 seconds once at
steady state. This procedure was performed three times for each of the three condétbakdigt, which

were then averaged to calculate the maximum temperature risefat éach nerve and the maximum
temperature rise atzHinder each fiber for each nerve. These results were then used to calculate a percent
change in temperature rise for bawerve under each fiber.

4.3.5.2 MR Thermometry Setup

While thermocouple measurements can provide information about the amplitude of heating, spatial
information is needed to assess how much greater of a region is being affected. Methods which measure
gpatial temperature distributions within tissue at high spatial resolutions are limited. This is especially true
when considering temperatures at a depth in tissue or in-netienvironments. MRT was used to provide
spatial thermal data at a depth witldinsetup that mimicked the boundary conditions of heating in the
electrophysiological experiments.

MR thermometr}? was used to obtain spatially resolved tempeeaimaps of the nerve and
surrounding media during heating. An Miempatible phantom setup was constructed to mimic the
boundary conditions of heating that the nerves experienced during the electrophysiological experiments:
being immersed id\plysiasalinewith the probe in contact.

A nerve holder (Figure 4.1, D) was designed and 3D printed from ABS plastic to allow for
repeatable, precise, and secure placement of the optical probe in contact with the nerve throughout the study
within a 50mL Falcon tubérisher Scientific, Pittsburgh, PA). This nerve holder featured a keyed central
channel for guidance of the probe so that the only possible orientation of probe insertion caused both optical
fibers to be in contact with a nerve when the nerve was struogsate two extended ledges at the bottom
of the holder. The nerve holder was epoxied to the inside of the tube cap, forming-dghttal and
allowing for the removal of the entire setup from the tube with the cap.

During phantom preparation, aplysia was anesthetized and the pletabtlominal nerve was
dissected out using the same protocol as previously described. The nerve was strung across the gap between
the two extended ledges at the bottom of the nerve holder while the probe was insettedanémnel so
that it lay in contact across both optical fibers. Once placed, super glue was used to secure the ends of the
nerve to the ledges. The nerve and probe holder were then placed in the 50 mL tube filksolysith
saline and screwed shut.i$lphantom setup was then secured in a 38 mm diameter quadrature volume coil
and placed in the bore of a 9.4 Tesla small animal MR scanner (21 cm bore, Varian DirectDrive, Agilent)

at the Vanderbilt University Institute of Imaging Science.
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4.3.5.3 MRThermometry Scan Parameters

Multi-slice, Ttweighted images of the setup volume were acquired to localize the optical fiber
prior to heating. A three contiguous slice imaging plane (0.25 mm thick slices) was defined and used for
temperature mapping. The aging plane was oriented so that each image captured both optical fibers and
the nerve/bath region below the probe where heating was induced (Figure 4.5 A). Slice two acquired the
center 0.25 mm of the nerve and probe, and slices one and three imagsdentahing the edges of the
probe/nerve and the adjacent saline bath. A gradient echo sequence was used to dynamically acquire pre
heated and heated images around the optical probe tip (repetition time (TR)= 78 ms, echo time (TE) = 10
ms, FOV = 28 x 28 m, 0.218 x 0.218 x 0.25 mm voxels, 3 averages, 30 s temporal resolution). Three
baseline préneating images were acquired of all slices before triggering the laser(s) for a 30 second INI
heating image. The acquired images were-padded ifplane to a 518 512 matrix (0.055 x 0.055 x 0.25
mm voxels) and temperature maps were computed from the resulting images using-babttited

proton resonance frequensiift MR thermometr$! which was adapted to run on the scarfer

4.3.6 Data analysis

4.3.6.1 Electrophysiology

Compound action potentials were analyzed to identify the radiant exposure at inhibition threshold
for both one ad two optical fibers. The rectified area under the curve (RAUC) is a relative measure of the
number of neurons contributing to the signal and has been shown to decrease during INI due to fewer
neurons firing'. To increase sensitivity to eéhinhibition of neural subpopulations, the RAUC was only
taken over the peak which was inhibited. The variance of the CAP was used to guide choosing the bounds
over which the RAUC was calculated in each recording. Regions of local minima in the variginee of
signal were chosen which minimized the variability in the RAUC due to normal signal shift. RAUCs of
inhibited CAP peaks were compared to RAUCs of normal CAP peaks before and after laser irradiation
using a twesided paired-test implemented in MATLARR2017a, MathWorks Inc.), and the significance
threshold was adjusted using the Bonferroni correction (p<0.0042) to account for increased type | error due
to the 12 tests being performed (six tests foahtl six tests for k. Once radiantxposures were identified
at both the one and two fiber thresholds for each nerve, atival e d s-tegt @<.03) ested for a

significant change in Hcompared to H
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4.3.6.2 Thermal Data

The percent change in temperature rise was calculatel wach fiber and for each of the six
nerves. These distributions of percent changes were tested for a significant deviation from a normal
distribution centered at a 0 % change using adigled ttest (p<0.05).

For assessing changes in block length, MR&ages were inspected after zgadding, and the
phase change was calculated between the average of the baseline images and the heated images. Phase
wrapping in the images was removed with a-dimeensional phase unwrapping algorithm implemented in
MATLAB . After unwrapping, the temperature for each voxel was calculated using the previously described
equation 2.24:

o Ye

Y'Y F|O—YO Equation 2.24

wherew ¢ is the phase difference between the current image and the baseline average for each
voxel,/ i s the gyromagnetic ratio in Hz/ T, U is the
ppmFC, By is the magnetic field strength in Tesla, and TE is the dicne in secondd

On a separate nerve from a 318 graplysia the diameter was measured using optical coherence
tomography and found to be 267 N 7 &m. Based on t|
nerve could be estimated as being 3 voxels (correspondingtd1l8® e m) bel ow tphe aver
location in each slice (determined by setting a threshold in the T1 magnitude images). The FWHM of
heating was calculated along the nerve at this depth in each of the imaged heating slices. The percent change
in FWHM when switching from one to two fibergas tested for a significant increase against a- zero
centered normal distribution with a esiled studentstest using the Bonferroni correction (p < 0.017) to

account for the separate analysis of each of the three slices from the same volumetric image.

4.4 Results

4.4.1 Computational Modeling Suggests Increased Block Length Can Decrease Peak Temperatures

The importance of block length during heat block was first tastaedico by simulating the temperature
rises required to inhibit neural conduction for two different FWHMSs of heating. These simulations of neural

conduction suggested that greater block lengths could lower the peak temperature required for inhibition.
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Figure 4.2shows the resulting temperatures at inhibition threshold when applying temperature rises similar
to what occurs from laser heating in a nerve when irradiated with one and two adjacent optical fibers. In all
columns, the top row is the owlgmensional tempature distribution applied over the length of the axon

and the bottom row is the maximum membrane potential that the action potential reaches at each
computational node along the length of the axon. Column 1 shows the baseline neural conduction when the
axon is held at 2TC. A slight decrease in the maximum membrane potential is exhibited as the action
potential reaches the end of the axon due to the passive segment placed at the end, but this does not affect
conduction in the center of the axon, nor theusrence of inhibition. Columns4£ show the results during
heating. Inhibition was achieved when a peak temperature risg=@3T1°C wasused (Figure 4.2, column

2) with the profile for one fiber heating. The maximum membrane potential o&dien potential
propagates identically to the baseline case until the action potential encounters the region of elevated
temperature (Figure 4.2, column 2, bottom row). In this region, the maximum membrane potential
decreases, with the rate of decreassted to the amplitude of elevated temperature, and this rate reaches

a maximum at the hottest point. By the end of the axon, the action potential has drofged\pthe

resting potential, and has failed to recover, demonstrating successful inhiBitgimilar membrane
potential trend is noted when a temperature profile which mimics two irradiating optical fibers is applied at
inhibition threshold (Figure 4.2, column 3). With this heating configuration, it was found that the peak
temperature rise atfbition threshold drops tos}=20.4C, a 11.7% reduction as compared to using one
fiber.

As a control, E,was applied to the axon using the one fiber temperature distribution (Figure 4.2,
column 4, top row). While the maximum membrane potential drajpeiheated region, the action potential
recovers, and inhibition does not occur (Figure 4.2, column 4, bottom row). Measuring the spatial extent of
these temperature rises, the FWHM of heating at inhibition threshold when modeling one optical fiber was

0.84 mm and this increased to 1.20 mm when two adjacent optical fibers were simulated, a 42.9% increase.

4.4.2 Using Two Fibers to Inhibit Decreases the Required Radiant Exposure per Fiber

Using electrophysiological methods, the voltage vs. time data aeepgred forAplysiapleurat
abdominal nerve undergoing INI. A representative recording of CAPs in the pleural abdominal nerve in
Aplysiaand its response to INI is displayed as a surface plot to visualize how individual peaks in the CAP
are affected ovea full recording (Figure 4.3, A). This particular recording shows thefitves inhibition
threshold for nerve 1 where each fiber irradiates with 122.2 rijpalse. Here, the color of the surface

indicates CAP voltage and each row corresponds to aahff€AP over the 179 electrical stimulations
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Figure 4.3. Electrophysiological results. (A) A surface plot demonstrating the results of a typical recording at inhibition
threshold. Each compound action potential (CAP) trace elicited from the 179 sequential stimulafiattsdsas a

function of latency from the artifact at time t = 0. The height and color of the surface correspond to voltage amplitude.
This particular recording is from nerve 1 at the fiilc@r inhibition threshold. The recording begins at the bottom row;
stimulation number (2Hz stimulation) increases from the bottom to the top of the y axis; each row shows the
subsequent CAP. Boxes on the left designate when the lasers are off or on, with the lasers turned on for the middle 60
stimulations (30 seconds). e representative CAPs taken from the black lines on the surface, one from each region,
are shown on the right as representative voltage versus time traces to demonstrate inhibition of a single peak. The two
red lines at ~79 and 87milliseconds on theseetttraces correspond to the red lines on the surface plot and designate
the region over which the rectified area under the curve (RAUC) was calculated. (B) RAUC from the region between
the red lines in (A), normalized to the average RAUC when the lasfrjdotted as a function of stimulation number.

Blue points denote when the lasers are off whereas orange points denote when the lasers are on. (C) The distribution
of RAUC:s is plotted for both when the laser is off (stimulatiois9land stimulations20i 179) and during infrared

neural inhibition (INI) (stimulations 8819). Inhibition can be identified as a significant reduction in RAUC (P =

2.08 78). (D) The distribution of radiant exposures resulting in inhibition threshold using one fiber, Hiyoand t
fibers, H2. Values are reported (mean * standard error of the mean) above each bar. A significant decrease is noted
when using two fibers instead of one (P = 7.8
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(90 seconds at 2Hz stimulation). The first CAP is at stimulation 1. The x axisae{zrdéise time latency

from the electrical stimulation artifact. This artifact can be seen in the region of ~1 to 6 ms. The lasers are
off for stimulations 159, on for stimulations 6@19, and off for stimulations 12079. Representative CAP

traces from ezh region (Laser off, Laser On, Laser off) are taken from the surface (designated by black
lines) and are plotted on the right. Notice that the inhibited peak is missing from the middle trace. Baseline
activity can be seen for stimulation$9. Once thedsers are turned on at stimulation 60, the CAP begins
reacting to the heat generated by increasing in conduction velocity (decreasing in latency). Inhibition
eventually occurs in the peak with the slowest CV (between the two red lines, Figure 4.3, iAhifitex!

peak immediately returns once the laser is turned off. RAUC of the inhibited peak, calculated between the
red lines, is plotted as a function of stimulation number (Figure 4.3, B) where blue indicates RAUCs when
the lasers are off, and orangeicades RAUCS when the lasers are on. Inhibition was confirmed as a
statistically significant drop (p = 2.0B3) in the average RAUC during inhibition (stimulations13®)

when compared to the average RAUCS prior to irradiation and after irradiationistititeution of these
RAUCSs are shown (Figure 4.3, C). This method was used to confirm INI radiant exposure thresholds for
one and two fibers for all six nerves. The averagartl B are plotted in Figure 4.3, D. The single fiber
radiant exposuréhreshold was found to be 166.0 + 6.0 mJ/¢mean * standard error of the mean), and
using two optical fibers resulted in a significant drop in the radiant exposure threshold, 102.0 + 4% mJ/cm
per optical fiber. This corresponds to a 38.5 + 2.2 % ([E&=B)3reduction in radiant exposure per fiber at

the probe output when using two adjacent optical fibers. Since using two fibers changed the boundary
conditions of heating compared to using one fiber, this change cannot be directly translated intaa reducti
in temperature rise at inhibition threshold. Consequently, temperature rises were directly measured at each

H: and H value.

4.4.3 Peak Temperatures Decrease when Using Two Fibers

Thermocouple measurements yielded dynamic temperature rise datatficimthe temperature
at steady state was extracted. These measurements were performed in a water bath so that the
thermocouple could be precisely placed at the site of maximum temperature rise within the thermal
distribution.While an artifact is presendue to direct irradiation of the thermocouple when irradiated in
air, the amplitude of this when in immersed in water is minimized due to the high amount of optical
absorption in the water between the optical fibers and the thermocouple. This greathg thduemmount
of direct irradiation on the thermocouple, and the greater sensitivity of the thermocouple to the induced

temperature rather than the artifact is evidenced by that a maximum temperature was not measured when
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the thermocouple was in contacthvthe fiber output (where the radiant exposure is maximum), but at
away from the fiber tip (where a temperature maxima is expected to otleemnaximum recorded
temperatures under each fiber are reported in Figure 4.4 when irradiating with the @léhtfrel B for

each of the six nerves tested. For all nerves, the temperature at inhibition threshold was reduced by using
two fibers for inhibition. The temperature under fiber B consistently yielded higher temperatures than
fiber A. The table on the rig of Figure 4.4 shows the percent reduction in maximum temperature rise for
each nerve sample when using two optical fibers compared to one. The average percent reduction in
temperature rise controls for variability from nerve to nerve since differensaray have been inhibited
across samples. Overall, by using two adjacent fibers instead of one, the peak temperature rise was
significantly reduced under fiber By 23.5 £ 2.1 % (p = 9.3B) and under fiber B by 15.0 £2.4 % (p =
1.4E3).

4.4.4 Block Length is Increased when using Two Fibers

Estimates of the FWHM of heating for the previous six pairs of radiant exposure measurements
were made with the phantom setup describable methods. Temperature map slice orientations are shown
in Figure 4.5, Awhere slice 2 (light blue) samples the center of the nerve and probe and is sandwiched
between slices 1 and 3 (magenta and orange, respectively). A large artifact was persistent in slice 2 near the
output of the probe that is believed to be due to a ehangagnetic susceptibility from the probe to the
nerve/water and interfered with the zgradding and obscured the region of interest of heating for all scans.
Due to this, temperature maps generated in this slice were analyZe8 /% ¢ m b ebetpwhdarehe pr o
the artifact did not affect the results. In all other images, line profiles were takénl1605 e m bel ow t
probe tip. The results when using radiant exposure values found for nerve 1 are shown in Figulle 4.5, B
Figure 4.5, B displays theomputed temperature map for slice 1 when one fiber irradiates w{tt76.3
mJ/cnf) and Figure 4.5, C displays the same for when two fibers irradiate with2d.2 mJ/crf). The
artifact from the probe has been removed by thresholding. Line profiles taken from these images (the red
lines in B and C) are plotted in Figure 4.5, D. The FWHM of heating for one fiber (blue) was calculated as
0.66 mm, compared to 1.10 mm for tfiloer heating (orange). Assessing the percent increase in FWHM
across all radiant exposure values in all slices (Figure 4.5, E) showed a 37.7 £ 6.4 %3] 68LE+ 5.2
% (p = 2.4E5), and 51.9 + 9.9 % (p = 1.7¥ increase in slices 1, 2, and 3 respety.
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Temperature at Inhibition Threshold

41

40
39
38
37
36
35
34
33
32

Temperature (°C)

[ One Fiber

Percent Reduction in
Temperature Rise
when Switching to

Animal Number
B Two Fibers (under Fiber A)

Two Fibers
Animal #| Under A| Under B
1 15.7% | 5.8%
2 20.3%(12.2%
3 26.3% ] 18.5%
4 28.6% | 21.1%
5 21.9% | 12.8%
6 28.1% | 19.5%
Average|23.5%(15.0%

B Two Fibers (under Fiber B)

Figure 4.4. Thermocouple temperature rise results measured in a water bath. Peak temperature rises due to
electrophysiologically determined H1 and H2 values are shown for each of the six nerve, where three trials are
averaged for each condition (mean nsi@d error of the mean). Blue bars show the maximum temperature at
inhibition using one fiber. Gray bars show the maximum temperature during two fiber inhibition measured under fiber
A. Green bars show the maximum temperature during two fiber inhibiteesuned under fiber B. The percent
reduction in peak temperature rise by switching to two fibers is reported for each nerve in the table on the right. The

average percent reduction was 23.5 + 1.2% under fiber A and 15.0 + 2.4% under fiber B.
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Figure 4.5. Magnetic resonance thermometry (MRT) results. (A) Schematic of the temperature mapping slice
orientations and positions in relation to the nerve and probe, where slice 2 (light blue) measures the center of the nerve
and probe and is sandwiched betwskre 1 (magenta) and slice 3 (orange). Slices arerir@ihick and contiguous.

(B) MRT image of heating in slice 1 using one optical fiber irradiating with H1 for Nerve 1 (176.3 mJ/cm2/pulse).
The artifact due to the presence of the optical probe resreenoved by thresholding the raw magnitude image and

a dashed line has been placed around the location of the probe for clearer visualization of the data. (C) MRT image of
heating in slice 1 using two optical fibers irradiating with H2 for Nerve 1 (1R2/2m2/pulse/fiber). (D) Temperature
rise |ine profiles taken from 110 to 165 em below the
as a thick black line. The FWHM was calculated for both one (blue) and two (orange) fiber heatmthds®, the

percent increase in FWHM of heating when using two fibers instead of one was calculated. (E) The distribution of
percent increase in the FWHM for all six sets of radiant exposure thresholds was calculated as 37.7 + 6.4%)(P = 1E
68.4 + 5.2%P = 2.4&E5), and 51.9 + 9.9% (P = 1.VB) for slices 1, 2, and 3, respectively.
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4.5 Discussion

4.5.1 Utilizing the Computational Model to Explore INI Parameter Space

Both modeling and experimental data support the hypothesis that longer block lengths reduce the
temperatures required to achieve INI. The computational modeling of the effect of block length was crucial
in the development of this study. Lothedtal first analytically derived how the minimum block length
scales with the square root of axon diameter using the cable edtiafimm this analysis, one can
hypothesize that, assuming effects along the length increase monotonically with temperature, that less
therma energy is needed to induce block if a greater length of axon is heated. Getrglusymulated the
mechanism of heat block and in their investigation computationally tested this hypothesis, describing how
the block length required to inhibit varied tviboth the axon diameter and the temperature rise across a
uniformly heated regidfl Here, this hypothesis was computationally tested with temperature distributions
similar to what actually occurs from heating when irradiating with an ogtimad and with a simulation
mechanism in NEURON that is tailored towarislysia neurons. Modeling predicted a decrease in the
maximum temperature rise by 11.7 % when the FWHM of heating increases by 42.9 %. Experimental
measurements revealed a 15.0 +%.4nd 23.5 + 1.2 % reduction in maximum temperature rise under
fibers B and A, respectively, when the FWHM of heating was extended by 68.4 + 5.2 % in the center MRT
slice. The results of this study support the hypothesis that this model can be usettdndesssociated
with INI, providing a means to relatively quickly and cheaply test the parameter space to optimize laser

light application, which can then be experimentally validated.

4.5.2 Hypothesized Mechanism of Block Length

The trendsshown in this study highlight that when applying INI, attention must be paid to the
spatial extent of heat application. This concept of block length directly arises from the relatively recent
advance in laser technology of stable diode lasers with wavbtengntered at water absorption peaks.
This technology, coupled with small diameter fiber optics, allows for application of heat block on a spatial
scale at which the phenomenon of block width arises. Prior work in the field of heat'fid#4352
suggests that heat block is due to the interplay aigdsin the dynamics of voltagated sodium, Na
and voltagegated potassium,\Kion channels. It is hypothesized that, at increased temperatures, the effect
of the hyperpolarizing K currents overwhelm the effect of the depolarizing, Marrents, restihg in

neurons being unable to reach the threshold voltage in the adjacent region“8f Foathermore, it is
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known that smaller diameter axons are inhibited at lower temperdtu@iace ionic currents are
temperature dependent, if a particitkmperature rise requires one specific block length, it should follow
that a higher temperature will require a shorter block IéagBangulyet al assessed the ratio of the total
charge transfer of potassiumg,@o the total charge transfer of sodium,,@t a single computational node

and found that, at increased temperatures, the absolute value of this ratio ifftieastser words, as the

axon is heated, the amount of potassium charge transfer increases compared to the amountobisgdium
transfer. This observation was also replicated in this study Agilygiaparameters in NEURON (data not
shown) and the same conclusion was reached. At higher temperatures, lower block length was required and
a greater Qnaratio was calculatedcross all heated computational nodes. This analysis does suggest that
if the irradiated region is increased past the length tested in this study (two adjacent optical fibers), the
temperature at inhibition threshold can be further reduced. This togigieat interest when considering

how INI threshold temperatures may be clinically viable, and while outside the scope of this manuscript,

assessing methods of applying longer block lengths and assessing their effect is under investigation.

4.5.3 Sensitrity of INI to Probe Placement

Infrared neural inhibition of particular neural populations is very sensitive to probe placement.
Laser heating effects must be decoupled from the
Aplysiapleural abdominaherve, the following effects are seen. Prior to laser heating, peaks shift to longer
| atencies which can be <char act-ap of sadidm ienschamnel A f at i
inactivatiort*®® from the 2Hz electrical stimulation. Once the laser tumsboth the inhibited and nen
inhibited peaks shift to the left, having a lower latency from the electrical artifact, which is consistent with
the previously published trends that axons at higher temperatures demonstrate faster conduction

velocities?. At some critical point (critical temperature), INI takes placth@inhibited peak. When the

|l aser turns off (Stimulation 120), the inhibited
I NI provided time for the neurons to fAresto and
electrical stimbbati on conti nues, there is again an-increa

inhibited peaks show increased latencies when the laser is turned off, likely due to the tissue cooling. Note
that only one peak was inhibited (Figure 4.3, A), dematisty the ability to preferentially block the
conduction of only a subset of neurons within the entire nerve. This selectivity of INI may be used to
specifically inhibit subpopulations of neurons within a né&tve

As INI is currently understood, factors that contribute to which neurons are inhibited include

temperature rise, a neuronédés axon di ameter, and t
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neural targeting since it dictates the location of thggrature distribution, which modifies the temperature

rise and the FWHM of heating along the targeted neurons. In this study, the variability of probe placement
was accounted for in three ways. 1) The probe was placed on the nerve in the same wagXfpeeaotnt.

With the pilot lights on, the probe was placed in contact with the nerve under stereoscope viewing so that
both fibers completely irradiated the nerve. Maximal scattering of the pilot light was used as an indirect
measure that the probe wadlyiton the nerve. 2) Once inhibition was achieved, the probe was left in the
same position for the entire experiment. Despite these efforts, probe placement may have targeted different
neural populations between nerves, and the axon diameter and commérmerthannels of the targeted
neurons may have resulted in different temperature rises required to elicit INI. Note how nerve 5 in Figure
4.4 displayed temperature rises lower than the other samples, with the one fiber temperature rise lower than
the two-fiber temperature rise for nerve 1. While the population of neurons targeted varied between nerves,
it was found that for a given probe placement the same population of neurons was inhibited independently
of whether one or two fibers were used. Theref8jehe percent reductions in both the temperature rise

and the FWHM of heating were calculated for each nerve before statistical assessment of their distributions
was performed, so that the variation in inhibition of different neural populations beteeensamples

could be overcome. In this way, the reported trends can be applied across neuron populations in the slug,
demonstrating that this phenomenon of block length is not confined to any particular population of

unmyelinated neurons.

4.5.4 Targethg Neural Subpopulations

Targeting specific neurons for inhibition relies on more than just probe placement. It is known that
I NI naturally results in block of smaller di amet e
princi pl etatedalsy Lothetehalff.sThis trend may allow for selective inhibition of pain
conducting C fibers in humans because they are similar in diameter to neurons in the slug, have the smallest
diameter axons in the peripheral nervous system, and are unmyéfifasthen considering how the size
principle affects a CAP, it is seen that later signal peaks are inhibitééd dirste smaller axon diameters
have slower congttion velocities'. In this study, when radiant exposures higher than threshold we, test
slower CVs were inhibited prior to the fastest CVs (data not shown) supporting the conclusion oét_othet
al.®. It is important to note, however, that the very slowest conduction velocity signal was not always the
first signal peak inhibited. This varidiby is likely due to the spatial specificity of INI, the probe placement
across experiments, and the complement of ion channels in the targeted neurons. For each nerve, the

inhibited peak was consistent regardless of whether one or two fibers were irdedittodemonstrating
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that the selectivity of inhibition was not altered by increased block length. This is expected, as the spatial
selectivity is determined by the size of the laser spot in the direction across (transverse to) the nerve and
the opticalpenetration depth (in thedirection); the increase in block length (i.e. the size of the laser spot

in the direction axial to the nerve) is not expected to change that selectivity since all neurons are heated in
both the one and two fiber cases. Iti€lear how selectivity of inhibition will change when the irradiation

spot is smaller than the diameter of the nerve. The time course of inhibition is governed by the speed at
which heat is accumulated in the nerve, which in practice is controlled adibetexposure. Using higher

radiant exposures results in quicker INI, but this also runs the risk of overheating to a point beyond a

Aitherapeutic zoned and causing damage. Lower radi

the time to inhibion. In this study, INI was achieved in a 30 second window of irradiation which governed
the effective radiant exposures used, and a statistically significant INI threshold typically resulted in
inhibition of the signal in the last 5 to 15 seconds of iatah.

In this study, the probe was placed in contact with the tissue, however, this is not necessary to
deliver the required temperature rise for inhibition. The drawback of positioning the probe not in contact
when the nerve is immersed in media id #r@ergy density losses occur due to both divergence from the
probe and due to absorption of the light by the saline. The same limitation occurs if any other tissue is
between the probe and the nerve. Besides resulting in unnecessary heating, thisisetih rgptical
power required for inhibition. Consequently, close proximity of any optical emitter to the nerve would be
ideal in a clinical scenario to minimize laser power and superfluous heating. Compare this to electrical
inhibition where contact witlhe tissue is required. It is known that application of both high frequency
alternating current (AGY*’ and diret current (DC can block neural conduction. It has been shown that
high frequency AC can preferentially target eithegém or smaller diameter axons depending on the
frequency usetd®® whereas DC stimulation preferentially blocks large diameter and myelinated neurons
first®X. Specificity in electrical modulation of neurons has been boosted by using focused multipolar and
tripolar stimulation methodé The advantage of INI is that it can be performed using less complex
hardware Moreover, at least in theory, INI is potentially much more spatially precise than even the most
sophisticated electrical modulations techniques since the interrogation zone is dictated by the optical spot
size (which in extremis is diffraction limitedyVhether that level of spatial precision is either practical or
necessary remains to be seen. In cell and animal models, an optical fiber may be brought into the vicinity
or in contact with the sample, while spatially precise electrical modulation mayeregmplex devices
and careful placement of electrodes, especially when working with cultured cells. For example, while safe
DC inhibition was described in Fridman al*®, a complex device was necessary to achieve this, whereas
INI modulates activity in small axon diameters in a 4fiamctionally damaging manner with just the

introduction of an optical fiber delivering liglitom a laser source. Clinical feasibility of INI would be
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greatly improved by demonstrating even greater improvements in spatial and neural specificity, even over
what was shown in Duket al®!. We hypothesize that more complex irradiatios c hemes t hat ut i
size principle and block length phenomena along with the ability to focus light to a small spot will provide

more targeted inhibition of specific neural populations, and this can be used for providing targeted therapy.
Further,INI and electrical inhibition may be implemented synergistically, as was demonstrated by Lothet

et al'8, and as was demonstrated during neural excitation by etu#é' 3

4.5.5 Considerations for Thermal Measurements

Temperature measurements were required to confirm that extending the block length decreased the
temperature riseequired for heat block. When two fibers are used, while each individual fiber outputs less
energy per pulsper fiber(Hz < Hi), there is still more total energy being deposited into the tisisige
there are now two fibers irradiating (258 H;). Usingone fiber, the average power applied to the nerve at
inhibition threshold was 41.7 mW, and this was increased to 51.3ndal when using two fibers. This
greater power is now distributed over a greater volume of tissue, and while it was hypothneditied t
combined effect of more energy and greater application volume would result in a lower temperature rise,
thermal measurements were required to validate this. Precise thermal recordings in tissue pose a serious
challenge. In this study, a thermocaaind magnetic resonance thermometry were used to provide
complementary information about the heating produced by the inhibition probe. The advantage of
thermocouples is that they provide fast thermal dynamics with high thermal precision, however, contact
with the sample is required and only a single point can be interrogdtedhermocouple measurements
must be evaluated carefully since a classic problem of using this temperature measurement approach to
elucidate the thermal effects of laser irradiaiedues is direct radiation of the thermocouple which may
result in an overestimation of the measured temperature as well as actually increasing the temperature of
the lasetirradiated medium due to heat conduction from the irradiated thermocouple ieselhdy, the
thermocouple wires may act as a heat sink which could result in an underestimation of the temperature of
the irradiated volume. Given the specific parameters of our experiment where the laser pulsegsaie 200
duration, of relatively low itensity, and are delivered at a repetition rate of 200 Hz (i.e. the duty cycle is
4%) and the physical properties of the thermocouple we used (thermal time canktdnt ms , t her mo c c
wires of 12.7um diameter and a physical thermocouple junction size ~25um, made of
chromel/constantan (which has a heat capacity of ~ 400 J/kg K; roughlydf/iitat of wate¥*®9, our
calculations indicate (data not shown) that: 1) the thermocouple is too slow to track the direct laser heating

and the laser pulse repetition rate is too slow (200 Hz, i.e. 2 pulses during the 10 ms thermal response time
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of the thermocouple) to caaisignificant heating due to pulsepulse temperature superposition; 2) the

6t her mal masso6 of the thermocouple is more than
surrounding aqueous medium (given by the laser spot diameter and thiepspigteation depth) and hence
conduction of heat either from the thermocouple to the surrounding agueous media (due to direct laser
irradiation of the thermocouple) or from the surrounding media to the thermocouple (heatsink) is negligible.

Another aspecbf this temperature data is that the temperature recorded under fiber B was
consistently higher. This was investigated, and it was found that fiber B had a smaller divergence angle
than fiber A, which resulted in the spot diameter from fiber B being entathn fiber A past the output of
the fiber. This difference appeared to be due to different couplings at the SMA ports from the two lasers.
Therefore, while the power output was the same between the two lasers, there was a slight increase in the
volumetic energy deposition from fiber B compared to fiber A. While this created a noticeable difference
in the temperature rise from the two fibers, all nerves showed a statistically significant drop in temperature
at inhibition threshold when using two fibénstead of one.

Magnetic resonance thermométris another method of temperature measurement that has been
applied for guidance of thermal therp$’, and has been applied for assessing temperature rise during
infrared neural stimulatidA MRT provides information with lower thermal precision, spatial resolution,
and temporal resolution compared to thermocouples and thermal cameras. In contrast, however, MRT gives
volumetric information within tissue and watgch environments that these other two methods cannot
provide. While thermal dynamics could not be measured with MRT, the field of temperature was probed at
a depth in solution, adding to the single point information provided by a thermocouple. Limitatibas
spatial resolution of MRT for measuring heating from an optical probe was overcome by using a scanner
with a high magnetic field strength, reducing the temporal resolution, performing averaging, and
interpolating the data. Infrared imaging was cdastd as a method to measure the temperatures being
generated because it is a montact method which provides images at high spatial and temporal
resolutions, but the drawback in tissue and other watierenvironments is its limited imaging depth. The
absorption coefficient of water in the infrared regions used by thermal cameras is high enough that
temperature sensing is confined to only a very superficial layer (tens of miéraxdgitionally, when
using thermal imaging with INI, the optical probe can physically block the field of view of the camera if it
is in contact with tissue, and the maximum temperature rise may occur at a depehn than the camera
can detect. To confirm that the maximum temperatures were reduced by using two optical fibers for
inhibition, it was important to measure the temperature generated at a depth in solution, meaning that
thermal cameras were not appliapg. Other methods for monitoring temperature exist such as fluorescent

sensor&, temperature spatially offset Raman spectroscopy (TSGRSY fiber Bragg gratings and each
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has their respective advantages and drawbacks. Experiments must be carefully designed to adequately
approximate the temperature generated in the nerve during INI.

The computational predictionkermocouple measurements, and magnetic resonance thermometry
recordings all present similar temperature rise values at inhibition threshold. For example, from Figure 4.4,
the temperature rise for nerve 1 is %2@vhen using one fiber. The MRT data forveel shows a rise of
~12.£C. With two fibers, the temperature rise as measured by the thermocouple wadRC7d& two
fibers, while this was measured as ~IC.4ising MRT. This lower temperature in the MRT data may be
due to greater spatial averagidgring MRT, which could underestimate the maximum temperature rise
and/or direct irradiation to the thermocouple, which could overestimate the temperature rise measured using
the thermocouple. Nonetheless, the multiple methods of measurement serveldte \edch other and
highlight that the reported values are reasonable estimates.

MRT measurements confirmed that the FWHM of heating along the nerve increased when two
optical fibers were used. Despite this trend being consistent through all trials, ustrbertaken when
interpreting these results. Averaging of multiple accumulations was required to maintain a usable SNR and
achieve a voxel size of 0.055 x 0.55 x 0.25 mm (acquired size of 0.218 x 0.218 x 0.25 mm), which limited
the temporal resolution. Zepadding in the frequency domain was required to boost spatial sampling,
which can exacerbate artifacts and noise within the images. The noise is observed as the oscillations in
Figure 4.5, D outside of the heating. Additionally, the two temperaturs pe&igure 4.5, D are not exactly
equal. This could be due to slight differences in the outputs from laser A and B, differences in the outputs
from fibers A and B, a slight offset in the location of the output of fibers A and B, or due to a rotation in
the imaging plane relative to the probe. Despite this, for all tested radiant exposures and in all imaged slices,

the FWHM increased when two optical fibers were used instead of one.

4.5.6 Temperature Measurements Across Animal Models

In this study, it wa shown that the average temperature rise at inhibition threshold wég 17.6
(~37.6C) using one fiber and 136 (~33.5C) using two fibers. These values are higher than what was
reported for animal studies in Table 4.1. Different model systems mayeeatifiarent temperature rises
to elicit heat block. This may depend on nerve thickness, axon diameter, block length, myelination,
vertebrate vs. invertebrate, and complement of ion channels, and the reported values may further differ due
to temperature mearement methodology, to name some possible sources of variability. Hodgkin and
Katz*? demonstrated that heat block takes place néd 4ich is slightly higher than the temperatures

reported in this study. Importantly, Hodgkin and Katz provide a validation of heat block usingas@on
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method of heating where, instead, heated saline was used in the bath. The proposed mechanism of heat
block is agnostic about the energy source driving the temperature rise and relies solely on a thermal response
of the tissue. There is no evidence that INI works through g@hotothermal effect: photons do not contain
enough energy to drive photochentiggactions at 1875 nm, and laser pulses that are 0.2 ms in duration at
this wavelength do not fall in the stress confinement regjreminating mechanical modulation.

The most comparable study to the work presented here is leatae201 7 because théplysia
pleural abdominal nerve was also used. This study publishetlza 97 e mper at ur e ri se when
coredi ameter optical fiber and 1860 nm | ight compar
and 1875 nm |ight. Using a 600 em fiber would ext
for some of the discrepancy of temperature riseNatthhreshold using one fiber. In the current study,
however, a higher temperature rise tharf®.Was needed for two fiber inhibition, so this cannot be the
only factor. The wavelength used in the current study, 1875 nm, has higher absorption in wdi@s@han
nm’* which would reduce the optical penetration depth, causing more light to be absorbed more
superficially in the nerve and changitige temperature distribution, affecting which axons were targeted
spatially, but more work is needed to understand the effect of this on neural conduction.

In this study, a fine wire thermocouple that i
compared to thermal cameras in other studies. Thermal cameras can only sense superficial temperature
increases, which may not correspond to maximal heating. Additionally, averaging over pixel area occurs,
possibly explaining some of the difference in ne@d temperature rise between this study and other studies.

In Lothetet al*, the limitation of the sensing depth of thermal imaging was overcome by creating a glass
window setup. While this provides information at a depth, underestimation of the temperayuhave
occurred due to optical transmission through the window that was less than 100% in the wavelength sensing
range of the camera48  £"®m)Additionally, other variations in the setups may have led to highe
temperature requirements in the current study than what was needed for INI in dtogtitét Further
characterization efforts will be required to identify what is the necessary temperature rise for any given
model system, and why the reported variations 1oddaing theAplysiamodel (a coleblooded animal),

the biophysics of neural conduction can be tested, but as reported in this study and others, heat block sets
in at mammalian physiological temperatures. Gangutlgl. predicted that squid giant axons (60 e m i n
diameter) similarly could not conduct at temperatures higher thal2@6d that smaller diameter axons
required lower temperatures for heat bfScklemonstrating the limitation of trying to computationally
model heat block at mamdtien temperatures. Trends observedAilysig such as the effect of block

length, can be used to inform prediction of the biophysics in mammalian systems. For exampletLothet

al. demonstrated that the size selectivity of INI was conserved betwedplifsia and the musk shrew

vagus nervE&, therefore, while exact temperatures and temperature rises that result in INI in mammals
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(including humans) will differ from those published here, it is expected that the trend of block length will
hold. To further assedhll for mammalian neurongn silico work will require new computational models

with proper neural conduction parameters and experimental validation in mammalian nerves will be needed.

4.6 Conclusions

This study provides the first experimental evidence of the importance of block length during heat
block. Both computational predictions and experimental measurements support the hypothesis that the peak
temperature for INI can be reduced by targeting atgrelength of axon. Despite higher reported
temperature rises in this study compared to others (Table 4.1), this work demonstrates a proof of concept
that can be applied to more targeted setups and other neural systems. The ability to thermally manipulate
neural tissue on a scale at which block length is important has emerged with the development of INI since
lasers provide a convenient way to apply spatially precise heating. In the future, the temperature trends
exhibited in the current study can be useduide the implementation of INI in safer ways. Key factors
affecting the presence and degree of thermal damage are the temperature rise and duration of elevated
temperatures, according to the Arrhenius mtfdélTherefore, a technique that reduces temperature rise,
such as modulating the targeted block length, will result in lower probabilities of damage and increase the
potential duration of application

When considering clinical implementation of INI, there is a practical limit to the length of nerve
that can be manipulated based upon surgical constraints. We postulate that laser heating may be an ideal
modality to perform neural heating due to theadepment of laser diodes with relatively low cost, smaller
sizes that can be worn on the body, and compatibility with pacemakers and electrical recording devices. By
using an optical approach to neural heating, high spatial and temporal specificitg\iela precise control
over heating that can be optimized to reduce the thermal load during therapy. Damage studies that
investigate both histological and functional endpoints are required to assess the safety of INl. We do not
currently claim to be belovaker irradiation safety guidelines, however, this study lays the foundation for
optimizing irradiation parameters such that INI adheres to ANSI safety standards. Nonetheless, techniques
such as modulating block length have the potential to precisely teggatns within bulk tissue and can

reduce the probability of damage to adapt INI for a wide range of applications.
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Chapter V

Optimizing Thermal Block Length During Infrared Neural Inhibition to Minimize Temperature
Thresholds

5.1 Abstract

Obijective: Infrared neural inhibition (INI) is a method of blocking the generation or propagation
of neural action potentials through laser heating that tangetslengths strongly absorbed by water. Recent
work has identified that the distance heated along axons, the block length (BL), modulates the temperature
needed for inhibition; however, this relationship has not been characterized. This study explBtes the
parameter during INI to identify how it may be utilized towards minimizing the temperature required for
INI.

Approach: To understand the relationship between BL and the temperature required for INI,
excised nerves frorAplysiacalifornica were lasetheded over different lengths of axon during electrical
stimulation of compound action potential s. I NI wa
probe (n=6 nerves), and subsequent validation was performed by providing heat block using perfused hot
media over nerves (n=5 nerves).

Main Results: Two BL regimes were identified. Short BLs (thermal full width at half maximum
(tFWHM) = 0.81- 1.15 mm) demonstrated that increasing the tFWHM results in lower temperature
thresholds for INI (p < 1.37B), whie longer BLs (tFWHM = 1.153.03 mm) show no significant change
in the temperature for INI threshold with increased tFWHM (p > 0.0167). Validation of this longer regime
was performed using perfused hot media over different lengths of nerves. This setmatiag method
similarly showed no significant change (p > 0.0167) in the temperature threshold (tFWHM -=41425
mm).

Significance This work characterized how the temperature threshold for neural heat block varies
with BL and identified an optimaBL around tFWHM = 1.15 mm which minimizes the maximum
temperature applied to tissue during INI. Understanding how to optimally target lengths of nerve to
minimize temperature during INI can help inform the design of devices for longitudinal animal andlies

human implementation.
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5.2 Introduction

Developing infrared neural inhibition (INI) as a clinically viable technology may aid in therapy of
various diseases requiring neuromodolatt r e at ment . Due to | Nllagksof hi gh
exogenous agents, and preferential block of small diameter neurons at lower temperatures compared to
largediameter neuronsit has been hypothesized that INI may be used to mitigate clpainisince many
pain signals are propagated via unmyelinated, sdiatheter neurons (@bersy. INI applies infrared
irradiation that targets relatively strong algsori on b ands 501470 mma18&34830(hm)= 1 4
compared to visible wavelengthssulting in tissue heating. This induces a heat Bltimiough the
temperature dependence of voltageed potassium ion channel activatidthat can be applied with high
spatial precisin. This lasefinduced heat block has been shown to inhibit conduction in small didmeter
and unmyelinated neurohsonduction in myelinated motor neurdrsardiac contractions from embryonic
quail heart§ and action potentials in isolated embryonic rat hippocampal néurons

The parameter space of inhibitjancluding laser power and irradiation distribution considerations,
needs to be explored to identify optimal techniques for providing safe, efficacious, and thetbjbeitic
has been shown to be ndamaging in the acute settingnd damage probabilities have been investi¢ated
but techniques are needed to lower the induced temperatures to make them viable during sustained laser
applications (minutesdays). Hybrid techniques offer one potential route for this. Inhibition utilizing laser
irradiation paired with KHFAC (kilohertz frequency alternating current) has been tested to overcome the
fonset responseod '&shsdonewr fergbesuhe size seledivityrbEnefit of INI since
the main inhibition mechanism is through KHFAChiah is problematic when targeting pain conducting
neurons since INI is only applied briefly at the start of the hybrid inhibition process. Another hybrid
technique pairs INI with the application of glucose to ultimately lower the radiant exposure naeded f
INI'2, Considering purely optical modulationiigr exploratiori into the spatial application of INhas
indicatedthat the block lengtfBL), thespatial lengtrof axon heatedylays a role irthe radiant exposure,
and therefore the temperature, neededlittt éNI. This presents an important consideration for any
potential clinical device as impropeervetargeting may result in excessive heating leading to an increased
potential for tissue damag@L may serve as a parametieat can be readilgptimized Thus far, only two
BLs have been testédsuggesting that using greater BL reduces the INI temperature thresinaitore
exploration is needed to understand the extent to whisiphenomenon can be optimized

One limitation & prior experiments is lack ofadequate temperati monitoring of the tissue
during inhibition. Temperature measurements have been performed in tissue or tissue pakbataes

identification of INI radiant exposure threshdté$'® or computational modeling has been utilized to
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estimate the temperatdré'* Performing measurements directly in the tissduring INI application is
difficult, and has thus fawnly beenfeasibleusing the open patch technid€. Therefore, a nthodology
is needed tprovidesimultaneous electrophysiological and thermal information, and the spatial distribution
of heating needs to be probed for the purpose of exploring the efidtt dhermal imaging serves as an
ideal technique to measure spat| t her mal i nformati on, but has a p
|l ess due to watero6s strong absorption of tthe el ec
This renders thermal imaging ineffective at measuring temperatures in agueous environments such as in
experiments utilizingAplysiacalifornica nerves which havgypically involvedimmersing the entire nerve
in solution.

Here, a setup was developed that exposed a region of netfempgrarilybringing it out ofsaline
solution, freeing it for simultaneousn-contactirradiation and thermal imaging. Using this design, the
effect of BL along the nerve was charadted for INI by utilizing different lengths of irradiation along
Aplysiapleuratabdominal nervesvalidation of the trend seen at longer BLs wilasn performed using

perfused hosalinerather thanR laser heating in a separate custom dish.

5.3 Methods

5.3.1Electrophysiological Recordings

Aplysialeft pleuratabdominal nerves were used to assess the temperature at inhibition threshold
across different block length8plysiahave proven to be a valuable animal model for neural conduction
studies involving INF2®"due to 1) the robustness of the system, 2) the similarity of the mogyhof
their neurons to unmyelinated pain conducting neurons in humans (C¥tb&tsind 3) their length (>5
cm) which allowdor the separation of neural signdise to temporal dispersi@s a function of conduction
velocity (CV). Aplysiawere anesthetized using 333 mM Mg@.5 mL/g) and left pleuraibdominal
nerves were dissected out of the animal and placedoiméooftwo custom disheg¢described below)
containingAplysiasaline (460 mM NacCl, 10 mM KCI, 22 mM MgCl, 33 mM Mg3Q0 mM Cadl, 10
mM glucose, 10 mM HEPES, pH ~7.@0or all excised nerves, nerve ends were suctioned into separate
handpulled polyethylene suicin electrode providing electrical stimulation of compound action potentials
(CAPs) at one end and electrophysiological recording at the other end. Acquired signals (20kHz sampling

for cylindrical lens probe experiments, 5kHz for perfusion channel expetinwere amplified and filtered
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(10k gain, 1001000 Hz bandpass filtered) (Model 1706MASystems, Sequim, WA) and then digitized
(Digidata 1440a, Molecular Devices, San Jose, CA) and recorded using protocols in pGidoipt0lar
Devices, San Jose, GA

5.3.2Infrared Neural Inhibition Protocols

5.3.2.1Nerve Dish

An 8 . Petri dishwas coated with PDM$Sylgard 184, Dow, Midland, Mljo create aaised
platform (width = 1 cm) in the center of the digligure 5.). Once the PDMS cured, the disfas mounted
in a 3D printed holdethat wassecuredo a zaxistranslation stage. This stage was mounted on an optical
breadboard, along with the optigadobe, and set in Baraday cage for low noisglectrophysiological
recording. When theAplysiasalinelevel in the dish is below the platform height, a nerve may be laid
across it, providing simultaneous suctioning of the immersed nerve ends andafreerbdiation of the
out of solution regiorof the nerveon the platform. A notch was cut into the PDMS for repeatable

positioning of the nervésee below for how nerve hydration was maintained)

5.3.2.2Cylindrical Lens Probe

A probethatfocused theight in one dimension was constructed/émy the length over which the
nerve was irradiatedrhis probe Figure 5.} first collimated the light from an optical fiber using a fiber
coupled collimation len§F260APC1550, Thorlabs Inc., Newton, NBnd the focused the light in one
dimension using a cylindrical lens (f=12.5 mixinch diametex. This cylindrical lengrovided a means to
irradiate different lengths along the nesirce the spot size along the nerve couldizyed based othe
distance beteenthe probe outpuandthe nere due to the divergence of the light in one dimension. The
orthogonal collimated axis reduced the needed precision of nerve placement relative to the invisible IR
irradiated spotSpot sizes (1fewidth) at variousdistances from the probe output were calibrated using a
beam profiler (BP209R2, Thorlabs Inc., Newton, NJ). Thiglindrical lensprobe was positioned over the
nerve using a-axis translation stage and rotated such that the focusing axis of the cglinénis was
parallelto the axial direction of the neryprovidinganirradiated 1/€? spot diametebetween 0.4 and 5 mm
along the nerve. e nonfocused, collimated axispotwidth perpendicular to the nerve was ~5 mm for all
probe distances. This reted inlosing a significant amoumtf the light since it did not irradiate the nerve
(diameters ~ 0.35 mmbut this methodology did allow for easier targeting and greater confidence of the
nerve placement within the invisible laser spot. The light ththhdt hit the nerve was instead irradiating

the surrounding PDM®ue to the relative low absorption at 1470 nm, the temperature rise in the PDMS
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Figure 5.1. Infrared neural inhibitionxperimentalsetup. AnAplysianerve is excised and placed in a bath such that

the ends are immersed, and the cent&grigorarilyraised out of solution on a PDMS platform. Suction electrodes

provide electrical stimulation of compound action potentials at one end and recordingttethend. An optical

probe, utilizing a cylindrical lens with the focusing axis aligned axially with the nerve, is positioned over the nerve

bet ween the suction electrodes to apply | NI tae®sthe exrg
the irradiation length along the nerve, changing the applied block length. A thermal camera is used to measure the
induced temperature risBplysiasaline was regularly applied to the exposed nerve to maintain hydration.
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was shown to be < 20% ofdltemperature risgenerated in the nerve

5.3.2.3Cylindrical LensProbe Experiments

For experiments applying INI using the cylindrical lens probe, Apigsia(118287 grams) nerves
were used. Conventional setups have relied on measuring the radiant exposure used to elicit inhibition,
making temperature measurements after th&é¥4dtut the temperature of the tissue is the important factor
because of the thermal mechanism of'fNDifferences between the temperature induced during INI and
the value masured in a phantom can arise due to changes in materials used and differing thermal boundary
conditions that cannot always be predicted (such as changes in the coefficient of convection or the presence
of evaporative cooling)Accurate temperature measments at a depth in tissues pose a serious challenge.
Bringing the nerve out of solution on the raised platform offers both the opportunityctesed, non
contactirradiation and for dire¢tsimultaneousneasurement of treuperficialtemperature with ghermal
cameraduring INI. A thermal camera (FLIR A8313sc, FLIR Systems, Inc., Wilsonville, OR) was mounted
in the setup which recorded the temperature in theimmade sequencest ~15 frames per second (fps)
with ~ 5 Om pixel size, allowing for time cagtated electrophysiological and thermal information. Once
the nerve was suctioned, positioned in the cut notch, and the probe was placed, electrical stimulation (1 ms
pulses, 2Hz, 15@ 0 0 ¢ Aappliedfar 40 seconds to elicit compound action potenfi@kPs)with 20
seconds of laséinovative Photonic Solutions, Monmouth, Ndadiation between t=18and t=30s( & =
1470 nm, 200 es pul s e <1/ smodiamedtersalong the nergiwieen0.4anch | en g
5 mm were applietb each neve (Table5.1), and for each irradiation length a set of recordingbQ(4ach)
wasmeasured using a range of laser pulse energiesi(A®b mJ/pulse)These recordings probed how
different induced temperatures result in varydegrees of inhibitiorof the compound action potentials
which aided in the application of a PROBIT regression to determine the temperature thresholdor INI
exact measure of absorbed power is not easily obtaisaiie the majority of the lightoes not hit the
nerve, but instead irradiates the PDMS, Brdausehis methodologyresulted in many different radiant
exposures due to thariousirradiation lengtls appliedalong the nervelltimately the important faor for
inhibition is the temperature of the newsiace temperature has been implicated as the driver of heat block
effectd'®, and from the safety perspective the mechanism of damage will be thermal. INI wavelengths are
nonrionizing and too low in photon energy to drive photochemical procé€8emd pulse parameters are
not utilized within the stress confinement regifehere acoustic damage and ablation would be possible.
Thus the thermal camera provides the important predictive parameter. Immediately after each trial, saline
was applied to thexposed region of theerve tomaintaintissuehydration(>2 mL every 35 minutes).
After application, an equal amount of saline was removed to ensure the nerve remained Expeseh

new set of irradiation length triale saline level was raised to immerse the entire nervéhardistance
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Table 5.1. 1/¢ Spot Diameters (tadiaed AxonLength) Tested folEachNerve

1 0.4,05,0.7,08,1,3,5

3 04,05,06,08,1,2,3,5

5 04,07,1,5
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of the probe from the nerve was repositiarfear each new irradiation length, the saline level was lowered
to expose the nerve anletlaser power was again variadross recording trialsThe order of applied
irradiation lengths was randomizéor each nervedo account for any hysteresis, lotegm effects, or
deterioratiorof the nervs.

5.3.3Hot Media Inhibition Protocols

5.3.3.1PerfusionExperiments
A 3D printed dish figure 5.2 asdescribed in Gangulgt al was used that allows for a nerve to span 3
isolated chambetsNerves (n = 5) were excised and placed in the dish as shdviguire 5.2 A suction
electrode was applied gach nerve end (chambers 1 and 3). The central portion of thetraamesed the
middle chamber (chamber 2) which could be varied in length by changing the position of the partition
between chamber 2 and chambefBis wasmodulated to apply chamber tghs of 1, 3, and 5 mm. Doors
were placed to separate the three chambers and lined with Vaseline to createtightateal After door
placement, the saline level was raised in each chamber to completely immerse the nerve.

Tubing connected to airculation pump and #tine heater (S€0, Warner Instruments, LLC,
Hamden, CT) was connected to the central chamber (Chamber 2) to provide an inlet and outlet for media
flow. Circulated saline was heated using an externally triggered temperature sgstesh (CL100,

Warner Instruments, LLC, Hamden, CT) with feedback from a thermistor2@ ANVarner Instruments,

LLC, Hamden, CT) placed just downstream of the nerve in the middle chamber. Recordings made in
pClamp10 (Molecular Devices, San Jose, CA) aiadi of 410 second trials during which electrical
stimulation (1563 0 0 ¢ A, 1 Hz, 0.8 ms) was provided for 240
first 70-150 seconds of electrical stimulation, allowing for a return to baseline temperatiCg €60 a

rest period of no activation during the final ~170 seconds of the trial. For each channel width, 7 trials were
sequentially recordeduring whichthe appliecholdingtemperaturef the heatewas varied from 2T to

50°C in 5°C steps per trial. Extrmials applying either longer heating times or higher temperature settings

were performed if complete inhibition of the CAP was not achieved.

5.3.3.2Perfusion tFWHM Estimation
Thethermal full width at half maximurttFWHM) of heating was estimated usiaghermal camera
(Thermovision A20, FLIR Systems Inc., Wilsonville, OR) with spatial resolution ~0.45 mm and ~7 fps

imaging. The camera was positioned directly above the perfusion chamb#reandl image sequences
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Figure 5.2. Perfusion Heating Setup. A 3D printed dish containing 3 chambers was used to perfuse heated saline over
select lengths of nerve. The partition between chambers 2 and 3 could be moved in relation to chamber 1, providing
different lengths for chamber(8FWHM tested = 1.25, 2.55, and 4.42 mr8lction electrodes were applied to nerve

ends in chambers 1 and 3 so that a middle region traversed chamber 2 in which media heatelineyteraiar was
circulated with a pump. Temperature at the nerve was meassirgga thermistor placed just downstream.
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were recorded for an entire heating/cooling cycle. Three trials of each chamber length were peffeemed
averageFWHM of the temperature distributiaalong the nerve wasalculatedby linearly interpolating
thermal images alongp he ner veds | oc.aThis assessmant washperforoedter i) e r
seconds of heating hese measurements were tlised todeterminehow thetFWHM due to perfusion
heating comparetb thetFWHM due to laser heating described in the previous section.

5.3.4Data Analysis

5.3.4.1Electrophysiological Data

CAP signals were separated into 3 conduction velocity (CV) regions corresponding to slow,
medium, and fast CV neurorffigure 5.3A) By doing this, the effect of BL on the temperature for
inhibition could be distinguished across axon diameter populations since conduction velocity is
proportional to the square root @ton diametéf. CAP shapes and distributions were generally consistent
across nerves, but fatigaependerit® or temperaturelependerftCV shifts, as well as some variability
in the CAP distribution across preparaspmade it difficult to seleca set of fixed boundaries that
universally fit all nerveswithout consistently cutting throughdividual peaks within CAPsDoing this
wouldconflate a decrease in signal due to inhibition wittecrease in signdilie to signals shifting between
CV regions Therefore, CV boundaries wdmund for each nervénner boundaries.e. those that separate
slow from mediuncomponentand medium from fastomponents of the CARvere determined for each
recording by selectin@Vs where thevariance in the voltage across #@ second recording8@ CAP3
were minimizedince thesgoints correspond to bocationin the CAP with minimal shifts in the CV. This
minimum was found twicdijrst for the portion of theignal slower than 0.5 m/s atitenfor the portion of
signal faster than 0.5 m/s, to select the two inner bound&itsre 5.3A) Outer boundaries were selected
to encompass the entire CAFhese four boundaries then separated the signal into the slow, medium, and
fast CV regionsFor each trial, the rectified area under the curve (RAWR)ch informedthe relative
number of neurons contributing to the signal, was calculated for each CV gnolihe RAUC of the noise
floor was subsequently background subtractédse backgroundibtracted RAUCs werien normalized
to theaverageRAUC of CAPsin the first 5 secondsf the trial(Figure 5.3B) Inhibition was defined as a
50% or greater drop in RAU@nd thisthreshold was applied to RAWEom all trials to achieve binary
inhibition data for each CV groupr all CAPs
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Figure 5.3. A) A representative CAP is plotted as a function of its conduction velocity. Boundaries (black lines)
section the signal into slow, medium, and fast CV regions which were procegsaately. B) A representative
normalized rectified area under the curve (RAUC) of a slow CV region is plotted over time, and values below 0.5 are
marked as inhibition. The maximum temperature of the nerve from thermal imaging was extracted for eantt CAP a
used to inform the temperature for inhibition. C) Joint temperature and inhibition data were used in a PROBIT analysis
Each binary inhibition data point is plotted at its corresponding temperature (open circles) which overlay each other
due to the larg sampling density. These data are usefit curveswhich predict the probability of inhibition as a
function of temperaturésolid lines), as well as the 95% confidence interval of the fits (dashed lines), and was
performed for slow (blue), medium (re@dnd fast (magenta) CV neuron populations. Thevas determined as the

temperature that results in a 50% probability of inhibition (dotted black line).
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5.3.4.2Thermal Data

Thermal camereecordingsvereadjustedor any time offsefrom the electrophysiological datbg
assessing the time derivative of the maximum temperafueetimethatthe lasetturned orwasmatclred
with the frame showing the largest increase in temperabiumglarly, the timethatthe laseturned offwas
associatedvith the frame with the largest drop in temperature. [6bationof maximum temperature rise
was identified as the pixel that most often exhibited the maximum temperature while the laser was on. The
temperature of this pixel was then tracked through the ehiérenal image sequence and served as the
predictor value irthe PROBIT regressiorsince the axis of the nerve was placed in taéection of the
thermal image, théemperature information along thew of the image containing the maximum
temperature pixel was extracted arsd tcassesthe spatial informatiorabout the temperature riabong
the nervesThethermalfull width at half maximum tFWHM) of the temperaturdistributionalong this
row was calculated for each franhermal data from each recording was then interpolated to obtain the
maximum temperare andFWHM at each electrical stimulation for each triak&iimatethe temperature
distribution for each CAPFigure 5.3B)In perfusion heating trials, thedrmistorwas used to measuitee
temperature of the nerve during perfusion experimemdsvas collected in pClani® (Molecular Devices,
San Jose, CA) along with electrophysiological ddtae emperature information for each CAP was

obtained by using the valwerresponding to the time of eaglectric stimulation artifact.

5.3.4.3PROBITRegessionFits

Using the extracted temperature and inhibition information for each CAP, data across trials were
pooled for each irradiation length and a PROBigressiormodel was applied to each set of pooled data
for each CV group. PROBIT models were bg usingfigimfitd , buili-in MATLAB function, with a
PROBIT linker function(Figure 5.3C). hiemaximumtemperaturelong the nerveerved as thpredictive
variableand the binagr RAUC observationsvasthe response variable. Once fit, the temperatig@ting
in the fifty percent probability of inhibitiorfTso) was calculated by interpolating the fitt@ROBIT
function. TheaFWHM for each Fowas calculated as the averdg@&/HM of the last 10 seconds of heating

across all trials used to comptigt Tso.

5.3.4.4Determining Block Length Trends

PairedtFWHM and Tso information were used to perform least squares fit of the inhibition
temperature as a function tfWHM. For perfision heating trials, a linear fit was used. For laser heating
trials, linear, quadrati¢ andexponentiafunctiors resulted in podits (Table 5.2, andit became apparent

that a different trend was optimal for the d&ance two distinct trends witkRWHM wereobserved in the
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data a continuous piecewise functiomade of two linear lines joined at an intersection peias defined
(Equation 5.1) and used in a leastuares regression. The location of th&ersection point, Swas
optimized by iteratingrom S=0.85mm to S=1.5 mm in 0.005 mm steps, and the optimal S was chosen
based on the best goodness of fit mettiglfest R valug for the entire piecewise equatioAny
dependence ofsgon the tFWHM was assessed by comparing the fit slope coefficients of the trendline (the
short and long regime of irradiated nerves and the singular slope of perfusion heated nerves) to a flat line.
This applied a null hypothesis that these lines do rifgrdrom a line with zero slope and the alternative
hypothesis that the slopes do differ from zero. A Bonferroni correction was applied to account for each of
the three CV populations that were being separated out from the original datasets, yieldijplgaan a
significance value of U=0.05/3 = 0.0167.

5.4 Results

5.4.1Two Block Length RegimesAre ObservedDuring INI

Across the 6 nerves tested, CAPs were split into slow, medium, and fast conduction velocity regions
and a PROBITegressionwas applied tadentify the temperature for the 50% probability of inhibitiogo) T
for each irradiation length. Representative data are shofigime 5.3 The analysis was performed for all
irradiation lengths across all nesyeesulting in 39 data points in all feach CV population. All & are
plotted at their corresponditBWHM of heating inFigure 5.4 Analysis of the data show consistent trends
across the three CV populationsast squares regression was used to fit trerdtingéhe data. igual
inspectionof the fits, assessment of the residuals, and tRegddbdness of fitmetric (Table 5.2 all
demonstrated thateithera polynomialnor an exponential decay wappropriate to capture tlubserved
trend.

To provide a fit consistent with the datag@ntinuous piecewise function was createdugipn

5.1) to apply two separate lines joinedaatintersectiorpoint, S to capture two distinct trends in the data

R}
<

&z 0 '0m00"Y 0 "0 00 Y
Y &) h 0 "0w™0) Y Equation5.1
@ 60m00Y dh 0 "'O® 00 Y
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where a, b, and c are coefficients fit to the data for each CV populationyepmesentshe Tso at t(FWHM
= S. Thdocationof S corresponding to a maximat Ralue was chosen

Parameters for the optimal trendline fits can be found for eachdpMlation in Table 5.3, ante
trendlines can be found plotted for each CV regieigyre 5.4. Equations presentdd Figure 5.4are a
simplified form ofEquation5.1 The value of S is similar for all three regions, 1.145 mm, 1.205 mm, 1.11
mm for slow medium, and fast CV regions, respectiy&ith an average of ~1.15 mm. Slopes of the linear
lines in the piecewise function were tested for a significant difference from a flat line. It was found that for
all CV populations, the decreasing trend efWith increasing tFWHM in the short Biegime is significant
(p =5.54el1, 1.37€5, and 4.464.2 forthe slow, medium, and fast CV neurons, respectively). For the long
BL regime, slow, medium, and fast CV populations demonstratedygs of p = 0.096, 098, and 0.019,
respectively, demonstrating that no significant trend is exhibited betweeg, tredtFWHM in this longer
BL regi me ).(TdvaliateOthatHisestlt atlongerBL is real effect and not an experimental

artifact, a secondary methoflheating wasipplied

5.4.2Heat Block via Perfused Hot Media Validates the Longer Block Length Regime

Using the shown perfusion setugiqure 5.3, heatedAplysiasaline was perfused over nerves as a
secondary method of applying neural heat block. The temperature throughout trials was measured using a
thermistor that was placed at the depth of the nerve in theRR@BIT models were fit to inhibition trials
to determine the To. Values of Fo from each set of measurements for each chamber width were averaged
across the 5 nerves and are plotte#igure 5.5as a function of the tFWHNtFWHM = 1.25, 2.55, and
4.42 mm)from the subsequent thermal camera analysimeéar least squares fit was appliedhese Fo
means foeach CV population. Trend lines show goodness of fits ef ®61, 069, and 082 for the slow,
medium, and fast CV neurons, respectively. These linear regressions were tested for a sigfidieaced
from a line with zero slope, and the resultinggtues were p= 0.075, 0.024, and 0.249 for the slow,
medium, and fast CV populations, respectively, demonstrating that no significant trend befywaec T
BL is exhibited f=op0x016d) mimicking the wepdirona laseraradation ib the long
BL regime.
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Table 5.3 Optimal fits of piecewise function parameters

cv
Population

Slow
Medium

Fast

S
(Intersection
Point)

1.145
1.205

1.11

Coefficient a
(Short Regime Slope)
[95% CI]

-23.61 [29.06 -18.16]
-16.52 [23.55,-9.49]

-25.49 [30.84,-20.14]
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Coefficientb Coefficient ¢
(Temperature at S) (Long Regime Slope)
[95% CI] [95% CI]

36.01 [35.32, 36.69] 0.56 [0.30, 1.42]
38.54 [37.41, 39.67] 0.93 }0.49,2.36]

39.76 [39.19, 40.33] 0.76 [0.04, 1.47]
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Figure 54. The Tso for all irradiation lengths across all nerves are plotted against the extifédtetiM of heating for

the slow (A), mediumR), and fast C) CV neurons. Data are represented asti 95% CI from the PROBIT fit
(verticalerror bars), plotted at the med#WHM +/- standarcerror of the meathorizontalerror bars). Piecewise fits
utilizing the value of Sn Equation 1 which maximized the goodness of fit are plotted for each CV region, and the
corresponding equations and &e shownSlopes of the linearries were tested for a significant difference from a

line with a slope of zero, with an alpha value of 0.0167. In the short regime, all lines demonstrated a significant
difference from zero slop@ = 5.54ell, 1.37¢€5, and 4.4642 for the slow, medium, and fast CV populations,
respectively)Long tFWHM regime fits demonstrated no significant difference from a flat line (p > 0.0167).
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Figure 5.5. Perfusion heating results showed a similar trend to the INI ressdtsllies (mean +5ktandard deviation)

are plotted ovetFWHM for the slow (blue), medium (red), and fast (magenta) CV neurons. Linear least squares fits
are applied to each CV poputat with the shown equations and Values . Testing the regressions against a flat line
show that f or Bdgié motdepententlos thentiRWWHM trelquired Tor INI (p > 0.01fi}, as in the

INI analysis (Figures.4).
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5.5 Discussion

5.5.1Inhibition Trends with Block Length

Prior investigation established that the temperature required for inhibition is expected to change
with BL’. The present study validates this hypothégie response ofsgto differentBLs for INI showed
two distinct trends: one in a riege of shortFWHM, and the other in a regime of longEWHM. At short
tFWHM of 0.81- 1.15 mm, increasing thBL leads to a reduction in thexglwith a steep slope in the
trendline. Prior experimental interrogaticomparedinhibition thresholds for sirlg peaksof slow CV
within CAPs using one and two adjacent optical fibdrgerestingly, this study would have just been able
to capture the trend at lotkh\WHM considering that the report¢BWHM from one and two fiberaere
0.66 mm and 1.10 mm, respectively. Applying the equaftio Tso determined in this studiyom Figure
5.4A to the tFWHM from Forcet al 202Q it is predicted that s = 47.5°C for one fiber and sp = 37.1°C
for two fiber inhibition, resulting in a 21.9 % drop in temperature ois&r room temperatur@C) by
using two fibers instead of one. i$tprediction falls within the 15623.5 % decrease reportedrordet al
2020.1t is important to compare the percent decrease in INI threshold because that accounts for variation
acros experiments and for differences in the absolute temperature based on the temperature sensing
techniques used. By considering Featdal. 2020 in conjunction with the results from this study, strong
evidence is presented for the existence of this shgirheewhere increasing BL leads to a reductionsin T

At longBLs (tFWHM = 1.15- 3.03mm), no significant change in thessiwith BL was noted (p >
0.0167).This is the case for both the laser irradiated and perfusion heated mégidighting that a BL
dependence may only exist over a finite range of tFWHM. This was an unexpected findingrisince p
computational modelirfgand experimentaflatd showed that longer irradiation lengthse expeci to
exhibit a drop in theemperature for inhibitionbut a longer BL regime of no change in temperature
threshold was not explicitly seeim Gangulyet al. 2019, Figure 4J suggests that thenefit of BL may
saturate, where inhibition temperature appears to decay exponentially with increasing BL. In this
investigationhowever an exponential fit poorly captured the trends in the (Rta 0.3)(Table 5.2. One
caveat present is that arponential resulted in a relatively good fit for the slow CV dafa=(R.613). It
wasdeterminedhat this was due to the longest BL (tFWHM = 3.03 mm) havingy bpWer than many of
the adjacent data points, while this same BL for the medium and fas¢@¥ns showed asdgreater than
many of the adjacent data points. To overcome this relatively extreme singular tFWHM value, it was

removed from the exponential fit process based on the assumption thattitilf does follow an
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exponential relationshiwith BL, the removal of one extreme data point should not greatly affect the fit.
Performing this analysis greatly reduced the goodness of fit of an exponential for the slow CV neurons (R
= 0.106) Table 5.2. With this analysis, it was determined thegewise function best approximated the

data, which demonstrates that increasing the BL does not have an effect on the temperature required for INI
in this longer regime, and should be avoided to minimize the volume of tissue heated.

5.5.20ptimizing Targeting

The work presented here suggests that there is a true optimal block length to apply INI. To minimize
the temperature needed for inhibitimd minimize the volume of tissue heatiecdiation of nerveshould
targetBLs aroundtFWHM = 1.15 mm at the intersection point between the two linear regiffegire
5.4). The current commonly held irradiation paradigm using optical fibers can achie®d thisselecting
the correct optical fiber diameter, and specialized nerve cuffs migredigned that specifically target this
BL for research and clinical applicatiorie caveat here is that care must be taken to ensure the proper
thermal distribution as opposed to focusing on the light distribution. While the distribution of irradiated
light no doubt plays a major role in the temperature distribution, the thermal boundary conditions also
greatly affect the BL applied. For example, originally this study set out to test irradiation lengtbpdil/e
diameters) of 0.4, 0.5, 0.6, 0.7, 0.821,3, and 5 mm. A minor offset in probe placement resulted in
irradiating slightly different lengths than expected, and differences in thermal boundary conditions across
experiments resulted in tFWHM that varied for a given irradiation length, potemtialbng overlap in the
tFWHM for the shorter regime. Ultimately, the parameter of interest is the heat distribution; thus, these
variations are inconsequential since the tFWHM was directly measured for every INI trial and used in the
PROBIT model insteadf@n assumed irradiation length. This analysis does highlight that careful attention
must be given to the actual temperature distribution when designing experiments and irradiation techniques,
and that temperature measurement during INI application can pidper targeting of the tissue.

Targeting the ner v @radiating all tnéuroms) stlli aHomedtfar specifia . e .
inhibition of slow conducting neurons while remaining below tbefdr medium and fast CV neurans
therefore this may be an effective method for applying heat bkpgcificallyto pain conducting neurons.
Investigation is needed to identifyoptimaly targetingBL to minimize Tso results in safer application of
INI, allowing for extendedhaserapplication times. By lowering the temperatimduced thethermal load
on the tissue inherently dropsr a fixed exposure tinfg This wouldallow for longer drration of heat
application beforé¢he onset oflamage, buhow long these temperatsreansafelybe applied during INI

remainsto be seenThis study was performed in an invertebréitat makes no myelirso there were no
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myelinated neuronsand native bdy temperaturesire much lowerin Aplysia than in mammalian
vertebratesStudies are needed to assedmtherthe trends identified here asdso foundin vertebrate
unmyelinated neurons, and how myelinated neuvaitiin compound nervesespond. InAplysa, it is
predicted that thesg for slow CV neurons at a block length of 1.145 mm iSG&a ~16°C rise above

room temperaturehearwhere mammalian systems function. In mammals, it is known that damage effects
begin to occur above £Z%. Heat applicationdringing the tissue temperatungher than 42C would

not inherently incur an immediate damage responsevbutd have a duration windofer therapy prior to

the onset oflamage This onset time is dependent on the amplitude of heating abd\@atil placesn

upper limit on therradiation timeallowable forthergeutic use. Some evidence exists that inhibition of the
slowest neurons in the vagus nerve of the musk shrew occurred witliGi 128 over a 37C baseling
suggesting that safe aeffectivesustainednhibition is possibleOptimal targeting of neurons, including
through the appropriate application of BL, will help minimize the temperature needed for inhibition which
will in turn minimize the maximum temperature applied to the tissue, ideally bel3®.42ne potential
charge when investigating the effect of BL in a vertebrate nerve idlibaitersectiorpoint between the
short and longagimes may occur atdifferentBL, which would be an important distinction for optimally
targeting invertebrate versus vertebrate nesifor INI. To apply optimal BL to vertebratesaldationof

the trends shown hevéll be needed. idies in tle Aplysiashould attempt to targ8tsof tFWHM =1.15

mm to minimize extraneous heating, while other systeiitisrequire their own investigabn of block

length to identify optimal targeting.

5.5.3Mechanistic Considerations

Prior mechanistic exploration into INI has suggested that heat block is the result of hyperpolarizing
currents from voltaggated potassium channels,,Koverwhelming te depolarizing currents from voltage
gated sodium channels, Nat greatly elevated temperatures causing a failure to conduct an action potential
in the heated region of an axdnBoth N& and K, currents exhibit a temperature sensitivity in which
increased temperature induces greater maximum currents and faster channel gating,carenks
demonstrate a greater temperature sensitivity of the current onset time at INI temp&radt@asgulyet
al. 2019 demonstrated this computationally. In addition, the ratio of potassium charge transfer per unit area
to sodium charge transfer per unit area/(R.) increases as temperature is elevatétiese temperature
dependences are what we hypothesize gives rise to the effect of BL. If, in a given axon, INI is achieved at
a temperature, T1, which is applied over a length of axon, BL1, it would stand to reason that fara great

temperature, T2, a shorter length of axon, BL2, would be needed since the Bhannels open more
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quickly and the @/ Qnawill be greater at T2 compared to T1. In other words, the amount of hyperpolarizing
effect per unit surface area of axon willinereased at greater temperatures, requiring less surface area to
overcome the incoming action potential, and therefore a shorter distance of axon will be needed for a given
axon diameter. This effect can be observed in Figure 4 of Gaagaly2019 whee BL is compared over
different tophat temperature applicatiocndVhen no ion channels are present, the BL is dictated by the
length constant of the axon and decays due to passive currents o, are present, BL then begins

to play a role in the temperature needed for inhibition, and the BL is determined by the axon length constant
and the temperature sensitivity of I€urrents. When both \Kand Nay are present, the temperature for
inhibition has a greater dependence on the BL due to the interplay between ion current temperature
sensitivities. At the longest BL, the reduction in temperature for increasing BL is diminished, suggesting a
saturating effect. This diminished response with hgatjreater lengths can also be seen in bal.

2012, Action potential propagation was simulaiedkenopus laevimyelinated neurons and in Figure 6

the temperature at which heat block occurs decreases as the number of computational nodes that are heated
increaseslt should be noted that the drop in temperature from increasing the block length from 2 to 3 nodes
is less than the drop in temperature from increasing the block length from 1 to 2 computational nodes,
highlighting this diminished effect. Based on thiteet, it would be expected that there is a BL regime
where the measuredgiwould no longer change with tFWHM. Indeed, we observe no significant change

in Tso with BL at tFWHM = 1.15/ 3.03 mm (Figure 5.4andat tFWHM = 1.257 4.42 mm(Figure 5.5)

One wint to note from the above assessment is that a BL effect was observed in both myelinated and
unmyelinated axonsAplysia squid, and frog axons were tested in the present study, Garigaily, and

Mou et al*., respectively). Therefore, we hypothesize that this phenomenon occurs across species, and

thus would be effective in reducing the temperature needed for INI in hurfiber€

5.6 Conclusions

An assessment of the parameter space of block length was perform&iviaM of heating
between 0.8and 303mm along nerves using laser heatimglbetweenl.25and4.42 mm using perfused
hot mediato induce neural heat blocRrobing the relationship betwe&h andthetemperaturdor the
50% probability of inhibition (¥o) revealed two distinct trends, 1) at relatively shgirs (t(FWHM = 0.81
- 1.15 mm), a statistically significant drop ingwas measured &BL increases, rad 2) at longeBLs
(tFWHM = 1.157 3.03 mm), nosignificant changein Tso was measured witBL. This trendis best

approximated by a continuous piecewise functiefined by two linesThe shorter BL regime is consistent
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with previous computational andkmerimental findings. fie longer BL regime was validated using
perfused hot media as a secondary method of heatiay may be predicted from computational
investigations currently present in literatudeminimum in theTso occurs at the transition from the shorter
regime to the longer regime providing an optingl to minimize the tradeoff between the applied
temperatures and the volume of tissue hedtatlre studies shoutmbnsiderthe BL that isapplied tothe

tissueto understandhow it may affect the temperatures needed for inhibigor how improper targeting

may cause extraneous heatiAgditionally,asimilar stug in mammals would greatly aid imderstanding

and optimizing BL towards preclinical and clinical plementation of INI. The work presented here
provides one example of how the parameter space of INI can be optimized towards performing targeted,

effectiveg and safe heat block of neurons for potential future therapsygticcations
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Chapter VI

Conclusions and Future Directions

6.1 Summary and Conclusions

6.1.1 Summary

The overall goal of this dissertation was to improve targeting of neurons within nerves for infrared
neural inhibition. This took the form of optimizing how the light is applied to nerves to better understand
and leverage the innate lagmsue interactins. The need for this optimization stemmed from the high
temperatures required for INI, restricting any ldegn therapeutic applications of the technology. To
improve targeting and reduce temperatures, an understanding was needed of where the digtiteid, ab
how the resulting heat is distributed, and the biophysical response of neurons to these different heat
distributions.

The distributions of absorbed optical energy and resulting temperatiare investigated in
Chapter lll. A fundamental barriém the field existed to computational modeling of arbitrarily irradiated
neur al ti ssue at | NI wavel engtfis bBadcrot hbeerdaoha
these wavelengths. The limitation on optical property measurement teebniyailable restricts the
accuracy and precision with which this value can be directly measured, therefore, a computational approach
was developed, validated, andthenuseml est i mate the sensiti vd twi tolf t e
subsequentx@erimental validation. Both computational and experimental investigation revealed that
hi ghéerwiel | yield higher temperature rises and | ov
dependence of the FWHM (full width at half maximum) of theaswfe t emped awas eolwnercv e
Prior assumptions in the optics community assumdd at sismeeh egr ead eat t hah
wavelengths, scattering could be largely neglected. Secondly, if scattering was conaigleveddered if
an extrapolatiom f f 06t tsepadcd ra t o wavel en g tiffraredi(NMIR) tedioesof/ i si bl
the electromagnetic spectrum would be sufficient for the sake of computational modeling. Thus, this
investigation aimed to test these assumptions. It was revisaiedomputational modeling predicts/%

increase in maximum temperature rise argf% decrease in thermal penetration depth over a rangg of 1.
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mm. This investigation concludes that despite the absorption domirsmattsring cannot be neglected
unl es si se suffici aeitd yo ptbbnasmmin ¢5% ermerir the sifidated temperature
distribution This means thaa Monte Carlo isnulation is needed to determine the distribution of absorbed
photons (a Beer 6s L aw far mpstcased. Deapite thee meed fer a Mone Cdrld i c i e
simulation, abest guessefed i s | i k sithgut gseatlfy dffecting thensimulah. As described in
the discussion of Chapterlfb,or | NI wi th & = 1875 an edrbs sbfbpct
to maintain <5% error in the simulated distributionitWthis result, researchers should have more
confidencethat errosi n t heir a p psowillxnot mradtlyi affectssimoldtion outcomeand
computational investigations into optimizing laser irradiation during INI for specific applications and in
specific animal models can now be performed. These results alsonhglications for determining light
and heat distributions for any material and any wavelength range where absorption is dominant over
scattering, not just for tissue irradiation at INI wavelengths.

In Chapter IV, the hypothesis was put forth that tiepeerature required for INI exhibits an axonal
length dependence. Primary proof of principle was performed computationally in the NEURON simulation
environment which predicted that increasingtfi&/HM (thermal full width at half maximumgf heating
by 42.9% would lower the maximum temperature rise for inhibition by 11.9%. Subsequent validation of
the effect was performed for two block lengths using one anehtljacent optical fibersRWHM = 0.66
mm and 1.10 mm, respectively). Using two fibers resultea 38.5% lower radiant exposure thresholds
per optical fiber which translated to at least a 15.0 % reduction in maximum temperature rise. It was not
surprising that some length effect would be present since the length constant (Equation 2.10)-is a well
known effect in neural conduction. Computational mechanistic analysis had suggested that this effect
should exist

Chapter V provided a more extensive analysis of the effect of BL on INI temperature thresholds.
The study presented novel methodglogf identifying INI thresholds which overcame previous
experimental pitfalls. Simultaneous temperature monitoring of nerves during INI is critical for predicting
biophysics as a function of temperature. Experiment to experiment and trial to trial itgréailresult in
high uncertainty when trying to estimate temperature in a separate set of measurements. Using a PROBIT
analysis which pooled multiple trials was an effective method of quantifying inhibition for populations of
neurons while overcoming #lito trial variability. In theAplysia this type of analysis was only possible by
bringing a region of nerve out of solution and applying INI via free beam irradiation. This work suggests
that this may be a viable methodology in future studies thateiuptobe the biophysics of INI. Peripheral
nerves in the vertebrate nervous system such as the rat sciatic nerve do not need constant immersion in

liquid but do require frequent hydration if brought out of the tissue bed. This study suggests thatstudies i
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vertebrate nerve probing biophysical phenomena, whether for INI or INS, would benefiidrecontact
irradiation so that the temperature distribution can be simultaneously monitored.

Chapter V resulted in a surprising finding: the identificationnaf tlifferent regimes of the block
length. The fitted piecewise equation demonstrated that: 1) BL below 1.15 mm fell within a regime where
increasing the BL leads to a drop in the fifty percent probability of inhibitigs) éhd 2tFWHM above
1.15 mm fell within a regime where increasing the &H not significantly change th&so. This was
observed for all conduction velocity populations of neurons. Initial skepticism hypothesized that this second
regime was an artifact of the experirtedrsetup; however, the effect persisted when using hot saline to
provide a thermal block instead of laser irradiation. Further, the data from Chapter IV corroborate the results
from Chapter V. Chapter IV showed that the advantage of 2 fibers was a ~28158ton in the maximum
temperature rise. Applying the piecewise equation developed in Chapter V to the FWHM of heating
measured using magnetic resonance thermometry in Chapter IV, a ~21.9% reductienvauld be
predicted by using 2 optical fibers. i§tstudy has important implications further than INI, as evidenced by
this hot saline validation, since other neuromodulation modalities apply heat along axons to block
propagating signals. In ultrasound neuromodulation of the peripheral nervous sysstet, fitlly clear to
what degree inhibition is due to a mechanical mechanism or a thermal mechanism. If temperature plays a
role in ultrasound inhibition, then it is expected that BL effects should be present and that two regimes of

BL should be observe&imilar consideration should be applied to RF heating of axons.

6.1.2 Major Conclusions

The high temperatures required for INI which limited its potential for-temngn therapeutic use
was the motivation for the work performed in this dissertatidre Work contained in this dissertation
highlights methods of improving the targeting of neurons for infrared neural inhibition. Optimization of
laser irradiation is possible through computational modeling of ofitieainal interactions in tissue. At
INI wavelengths, scattering dependent changes in the temperature distributielatarely small when
consideringt he rafgeiable in neural ti ssues, but t hese
conclusion from Chapter lll is that, except forsipecific circumstancescattering cannot be ignored,
and a Monte Carlo simulation is needed to simulate the light distributionwWhile not able to neglect the
contribution of s dmaythesufiicierd to aparaximats the tissaet carapondlly, €
and the results of this dissertatiazan be usedo understand the error present in an optieatrmal

simulation.

160



Optimization can also take the form of selectinggtaperBL. Importantly, the results of Chapters
IV and V suggest that thee is an optimal block length to apply INI that will minimize tissue heating
and will minimize the volume of tissue heatedror the slowest neurons, a block length of 1.145 would
target the minimum temperature for a 50% probability of inhibitiog) (@t 3°C. Since the measured
FWHM for two optical fibers was ~1.10 mm (measured with a spatial resolution of 0.055 mm) not much
more of a reduction of the temperature is possible. Thus, two adjacent optical fibers or an optical fiber
diameter that results in&l.15 mmtFWHM would optimize the BL for INI in thé\plysia minimizing
both the temperature for inhibition and the volume of tissue heated

Future INI studies should consider the BL when designing experimental protocols. A similar
investigation in verterates must provide optimal block length and the minimum temperature for inhibition
in C-fibers. If the INI threshold at minimum BL is greater tharfGF2 then a maximum duration of
application must be imposed on INI for safe performance. Furthermore, this minimum temperature for INI
in mammals will dictate if other strategies of minimizing the temperature rangdooving neural targeting

may be needed which will hegducidatethe overall viability of INI as a therapeutic technique.

6.2 Future directions

6.2.1 Computational Investigations

Based on the results from Chapter lll whereitwasncl uded tHatressiumati ed e
simulate temperature distributions, optittaérmal modeling can now be performed for specific INI
applications with the b#storavahéabl esaepodxi mateir g
advantages of using IR irradiation to elicit heat block is that light can be focused down to diffraction limited
spots allowing for extreme spatial specificity of the energy deposition. Therefore, specific targeting of a
small number of axons within nerves, afrsingle neuron cell bodies in ganglia is theoretically possible
with proper beam shaping and laser application. Optical scattering and thermal diffusion reduce the spatial
specificity of INI by spreading out the heat. Computational modeling of the tatapedistribution is one
way to optimize how light should be applied to achieve this specificity and understand targeting limitations
due tH Ohetdéi ssue and ther mal conduction. Focusi nc
much more cofined distribution of the heat source, leading to more targeted heat application. Interestingly,

the results from Chapter V may suggest that, despite the high spatial specificity, targeting small regions of
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axon would greatly increase the temperature re&manhibit. Perhaps specific targeting of axons within a
nerve would benefit from spatial thermal confinement radial to the axon and thermal cfpffeatieato

tFWHM = 1.15 mm in the axial direction to take advantage of the effect of BL. Computatiodaling

could optimize laser parameters needed to achieve this. Practically targeting a single axon in tissue would
require anatomical imaging to track axons and potentially complex hardware to shape the beam accordingly
andis likely not be feasible ira clinical setting. Further experimental investigation would be needed to
identify the feasibility, but computational modeling would at least assess feasibility of the basic physics of
performing thigechnique.

By coupling these opticahermal models wit a NEURON simulation of action potential
propagation, the biological response of tissue can be estimated. With the development of a more adequate
approximation of action potential dynamics at elevated tempergtunese confidence exists in g
computational neurological predictions. A coupling of these models has already been performed by
Gangulyet al (in preparation®, which highlights the predictive potential of these simulations and how 3D
coupled simulations can predict thgatia distribution of inhibied axonsIn addition, an assessment of the
potential for thermal damage can be incorporated, as shown in Ganglily

Last, the context in which this dissertation was written calls attention to the importance of
computational modeling in the time of limited experimental investigations. Most th#tevriting of this
dissertation and the defense of this thesis took place duringetfiening of theCOVID-19 pandemic,
resulting in the selfsolation of people arnd the world. Institutions have been closed, andassential
research activities have been halted. Often times, the low cost, rapid optimization, and reduction of animal
usage are touted as the main advantages of computational modeling prior to expeexrpboration. This
pandemic raises another major contribution: that computational modeling provides an outlet of
investigation towards prior research goals in the time of crisis when social distancing is required, and
research facilities are inaccedsitExperimental investigation since the beginning of this pandemic has
become much more scrutinized, and greater detail now goes into the planning of each aspect of an
experiment sinceth ab time is | imited and i natexethesulsyofand i n
computational modeling is even greater so that experiments are properly planned out and experimental
parameters are properly understoAdvorthwhile goal may be creating an open source modeling pipeline
for simulating phenomena retat to INM which would aid others in properly developing their
experimentationA computational workstation capable of running computationally large geometries and
performing computationally intensive simulations was purchased with dienigdrocessor andigh-end
graphical processing unit, both of which are modular and can be upgraded. The optical, thermal, and neural
components of the simulation pipeline already exist separately on the machine, but all require generation

of their own geometries optimizéolr the specific simulation type and must be called separately. A pipeline
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that allows generation of one geometry that then optimizes voxel, mesh elements, neuron computational
segments, etc. and links the output of one simulation to the next would gidatiythe userfriendliness

of these coupled simulations. Predefined common geometries could be available for ofher lmsiéat

upon based otheir ownneeds Dr. Mohit Ganguly conducted the critical early work of developing a
NEURON mechanism that tier predicts the temperature dependence of neural conduotiorporating

this mechanism intosimulation pipeline would significantly lower the barrier to entry for labs performing

INM to perform computational modeling as a means to optimize setdpexatore mechanistic questions.

In addition, developing the NEURON mechanism to properly incorporate infrared neural stimulation would

help provide a more universal wunderstanding tempe

6.2.2 Mechanistic investigatia

The emergence of multiple trends in response to different regimes of BL is curious and invites
investigation.Based on sparse evidence from prior simulations in litefatutiee effect of block length
may saurate at longer tFWHM. If this is true, it would explain why any change ofdhweith the tFWHM
was not detectable at longer block lengths in Chapter V. One curious aspect of the trend identified in this
dissertation is that the transition between thartsregime and the long regime of BL occurs very quickly,
and a piecewise function that is discontinuous in dT/d(tFWHM) better fits to this trend than an exponential
decay. The other striking trend is that, while the long regime was not significangisediffrom a flat line
in both the laser heated and perfusion heated experiments, all 6 of the linear regressions (slow, medium,
and fast conduction velocities for the laser and perfusion heated experiments) demonstrated a positive slope.
Because of thedwvo occurrences, | hypothesize that there are actually two competing effects at play here,
one that reduces thegWwith greater BL and another that increases thavith greater BL. This first effect
would be the one highlighted in Chapter V where theperature dependence of voltage gated potassium
channels coupled with inhibition being an axon surface area effect leads to lower temperature for longer
lengths of heating. In the shorter regime, the first effect dominates, and a reductipisis€Enin the
longer regime, the first effect becomes saturated as predicted by the literature, and the second effect
becomes dominant, leading to a gradual rise in the temperature for inhibition with greater BL. First, a real
trend of increasing sp with greate tFWHM in this longer regime needs to be established. This can be done
by using denser tFWHM sampling and a greater sample size. Also, the range of tFWHM tested should
extend to even longer values. If a trend does exist, then mechanistic studies mbg fissformed

computationally prior to experimental validation, similar to the initial probing of the mechanism of INI.
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My hypothesis for the mechanism underlying why increasing the tFWHM reduces the temperature
for inhibition (up to a point) is that, sie the voltage gated potassium channels are situated in the axonal
membrane, recruiting a greater length of membrane will recruit more channels, which will lower the needed
contribution from each individual chann&xperimental validation will eventuallye neededo test this
hypothesis. Direcineasuement ofthe contribution of sodium and potassium currehtsng application
of INI with different BL would be the ideal way to perform this validation, buingracellular patch along
an axon that ialso being heated is likely not practical or possiBlstudy of indirect observations may be
sufficient to draw conclusionghough Gangulyet al describes a-8hamber dish that applied channel
blockers to a middle region of nerve where INI was sinmagitausly applieqAppendix A) A hybrid setup
between Gangulgt al and Chapter V of this dissertation would be needed to partially expose the top of
nerves to allow free beam irradiation and thermal imaging, while the partial submersion of the bottom half
in media allows application of pharmacologic agewtih this setup, voltage gated potassium and sodium
currents can be abolished with tetraethylammonium and tetrodotoxin (or choline), respectively. A set of
data similar to that gathered in Chapter Vldainen assess how the BL trends change with blocking of
different ionic currentdJnfortunately, the experimental setup using the perfusion chamber was not suitable
to test block lengths less than 1 roectauséhe size of the thermistdid not allow smadér chamber lengths
and because the greater flow resistance which is induced by the narrowing the chamber length resulted in
most of the saline flowing through an alternate path, bypassing the @@ereoming this limitatiorcould
be possible by constrticg a microfluidic device that could apply specific lengths of heating along the

nerve.

6.2.3 Different threshold for different heating modalities

One secondary observation of Chapter V is that measured temperatures for inhibition were lower
using theheated saline approach than laser heating. This can be explained to a large degree from the
difference in temperature sensing method. The thermal camera measured the temperature of the nerve up
to ~ 80 em deep. Fr om t hexinmumtemetaturgiadxpectad toioatur jGsh a pt e |
under the surface of the tissue. Therefore, the measured temperature is very close to the maximum
temperature experienced by the tissue,tbigtwill be hotter than the temperature at the axons since the
nerve & surrounded by a collagenous sheath. When perfusing hot saline, the temperature with depth in the
nerve is expected to be more uniform, so surface temperatures are more representative of the entire cross
section of axon. The temperature in the dish wassmed using a thermistor which was a ~ 1 mm diameter

cylinder that was ~2 mm in height. This large sensing area means that a relatively large volume of water
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was averaged over. Additionally, depths above and below the nerve would have been probedbecause
the heighof this thermistorlikely leading to an underestimation of the temperature. This is all to point out
that it is not surprising that a temperature discrepancy was noted between the two sensing modalities.
However, a study has not been perfechaomparing the temperatures needed for heat block across different
heating modalities, and this may yield some insight into whether applying block with hot media results in
lower threshold temperatures thahen applyingNI.

6.2.4 Vertebrate validation of BL

Studies performed in vertebrate nerve are needed to confirm the identified trends with block length.
It is possible that the effect &L may not be consistent between invertebrates and vertebrates due to
physiological differences such as the eliéint complement of ion channelsd the presence of myelin
Initial investigation should probe this effect infilBers. Not only can this put BL in the context of pain
management, but-@ibers are the most likely population of neurons to demonstrateilarsBh response
because of their lack of myelination and comparable axon diameters to the slow CV populstiysia
The sciatic nerve has proven to be an effective target to explore INI and INS, and would again provide a
good model system to explddd in mammals. The trunk of the sciatic is too short to adequately stimulate
and sense {@ber activity. The electrical stimulation artifact is too high amplitude and not enough
propagation distands presento separates the stimulation electrode fromrdétording electrode, leading
to a large artifact that covers up much of the neural signal. Even if the artifact was minimized, the small
propagation distance does madibw for enough signal dispersiongeparate the @iber signal from motor
and myelirated sensory neuron signals. Therefore, a longer length of nerve is needed. Electrical stimulation
of distal nerves in the leg, such as the tibial or sural nerves, and electrical recording in the sciatic nerve or
at spinal dorsal roots would provide enosgbaration to sensefiber contribution to the compound action
potential if a high enough signal to noise ratio (SNR) is achievable. This could be performed on excised
nerve setupor in vive®, and may require impaling the tissue for adequate $WR-contactirradiation
would again be needed with thermal imaging to repeat the study from Chaptearddldtbe informative

to further investigate the effect that myelin has on inhibition thresholde@mdnyelination impacts the

effectofBLby repeati ng t hi s asdtewertyally foomotorhéurofisi ber si gnal s
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6.2.5 Clinical Feasibility Considerations

The clinical feasibility of INI depends on whether it can be applied without damage for a therapeutic
use. There are currently no universal rules on temperature rises allowable for FDA approved devices as
each device is assesgmtula case by case basis. Obviously, lower temperatures are better, but the question
remains what amplitude of temperature rise can be applied therapeutically. It has been shown that
temperatures need to rise to at leaSC4® evoke a damage responséissué. The relationship between
temperature, time, and damage probability are captured by approximating the accumulation of damage as
a chemical reaction using the Arrhenius mad€his model shows an exponential relationship between
damage and temperature, and a linear relationship between damage and time of heating. For example,
necrosis in human skin will result from heating td@4or > 300 minutes but will occur in less than a
minute at 58C?. This information can be used to inform acceptable heating protocols for INI. Because, in
mammals, damage requires temperature$2X€, any heating that is limited to 4Grise (over a 3T
baseline) would likely be considered safe for long term use, with the appropriate safety studies, of course.
Some evidence suggests that limiting INI td@ &se is possible. Conduction blockmotor signals in the
rat sciatic nerve was achieved at ~°6.2is€ and INI of the smallest diameter axons in the musk shrew
vagus nerve was achievable with <Z9ris€. Unfortunately, there are a few pitfalls with these
measurements that likelyuph the true temperature rises at INI threshold above fiizréfge. First, for
the rat sciatic nerve, a thermal camera with 0.3 mm pixel size was used which averages over a large surface
area of tissue. The temperature distribution shown throughotitésis, both simulated and experimentally
measured, show how greatly the temperature can vary over 0.3 mm. Additionally, the tFWHM from an
optical fiber (as measured in aims 2 and 3) constitutes only 2 to 3 pixels on this camera; thus, it is very
likely that the maximum temperature rise being applied to the tissue in Duke et al. 2013 is wellP@bove 5
On the other hand, this study inhibited motor units, so it is expected that needed temperatures for inhibition
of sensory neurons will be lower than whatuiegd in Dukeet al, but it is not clear how much so. INI
applied to the musk shrew presents the strongest evidence that sustained INI can be applied safely for
clinical applications. It is likely that the 2°@ rise measured in Lothet al.is an undegstimate of the true
temperature because emissivity corrections were not applied to account for the loss of signal through the
glass imaging window during thermal imaginghis would likely result in no more than a doubling of the
measured temperature rise, réisglin a rise of ~5.8C. Thus, inhibition of fine vertebrate neurons may be
possible at temperature thresholds beloWC43Vhile this is not below the goal of 42 this does mean
that irreversible damage would take much longer to devabomgpared to applying temperatures ofG5
(an 18C rise). Lotheet al also does not account for optimizing the BL, and therefore this temperature rise

may be further reduced.
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Damage studies will be needed to make any real claims about the clinidailifgaiboth short
term and sustained INI. Initial experiments should take place in animal model. Experiments which assess
thermal damage using tissue staining and histology will be required for FDA approval. Once mammalian
studies are performed, tissusisould be fixed for subsequent damage analysis. A study applying the
Arrhenius model to either histological or functional damage could greatly aid in the understanding of laser
parameters that will be therapeutic.

Taking the previous discussion into aceuNI appears feasible as a clinical neuromodulation
modality, but has some major barriers that need to be addressed, most notably from a safety perspective.
The temperature rises that are required in invertebrates that were measured in this thegsusig oot
acceptable to apply in humans for the purpose of INI, but it is also clear that these the amplitudes of these
temperature rises do not reflect those that are required in mammals. What this thesis does present is a route
by which to further redce the temperature rise below what was measured in vertebrate studies by

optimizing the BL and using computational models to improve irradiation techniques.

6.3 Protection of Research Subjects

No humans or vertebrate animals were used for the enclaskdAplysiaare invertebrate animals,
and thus do not fall under the purview of the Institutional Animal Care and Use Committee (IACUC). Care
was taken to ensure the humane treatment of these animals. All surgeries were performed using the

generally acepted anesthetic measures for these animals.

6.4 Significance and Societal Implications

This dissertation yielded various results about improving targeting of neurons during INI to address
the current temperature rise thresholds that will be probiermaitclinical implementation. To the best of
my knowledge, this was first the systematic study that assessed the effect of scattering on the temperature
distribution for biological tissues. Many prior studies have assessed the effects of heatingatietiegs
coefficient, but not vice versa. Much emphasis in the literature has been placed on understanding light

distributions in scattering dominant conditions as this is the primary regime in the VIS and NIR spectrum
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withint i ssue and iesttimgompmrebfiiemt erThi s di ssertation
an absorption dominated regime is not negligible and does play a role in the laser heating. The results of
this investigation call s i nt o dsribusionofabsorbedpbotonss e o f
for certain applications. This analysis can be extended to other applications and other wavelengths where
the optical properties of interest exhibit a 2 to *ibles greater absorption coefficient than scattering
coefficent ; however, an anal ysandwaté bave dobf bereeptun
than what was used in the present study.

Considering the role of scattering during INI, care must be taken to understand how the optical
properties offe tissue in a given setup will affect the light and heat distribution. Conversely, hothever,
optical properties of the tissue, in conjunction with the wavelength, and the irradiation methodology
can be specifically chosen to select the heated voluniée relative amount of scattering can be chosen
by selecting the wavaedl evhagltuhe sr eogcileti@mmsidamge cdehpegedlsias Oe r
the 18601875 nm range; however, the effect of optical scattering on the temperature distributicglys larg
negligible between these wavelength regimes, but will become slightly more of a factor if wavelengths with
lower absorption are chosen. Ultimatédy INI, the 1450-1470 nm and 186@L880 nm ranges should be
considered functionally the same wherassessig the temperature distribution (when irradiation is
long enough for thermal diffusion)if the absorption coefficient is matched. The absorption can be tuned
by selecting a wavelength from within each range. Lower absorption will result in deeper penetration of the
heat and greater absorption can be chosen to result in more shallow hegditignally, the optical albedo
can be selected to choose how bulbous the heat distribution is. The irradiation paradigm can be chosen to
either confine the maximum temperature to the surface-¢ontact irradiation) or create a temperature
maximum at a épth (contact irradiation). One caveat is that this all assumes that laser pulse trains are long
enough in duration for thermal conduction to occur. In addition, this is less applicable for plated cells
because the imaging media during experiments wik hagligible scattering regardless of the wavelength
used.

Based on the literatur@vailable in the field of axonal heatinGhapters IV and V were the first
studies that have considered #ifect of heating lengthn neural conductior®ne barrier to gxdoring this
effect may have been the lack of experimental techniques available to alter the length of heating with high
spatial resolution while simultaneously measuring the temperature distribthisrdissertation may serve
as astartingpoint of howto go about probing thesemperaturealistribution effects since there are other
aspects that could be interrogated (e.g. the effect of the spatial thermal gradient). The importance of this
type of investigation extends to ultrasound and radiofrequ@iEyneuromodulation because increase
in temperature has been associated with both techniques. Thus, the revelation that the distance of axon

heated alters temperature thresholds maysssee to inform optimizationltrasound and Rparameters.
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This alsoraises the question of what other length effects may exist, such as with the d&ogth
experiencingnechanical effects during ultrasound neuromodulation.

Chapter V developed a new setup for simultaneous monitoring of electrophysiological signals and
temperature distributions. The field of INM has long relied on measuring radiant exposure thresholds and
using these as the important parameters when targeting stimulation or inhibition in neural tissue. Ultimately,
it has been determined that INS and IN# due to thermal effects, and therefore the temperature and the
thermal gradient (temporal and/or spatial) should be reported for each study. Temperature investigations
often times take place separately from the neurophysiological endpoint, but thisseaa groblem when
experimental conditions cannot be replicated adequately during thermal investigation. For example, in
Chapter V, it was noted on the thermal camera that cooling of the tissue sometimes occurred primarily in
one direction along the nerviaterrogation of this showed that the effect was due to not allowing enough
time for the saline to clear from around the bottom of the nerve which created a flow that convectively
cooled the tissue. Looking back at trials where this flow occurred showeddhsistently higher laser
powers were needed to elicit INI despite the maximum temperature being approximately the same between
trials with and without flow. If this study first quantified the radiant exposure threshold and then measured
the temperaturehis phenomenon would not have been identified, and this would have resulted in a higher
temperature estimation. The methodology developed here can be adapted for other setups, but the take
home message for the field is clear, that more attention nedwasdllotted to the temperature at the time
of stimulation/inhibition. Radiant exposure may continue to be the guiding parameter for certain
applications such as for clinical implementation, but the work in this dissertation makes clear that a better
undestanding is needed of the temperatures/temperature gradients being induced to guide targeting of INM,
and this fundamental thermal understanding can then be used to inform the radiant exposures used.

Multiple hurdles still exist towards developing INI aslinical technology. The jury is still out on
whether it will be a viable neuromodulation method for sustained therapy in a human due to the problematic
temperature risesbut results from vertebrate animal studies suggest that clinical INI is viatile if
irradiation parameters can be optimizddhis dissertation took the first step at tryingofgtimize these
irradiation parameters by taking adv.ddentfgingeheof t he
presence of a BL effect provided alrparameter to modulate the temperature for therapy. Optimizing the
BL demonstrates a concrete value to target when designing research and clinical neural heating devices.
Since temperatures for INI in thigplysiaare not representative of those needeamammals, it is unclear
whether optimizing BL will be sufficient to move INI into the realm of clinical viability. Even if this is not
the case, this dissertation was able to address one parameter in a large parameter space of irradiation
Factors such ashe pulse protocol, focusing of light, superposition of beams at a depth in tissue,

heating and cooling used together should also be tested to lower the temperature needed for INI and
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to reduce the amount of heating outside of the targeted locatiod\pplicdion of glucose has already
been implicated in reducing the radiant exposure threshold needed for indu¢hddse methods may

be employedin tandem with optimized BL and with eaotherfor a synergistic effect that may further
reducethe thermal load on neural tissiiture optimization studies in mammals will help identify the
feasibility of INI as a clinically viable therapy, and because of the work in this dissertation, future
researchers will know that optimizing the BL will help limit the temperature applied tssue.
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Appendix A

Voltage-gated Potassium Channels are Critical for Infrared Inhibition of Action Potentials:An
Experimental Study

A.1 Abstract

Thermal block of unmyelinated axons may serve as a new modality for control, suggesting a means
for providing novel therapies for pain. Computational modeling predicted that potassium channels are
necessary for mediating thermal block of propagating comgp@ection potentials (CAPs) with infrared
(IR) light. This study tests that hypothesis. Results suggest that potassium channel blockers disrupt the
ability of IR to block propagating CAPs #plysiacalifornica nerves, whereas sodium channel blockers
appeato have no significant effect. These observations validate the modeling results, and suggest potential

applications of thermal block to many other unmyelinated axons.

A.2 Introduction

Precise control of neural activifpeuromodulation) is a challenge that has major scientific and
clinical applications for treating and managing symptoms and conditions that are neuropathicin origin
Electrical methods of neuromodulation have been used for some time, but suffer from disadvantages such
as lack of selectivity, surgical complications, demigration, lead breakage, MRI incompatibility, and
tolerance buildug® There is a need for an alternate modalitp@iromodulation that can mitigate, if not
completely eliminate, these disadvantdges

Use of infrared (IR) irradiation on nerves could be one such method. It has been shown that infrared
light can be used forxeitation®° and inhibition of nerves”** The technique of infrared inhibition of
nerves is spatially preciSeand can be targeted to selectively inhibit axons of smaller diarffetdiise

ability to target axons of small diameters helps motivate IR inhibition as a modalitgath target finer
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sensory fibers carrying vital feedback information (e.g., pain, pressure, and temperature sensitivity).
Understanding the mechanism of action of IR on nerves is critical to exploit the potential of IR inhibition
as a clinical modalityand optimize its parameter space. It has been shown that heating caused by IR
absorption of nerves is responsible for inhibittf. From simulations using Hodgkin Huxley based
computational modet§'® we hypothesize that the mechanismderlying infrared inhibition of action
potentials is a thermalgriven accelerated activation of voltagated potassium ion channels. This paper
tests this hypothesis by studying infrared nerve inhibition in unmyelidgtbgianerves in the presence

of voltagegated ion channel blockers.

A.3 Methods

A.3.1 Animal preparation

After anesthetizingAplysia californica(250-350 g, Marinus Scientific, Long Beach, CA) with
isotonic magnesium chloride (333 mM, 50 % body weight), the right pleural abdominal (PA) nerves were
dissected out and suctioned into extracellular recording electrodes to record their electropbgkiologi
response. The nerves were maintained in room temperature (C)>2@lysiasaline (460mM NacCl, 10
mM KCI, 22mM MgCl, 33mM MgSQ,, 10mM CaCh, 10mM glucose, 10nM HEPES, pH 7.6) which
was modified depending on the type of experiment (see beld@asurements using a calibrated
microscope done in the laboratory show that the diameter éftlysiapleural abdominal nerve is 253.09

° 144.70mm in diameter (N = 12, for animals ranging 25009 in weight).

A.3.2 Experimental setup

Nerverecording &ctrodes were made by hapdlling polyethylene tubing (1.2hm outer
diameter, 0.86nm inner diameter) over a flame and cutting them to the desired diameter. Recording
electrodes were suctidiiled with Aplysia saline prior to suctioning the nerve. Nerve signals were
amplified (x10,000) and barplass filtered (30600Hz) using an AGcoupled differential amplifier
(A-M Systems, Sequim, WA), digitized using an Axon Digidata 1440A digitizer (Molecular Devices,

SanJose, CA) and recorded using Clampex computer software (Molecular Devices, San Jose, CA).
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Monophasic stimulation current was supplied by a WPl A365 stimulus isolator (World Precision
Instruments, Sarasota, FL) for all experiments (stimulation paramets®? current,t, = 2 ms, 1
Hz). The IR block was produced by a tunable diode laser (Capella Neurostimulator; Lo¢kheed
Aculight, Bothel I, WA ) i douplecato av@&/ne | ceingmert eorf rmwu I=t |
optical fiber (Ocean Optics, Dunedli FL). The optical fiber was secured in place using
micromanipulators. The laser was triggered at 200 Hz withr@0pulses for all experiments. Radiant
exposures per pulse at the fiber output were calculated after measuring the power output using a power
meter (Molectron EPM 2000, Coherent, Santa Clara, CA). The optical fiber was maintained in contact
with the nerve surface for all irradiation experiments (Figure A.TAg energy range used in the study
was 215.29 19.55 mJ/crh per pulse

A specially designed chamber was fabricated for our experiments. The chamber (Figure A.1B)
consisted of 3 sections, and was 3D printed on a Form 2 printer using black Formlabs Standard Resin
(Formlabs Inc., Somerville, MA, 56m layer height). The sectiongithin the chamber were separated
using 3D printed partitions (made of Hewlett Packaiirdensional High Reusability PA {Polycyclic
Aromatic} 12 to provide finer detail). Resin was used for printing, since it provided a good balance between
quality and ost. For the experiments described in this paper, the width of the middle s&stidtigure
A.1) was maintained between 235mm. This width is small enough to allow passive currents to propagate
past the middle chamber andinitiate action potentialsgven in the presence of voltagated sodium ion
channel blockers. The width was also large enough to allow reliable placement of the optical fiber in contact
with the nerve. Leaking was minimized by brushing the edges of the partitions with bioconyasitliee

(Unilever, London/Rotterdam) petroleum jelly to provide a good seal.

A.3.3 Channel blockers and inhibitors

To test hypotheses derived from computational modeling stfidies used a blocker of voltage
gated potassium ion channels (Tegthyl chloride, TEA), and a blocker of voltaggmted sodium ion
channels (Tetrodotoxin). The formulation for TEA saline wa6 mM NaCl, 50 mM TEA, 10nM KClI,
22mM MgClz, 33mM MgSQ;,, 10mM CaCh, 10mM glucose, 10nM HEPES, pH 7.82° Prior
studie$®*°have shown that TEA blocks both voltage dependent affch@aliated potassium channels and
disrupts potassium currents AplysianeuronsA solution of60 nM of TTX saline solution (TTX, Enzo
Life Sciences Farmingdale, NY) was prepared by addingnd00f 1 mM TTX normalAplysiasaline

solution to make a final volume of 10 mL. The concentration of tetrodotoxin in saline was chosen to be
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Figure A.1: Experimental setup (A) Schematic of experimental setup, which consists oAplysia pleural
abdominal connective nerve in a thhdienensional chamber that consists of three sections (1,2,3). The sections
at the ends (shown in blue) contain normal saliftee section in the middle (2, colored red) contains saline
solution with or without ion channel blockers. The nerve is irradiated with infrared laser radiation delivered via a
fiber optic in the middle section. Suction electrodes at the ends of the alenwefor stimulation and recording

of compound action potential@Dx = 2.57 3 mm).(B) A schematic showing the layout of the nerve chamber with
dimensions.
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