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Chapter I 

 

 

Introduction 

 

 

1.1 Motivation 

 

 

Neuromodulation, the external control of neurons and their signals, is a field that has been of 

interest for decades 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 system, whether for basic 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, light-based neuromodulation techniques have been developed which offer greater spatial 

specificity than other methodologies. Relatively new among these is using infrared laser irradiation to block 

the propagation of neural signals, called infrared neural inhibition (INI), as first described in 20131. The 

advantages of INI are that it offers high spatial precision of inhibition 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 cellular and systemic 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 that neurological disease play on our society. One area of interest is the problem of 

chronic pain, defined as persistent pain for longer than 3-6 months. This is not a specific neurological 

dysfunction, but encompasses a broad spectrum of potential disease states resulting from a myriad of factors 

such as underlying disease2, chronification of pain related to injury3,4, medication rebound or overuse 

pain5,6, and immune-related complications7,8. Examples of diseases associated with chronic pain include 

chronic back pain, rheumatoid arthritis, endometriosis, chronic headaches, irritable bowel syndrome, and 
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chronic fatigue syndrome9, to name a few.  It is estimated that 3-4.5% of the global population suffers from 

neuropathic pain with incidence rates increasing with age10. In the United States, an estimated 20% of adults 

are living with chronic pain, with 8% of adults having high-impact chronic pain that limits life or work 

activities11. A National Academies report from 2015 estimates the economic burden for treatment and lost 

productivity to be $560-635 billion12.  

Treatments for pain act to inhibit the propagation of pain signals to either block their transmission 

to the central 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; however, increasing evidence emphasize the deleterious effects of 

prolonged opioid use, including abuse, overdose, and increased risk of fractures and myocardial 

infarctions13,14. Over prescription of opioids in the United States has led to their widespread use in what has 

been called the “opioid epidemic”, a period of 16 years over which the rate of overdose deaths involving 

opioids has nearly quadrupled, where now opioids are responsible for 6 of every 10 overdose deaths15. This 

trend is demonstrated in Figure 1.1 from the Center for Disease Control and Prevention’s webpage on the 

opioid epidemic16. In response, the NIH Pain Consortium put out a call for proposals for research into non-

pharmaceutical pain-management17, and a major national push has started to better understand the central 

and peripheral nervous systems and develop novel biological targets and clinical devices for pain 

management that do not rely on opioids, as outlined in the NIH HEAL (Helping to End Addiction Long-

term) Initiative.  

Non-pharmacologic, device-based methods of modulating activity to alleviate chronic 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 skin or 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 poor specificity18–23. SCS in 

particular can suffer from >30% of devices being explanted over 5 years, where 20% of all devices are 

explanted due to inadequate pain relief24 (Figure 1.2). Conversely, optical methods have shown to be 

spatially precise and do not interfere with electrical recordings25,26, thus their compatibility with pacemakers 

and MRI scanners is expected. These optical methods, which include but are not limited to optogenetics27, 

chemical uncaging28, and infrared neural modulation1,29, 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 decades30, and has made the jump 

to clinical implementation through RF based heating31,32 and clinical trials for ultrasound 

neuromodulation33. Thermal modulation may be advantageous for a number of reasons, including: 1) 
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Temperature can be applied non-invasively, 2) thermal techniques do not necessarily require contact with 

tissue (e.g. laser heating), 3) while heat conducts through tissue, it propagates much slower than electrical 

current spread in tissue, potentially allowing for greater spatial localization, and 4) thermal modulation 

works through different mechanisms than electrical techniques and may not experience the same type of 

tolerance effects nor electrical toxicity effects. While the effect of temperature on neural conduction has 

been probed30,34–37, 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.  Thermal 

neuromodulation has been applied through radiofrequency (RF) heating31, ultrasonic heating38, and laser-

induced heating39,40; however, complicating these thermal effects are concurrent electrical, 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 

neuromodulation1,29, and irradiation with these wavelengths almost exclusively result in tissue heating since 

they are highly absorbed by water41, are too low in energy to induce photochemical effects, and operate in 

a pulse parameter regime that is not stress confined42 (i.e. pressure in the tissue 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 discussed, INI is the regime of INM  that results in block of neural signals by properly 

selecting laser pulse parameters1. This infrared optical technique has the potential to result in the 

development of a novel method of managing chronic neuropathic 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 

temperatures43, which motivates that INI may be well suited to inhibit pain signals that typically are 

conducted to the central nervous system through small diameter axons44. Prior to clinical implementation, 

a clearer understanding is needed of the fundamental laser-tissue interactions. Primarily, investigation of 

these interactions will aid with targeting different neurons within bulk tissue in a therapeutic and non-

damaging way 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 implemented in acute studies in Aplysia californica1,43,45, 

crayfish46, rat1, and musk shrew43 demonstrating a reversible and non-damaging 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 * time) applied to the 

tissue will be needed47,48. 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 applying the temperature such 

that only regions targeted for inhibition are heated, with minimal heating outside the region of interest.  
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Figure 1.1. Opioid related deaths during the opioid epidemic. Reprinted from the CDC website16. 
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Figure 1.2. Rate of spinal cord stimulator explants. Cumulative probability of explant using the Kaplan‐Meier 

estimator. Panel (a) shows estimated probability of unanticipated explant for any reason, while panel (b) is probability 

of explant for inadequate pain relief. Reprinted from Van Buyten et al. 2017 24. © 2017 The Authors. Neuromodulation: 

Technology at the Neural Interface published by Wiley Periodicals, Inc. on behalf of International Neuromodulation 

Society. This is an open access article under the terms of the Creative Commons Attribution‐NonCommercial License, 

which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is 

not used for commercial purposes.  
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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 tissue gets during 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 applied in situ with 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 referred to as the block length 

(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 the temperature 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 quantified, and 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 clinically, 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: 

 

Specific 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, and optimizing 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 assessing laser-induced heat distributions 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 distribution. 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 ultimately affects the heat distribution 

from laser irradiation, a Monte Carlo was used to inform the heat source in a COMSOL Multiphysics 

thermal model. The results from this model were validated in two different setups, and then a parametric 

sweep across optical absorption and reduced scattering coefficients was performed. Subsequent validation 

of the trends with scattering were validated in a final set of experimental measurements. 

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

Temperature thresholds identified for infrared neural inhibition are non-damaging and sufficient for 

acute experiments; however, for long term applications, these temperatures prove problematic. It has been 

hypothesized that a relationship may exist between the applied 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 exposure thresholds 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-of 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 single fiber. 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 lengths, was constructed 

to explore the parameter space. A novel setup for performing simultaneous measurement of electrical 

activity and temperature information in Aplysia nerves was developed which allowed for determination of 

the probability of inhibition as a function 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 regimes exist. This result was 

then validated using non laser-induced heating, where heated saline was instead perfused over the nerve. 
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1.3 Dissertation Outline 

 

 

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

 Chapter I gives and introduction 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 II provides background on information necessary to understand the work conducted in this 

dissertation. Methods of neuromodulation are introduced, the physiology of pain is discussed, and infrared 

neural inhibition is defined in detail. Underlying laser-tissue interactions leading to INI are described, and 

methodologies for computationally assessing these biophysical phenomena are presented. 

Chapter III characterizes the effect of optical scattering on the temperature distribution induced by 

laser heating at INI wavelengths. Both a computational parametric sweep of the parameter space of 

absorption and scattering and a set validation studies were 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 been written up in a manuscript that is in preparation for submission to the Journal 

of Biomedical Optics (JBO). 

 Chapter IV demonstrates a proof-of-principle of the presence of a block length-dependent 

inhibition phenomenon, performed both computationally and with an in vitro invertebrate nerve 

preparation. The work presented here was published in: Ford, J.B., Ganguly, M., Poorman, M.E., Grissom, 

W.A., Jenkins, M.W., Chiel, H.J. and Jansen, E.D. “Identifying the Role of Block Length in Neural Heat 

Block to Reduce Temperatures During Infrared Neural Inhibition”. Lasers Surg. Med., 52: 259-275. (2020) 

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

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

identifies two different regimes of thermal block. This work was submitted as: Ford J.B., Ganguly M., Zhuo 

J., McPheeters M.T., Jenkins M.W., Chiel H.J., and Jansen E.D. “Optimizing Thermal Block Length During 

Infrared Neural Inhibition to Minimize Temperature Thresholds” Journal of Neural Engineering. (in 

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 neural modulation, 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 the Aplysia nerve to investigate the mechanism 

underlying INI. This work was published in: Mohit Ganguly, Jeremy B. Ford, Junqi Zhuo, Matthew T. 

McPheeters, Michael W. Jenkins, Hillel J. Chiel, E. Duco Jansen, "Voltage-gated potassium channels are 



9 
 

critical for infrared inhibition of action potentials: an experimental study," Neurophoton. 6(4) 040501 

(2019). 
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Chapter II 

 

 

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 neural conduction must be understood, since the end goal of neuromodulation 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 body, and the axon terminal1. The dendrites 

receive external information from either their environment or other neurons, and have specialized structures 

or ion channels to be sensitive to different stimuli, such as  chemical stimuli, mechanical stimuli, or 

temperature2. 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 distances to reach the signal’s 

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 the electrochemical gradient established across the semi-permeable cell membrane 

of the neuron (Figure 2.1, A). Ions are transported across the membrane using proteins (ion channels and 

pumps) in both passive and active transport. Separation of charge leads to both a capacitive effect and the 

establishment of an electrical potential across the cell membrane, and each type of charged particle, Ex, 

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

 

 
𝐸𝑥 =

𝑅𝑇

𝑧𝐹
ln

[𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑂𝑢𝑡𝑠𝑖𝑑𝑒 𝐶𝑒𝑙𝑙]

[𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑠𝑖𝑑𝑒 𝐶𝑒𝑙𝑙]
    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+, -1 for Cl- ), and F is Faraday’s constant ( F= 96,485 C/mol ).  
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Typically, only sodium, Na+, potassium, K+, and chloride, Cl-, ions are considered when calculating 

the resting potential, however calcium ions and negatively charged proteins may play a role as well1. At 

equilibrium, neurons have a resting potential of -60 to -80 mV (intracellular compared to extracellular). 

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 sufficient amplitude is applied that depolarizes a region the membrane, it elicits 

a response in voltage-sensitive channels in the membrane. Voltage gated sodium channel (NaV), initially in 

a closed state, respond to a depolarization by opening and allowing an influx of positively charge sodium 

ions into the negatively charged cell, resulting in further depolarization which recruits more NaV. The 

membrane potential approaches the Nernst potential for Na+ (+ 55 mV). The NaV quickly enter an 

inactivated state where the 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 channels (KV) causing positive potassium ions to flow out 

of the now positively charged region of the cell towards the Nernst potential of K+ (-90 mV) which 

repolarizes the cell to a state that is hyperpolarized compared its resting potential. When the membrane is 

hyperpolarized, the KV channels inactivate, and the active transport of sodium and potassium through Na/K 

ATPase bring the potential back to the resting potential. This interaction occurs over small regions of 

membrane, however, depolarization in one region of membrane elicits 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 can interfere 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 entire process relies on temperature-dependent interactions, which 

play a role in the mechanism of thermal neuromodulation. 

 

 

2.1.2 Modeling Neural Conduction 

 

2.1.2.1 The Hodgkin-Huxley Model 

Ionic 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 Hodgkin-Huxley (HH) model provides a set of equations 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 and Huxley4,5. The axon  
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Figure 2.1 Mechanism of neural conduction. A) Axonal membrane. The phospholipid bilayer membrane separates 

charge, polarizing the cell and creating a capacitance. Ions 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 voltage is reached, voltage gated sodium channel open providing the sodium current (INa) responsible 

for the rising phase of the action potential (ii). Voltage gated potassium channels are triggered which rapidly depolarize 
the membrane in the falling phase of the action potential (iii). The resting potential is reestablished using pump proteins 

(iv).  Reprinted from Luan et al.3. Copyright © 2014 Luan, Williams, Nikolic and Constandinou. This is an open-

access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution 

or reproduction in other forums is permitted, provided the original author(s) or licensor are 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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Figure 2.2. Equivalent circuit of an axon’s membrane. The current across the axonal membrane is the sum of 

component currents from ionic components traversing the membrane (Sodium (Na), Potassium (K), and leak (l)) and 

from the membrane capacitive component (Cm). Ionic currents (Iion) are driven by the separation of ions across the cell 

membrane, resulting in the Nernst potential driving force which is represented as batteries (Eion). Each ion has a 

particular conductance (gion) across the membrane, represented as resistors, and the sodium and potassium 

conductances are represented as variable resistors due to their voltage-dependence. Adapted from Hodgkin et al6 
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is modeled as a cylinder with a radius, ri, and negligible membrane thickness. The extracellular space is 

assumed to be grounded and a good conductor. Currents through the membrane are defined as either an 

ionic current (Iionic) or a capacitive current (ICm), whereby the total current through the membrane is the sum 

of the capacitive current and all ionic currents. The membrane is modeled as a capacitor (the 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)5.  

The HH model accounts for three types of ionic currents-sodium (Na+), potassium (K+), and leak 

(L) where: 

 

 𝐼𝑖𝑜𝑛𝑖𝑐 = 𝐼𝑁𝑎+ + 𝐼𝐾+ +  𝐼𝐿  Equation 2.2 

 

In Figure 2.2, each ionic current is dictated by an Nernst  potential, Eion, and a conductance, gion. 

Variable conductance is used for Na+ and K+ to account for their voltage sensitivity. Each ionic current can 

be calculated as: 

 

 𝐼𝑖𝑜𝑛 = 𝑔𝑖𝑜𝑛(𝑉𝑚 − 𝐸𝑖𝑜𝑛) Equation 2.3 

 

where Vm is the membrane potential. gNa and gK are modeled as a function of gating elements which 

represent the probability of the channel changing into either a conducting or non-conducting 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 and potassium conductance over the course 

of the action potential. When fitting the change in potassium conductance, it was found that an n4 

relationship best modeled potassium activation. Similarly, sodium activation was found to have an m3 

relationship, and sodium inactivation an h relationship. Thus, conductance is modeled by the following 

equations: 

 

 𝑔𝐾+ = �̅�𝐾+  𝑛4 Equation 2.4 

 

 𝑔𝑁𝑎+ = �̅�𝑁𝑎+  𝑚3ℎ Equation 2.5 

 

where �̅�𝑁𝑎+ and  �̅�𝐾+  are the maximum sodium and potassium conductance [conductance/cm2], 

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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 𝑑𝑛

𝑑𝑡
= 𝛼𝑛 (1 − 𝑛) − 𝛽𝑛𝑛 Equation 2.6 

 

 𝑑𝑚

𝑑𝑡
= 𝛼𝑚  (1 − 𝑚) − 𝛽𝑚𝑚 Equation 2.7 

 

 𝑑ℎ

𝑑𝑡
= 𝛼ℎ  (1 − ℎ) − 𝛽ℎℎ Equation 2.8 

 

where α and β are voltage dependent variables.  α represents the rate of transfer for each gating variable 

from a non-activated state to an activated state, while β is the rate of transfer from an activated state to a 

non-activated state. Hodgkin and Huxley experimentally determined the values of α and β in the squid giant 

axon at 6.3OC5. Both α and β values for other neural systems at other temperatures have been calculated7,8. 

A temperature dependence has been incorporated into these variables, deemed the Q10. The Q10 is the rate 

by which biological processes are accelerated when their temperature increases by 10OC, 𝑄10 =

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑇0+10

𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑎𝑡 𝑇0
  9. 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 simulation environment which provides a platform for computational models of 

neurons and networks of neurons10. Using NEURON, the Hodgkin Huxley model, as well as other neural 

conduction models, may be applied. NEURON relies on the application of the cable equation: 

 

 𝜕𝑉

𝜕𝑡
+ 𝐼(𝑉, 𝑡) =

𝜕2𝑉

𝜕𝑥2
 Equation 2.9 

 

which describes the current-voltage relationship in a one-dimensional cable11,12. 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 parameters such as the maximum sodium conductance, α 

and β for different gates, and temperature dependencies of HH parameters. NEURON has been used to 

simulate neural activity in many scenarios, including for heat block13,14. One of the parameters able to be 

modified is the temperature of each computational node. Ganguly et al. utilized the NEURON simulation 

environment to develop a modified HH model with a more appropriate temperature dependency at the 

elevated temperatures used for INI14, and the mechanistic predictions generated from this modified model 
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were validated experimentally15, which motivates that INI can be accurately computationally assessed using 

NEURON.  

 

2.1.2.3 Length Constant 

One important interpretation of the cable equation is the length constant of axons. Voltages in axons 

decay over distance when not actively propagated by NaV, and 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 governed by the length constant, Λ, which is defined as the square root of the ratio 

of the membrane resistance, rm, to the intracellular resistance, ri, (Λ= √[rm/ri] ). 

 

 𝑉(𝑥) = 𝑉𝑚𝑎𝑥 𝑒−𝑥/Λ Equation 2.10 

 

Where V(x) is the membrane voltage over the axon, Vmax is the maximum value of the voltage, x is the 

distance from where current/voltage is applied. As axon diameters increase, rm decreases due to a larger 

cross-sectional circumference and ri increases due to a larger cross-sectional area, which results in Λ 

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 the neurons 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 inhibition16. This was first determined analytically using 

the cable equation and then validated experimentally. It would also stand to reason that length dependent 

effects may exist for infrared neural inhibition.; however, 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 organisms to 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 called nociception, and thus neurons that carry these signals are called nociceptors. 

Nociceptors, residing in the peripheral nervous system (PNS), relay information to the brain via the spinal 

cord which both make up the central nervous system (CNS). Once at the brain, these signals will be 

perceived as pain, 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 disease state and intended effect. For the purpose of this thesis, it is helpful to focus on 

the peripheral nervous system because it provides and advantageous morphology to investigate the effect 

of block length since heating can be localized to axons which are organized 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 currents. 

The axons in nerves project from different types of neurons that can encode 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, through saltatory conduction17,18. Neurons with myelin are 

referred to as A type neural fibers while those without myelin are C type neural fibers. Nociception is 

conducted by Aδ and C fibers1,19,20. Aδ fibers encode for heat, cold, and mechanothermal information from 

the skin, and when activated provide the fast sensation of pain typically thought of as a “pinprick” sensation. 

Their axons are the smallest of A type neurons, 1 to 5 μm in diameter, and conduct at speeds of 5 to 40 m/s. 

C fibers, on the other hand, are the smallest diameter axons, 0.02 to 1.5 μm, and conduct at 0.5 to 2 m/s. A 

single C fiber can encode multiple modalities of pain from either chemical, thermal, or mechanical 

stimulate, and therefore are sometimes referred to as polymodal nociceptors. When activated, they are 

associated with the slow, deep “burning” pain, and account for 70% of noxious input into the central 

nervous system1. Notably, C fibers can experience a phenomenon called “wind-up” where repetitive 

stimulation of these neurons results in greater intensity of pain over time19,20. It has been suggested that this 

wind-up contributes to the development of central sensitization21–24, characterized by a decrease in the 

signal threshold at the spinal cord to elicit a painful response and an increase in response to suprathreshold 

stimuli. 

 

 

2.1.4 Aplysia as a Model System 

 

Aplysia californica has been a key experimental model in probing neural development, neural 

conduction, and memory, winning the Nobel prize for Physiology or Medicine in 2000 for Eric Kandel’s 

work with the model in learning and memory25. Advantages of the Aplysia include their large neurons and 

the robustness of their neurons which can provide upwards of 8 hours of experimental manipulation of 

excised tissues. The Aplysia is an invertebrate, and thus does not have myelinated axons, nor does it have 

a brain. Instead, the Aplysia’s nervous system is made up of ganglia which act as signal integration centers 

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 across animals26,27. 

Connective nerves run 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 and from the right pleural ganglion to the right 

abdominal ganglion. Axon diameters of neurons in the PAC range from 0.1 to >25 μm, with 2-3 μm being 

the most common diameter28,29. The left PAC (LPAC), and the right PAC (RPAC) are slightly different in 

morphology. Notably, the RPAC has two giant axons (>25 μm) while the LPAC only has one29, and the 

RPAC has more axons that the LPAC (~3700 vs ~2600)28. The length of these nerves provide plenty of 

room to test length-based effects of neural conduction along axons, and their unmyelinated neurons that are 

only a couple microns in diameter serve as a good first approximation of vertebrate C-fibers for the purposes 

of INI. 

Along with these advantages come some shortcomings of the Aplysia model. Primarily, lack of 

myelin presents a difficulty in truly understanding the biophysics of neural signaling in myelinated neurons. 

Aplysia are 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 monitored is that the exact complement of ion channels will be different 

between Aplysia and 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 Commonly Used Techniques 

 

2.2.1.1 Electrical Methods 

The current gold standard for device-based modulation of neural activity is through electrical means 

due to its reliability, repeatability, and safety. These electrical techniques rely on injecting electric current 

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 activity30,31 depending on the pulse 

parameters and stimulation hardware32. Large diameter axons are affected at lower currents than small 

diameters30,33. Electrodes can be as simple as bare 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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Figure 2.3. An example of a 360-channel high density electrode array. Reprinted by permission from Springer Nature 

[Nature Neuroscience] Viventi et al. “Flexible, foldable, actively multiplexed, high-density electrode array for 
mapping brain activity in vivo” .Copyright ©  2011. 49 
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from being completely non-invasive, such as placement on the skin 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 such as pain 

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, and potentially invasive devices for precise stimulation. Tolerance 

effects have been noted for some applications of electrical stimulation34, where more current is needed over 

time to elicit a response. Lastly, toxicity effects can be a problem if electrical pulse protocols and optimal 

hardware are not carefully considered35.  

Common pain therapies using electrical stimulation include TENS and SCS which are believed to 

work through Gate Control Theory in which afferent signals are gated at the spinal cord and signal from  

larger diameter, non-nociceptive sensory neurons will block the transmission of pain36. This idea is akin to 

rubbing a wounded area to make it feel better. Typical drawbacks for these technologies include lead 

migration, incompatibility with magnetic resonance imaging (MRI) scanners and pacemakers, relatively 

poor specificity, and paresthesia37–42.  Particularly with SCS, there is a high cost barrier and a 30-40% 

incidence of complications42. High frequency alternating current has shown potential in providing block of 

both large diameter and small diameter neurons within bulk nerve43. 

 

2.2.1.2 Pharmacologic Methods 

Neuromodulation with pharmacologic agents work by providing receptor agonists or antagonists. 

Some agents apply neurotransmitters or hormones, such as serotonin, dopamine, and testosterone44. These 

drugs act on receptors to either directly allow the flow of ion channels through the cell membrane or through 

metabotropic receptors which act through a signaling cascade in the cell. When considering alleviation of 

pain, pharmacologic agents (i.e. drugs) is often the first action since they offer a non-invasive 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 

dosage for patients. The first response of physicians is typically nonsteroidal anti-inflammatory drugs 

(NSAIDs)45,46 because of their favorable risk factors. If NSAIDs prove ineffective, treatment often turns to 

opioid analgesics which act on μ-opioid receptors. This presents a very high risk factor as has been 

identified from the emergence of the opioid epidemic47, and guidelines for minimizing the risk of addiction 

and other deleterious effects have been outlined45. Depending on the underlying reason for pain, 

pharmaceuticals such as muscle relaxants, triptans, antidepressants, and anticonvulsants can be effective46. 

Pharmaceuticals which act along the axonal membrane, such as lidocaine, have been observed to require 

higher concentrations for larger diameter axons, demonstrating a size-selective specificity48.  
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2.2.1.3 Ultrasonic Methods  

Ultrasound (US) has been recently used for both neural stimulation and inhibition50–52. US offers 

extremely low invasiveness since it can be applied through the skin and even traverse the skull for 

modulation of brain activity53. In addition, focal regions are generally on the order of 1 mm50,51,54, and it 

has been reported that specificity on the order of 100 μm has been achieved, but this drops to a few mm 

when operating transcranially55.  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 variable results53 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 mechanical and thermal mechanisms make a true 

understanding of the underlying biophysics difficult53. 

 

2.2.1.4 Optical Methods  

Optical methods have emerged in the past few decades as potential mechanisms for modulating 

neural activity. In the 1980s direct illumination of neural tissue with visible/near infrared light was shown 

to elicit an effect56–58. While inhibition of pain signals was shown, the issue 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 pain59. Neurotransmitter uncaging is 

another method of optically modulating neurons whereby signaling molecules are activated or inactivated 

by a photosensitive region of the molecule60,61. A common molecule used with this technique is glutamate 

due to its role in stimulating excitatory neurons. This technique has very high spatial resolution and has 

been used in neural circuit mapping experiments62. The 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 target neurons63. 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 frequencies. Since then, many types of 

optogenetic channels have been developed which allow for stimulation over a range of wavelengths and 

that can respond at high pulse frequencies63. Despite its utility, the main drawback of optogenetics is due 

to the genetic 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 have emerged64,65. Questions still exist about the 

underlying mechanisms for these techniques, but they provide 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 that enables highly customizable probes which do not require contact with tissue. While 

direct optical modulation of neural tissue has been studied since at least the 1980’s when heat block was 

applied optically using light in the visible and near-infrared (NIR) wavelengths58,66, 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 that Wells et al. published 

the first account of neural excitation using mid wave 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 of the 20th 

century67. In 1949, Hodgkin and Katz systematically showed the effect of different bath media temperatures 

on the resting potential and action potential dynamics of Loligo forbesi stellar nerves68.  One important 

finding from this article was that action potentials failed around 40˚C but returned when the nerves were 

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 dependent57. Additionally, it has been 

shown that cooling of nerves can result in neural block69, as well as can a mixture of both heating and 

cooling70.   

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 hyperpolarize in response to high temperatures71. Carpenter et al. showed that while the 

resting potential of neurons decreased with increasing temperature, the threshold membrane potential to 

elicit an action potential in Aplysia pacemaker cells was not temperature dependent (Figure 2.4)71. Both KV 

and NaV peak currents increase at elevated temperatures72. The duration of these currents also decreases 

with increasing temperature showing that ion channels inactivate more quickly. Additionally, KV are more 

likely to be in a conducting state at lower voltages when temperatures are increased72.  

It has been shown that both sodium and potassium current amplitudes increase with temperature, 

however potassium currents have a greater temperature sensitivity73–75 . 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 times73–75.  The reason for this greater potassium channel sensitivity to 
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temperature is likely due to KV 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 alone74. Taken 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 conducting when 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 that KV are indeed chiefly responsible to INI14,15, but 

temperature effects on other factors such as NaV or other 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 stimulation of action potentials using MWIR light (λ= 2.1-6.1 

μm)76 in the frog sciatic nerve using a free electron laser which provided a 1-1 laser pulse to action potential 

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 

spatio-temporal thermal gradient generated in the tissue due to water’s direct absorption of IR light77. The 

main advantages 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 tissue. In addition, 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 it has been shown that much of the 

effect is due to thermally induced capacitive changes in the cell membrane78,79, however, 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 was shown how direct 

irradiation of any lipid bilayer results in these capacitive currents80. Since the first set of experiments in the 

rat sciatic nerve, INS has been tested in animal models ranging from Aplysia to humans and applied for 

motor control, stimulation of the cochlea81,82, pacing of the heart83,84, stimulation of non-human primate 

brain85,86, stimulation of the cavernous nerve87,88, and stimulation of human dorsal rootlets89, to name some 

of the applications. Optimal wavelengths in the SWIR, 1440-1470 nm and 1860-1880 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 low-cost 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.  
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Figure 2.4. Resting potential and AP threshold potential as a function of temperature. (CFT- Critical Firing 

Potential) (RMP-Resting Membrane Potential). Numbers represent the order of testing. ©1967 Carpenter71. 

Originally published in Journal of General Physiology. https://doi.org/10.1085/jgp.50.6.1469 
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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 elevation 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 application is 0.5 to 1.5 seconds85. The mechanism of 

stimulation of the CNS is still under investigation since a 1-1 pulse to activity is not seen, and other 

mechanistic factors such as heat-sensitive ion channels, intracellular calcium release, and glial activation 

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 tissue optical 

window (800-1300 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 wavelengths90–92. Duke et 

al. explored the advantages of combining INS with electrical stimulation and found that the optical energy 

required for neural stimulation could be reduced while maintaining the increased spatial specificity93–95. 

The field is continuing to expand to other cell types in the nervous system including astrocytes, microglia, 

and satellite 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, Duke et al. used SWIR wavelengths to cause neural inhibition96. This initial study showed 

the utility of INI in both an invertebrate and a vertebrate model to inhibit AP generation, AP propagation, 

and muscle contraction96.  Duke et al. reported an 8OC rise associated with INI in the Aplysia buccal nerve 

and a 9OC rise in the rat sciatic nerve. In contrast to previous optical inhibition studies, the neural signal 

immediately returned when irradiation ceased with no evidence of functional damage96. Strikingly, INI was 

achieved with much shorter pulses, 200 μs, and higher repetition rates, 200 Hz, than performed for INS of 

the peripheral nervous system. By using a pulsed approach, heat is generated during irradiation of the tissue 

and thermal relaxation occurs during inter-pulse periods, and an overall temperature rise results from the 

superposition of the heating dynamics from multiple 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 neurons97. 

Evidence suggests that INI works through heat block mechanisms identified by Hodgkin and 

Kats68, and that a temperature threshold is required. Ganguly et al. developed a modified Hodgkin-Huxley 

model that added a temperature dependence to the maximum ion conductances and axial resistivity, updated 

the Q10 temperature dependency, and added a temperature dependent sodium-potassium pump to more 
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adequately capture action potential conduction at elevated temperatures experienced during INI14. This 

model was used to assess the mechanism of heat block which revealed that potassium channels are critical 

for its occurrence. This hypothesis has been validated in vitro (Appendix A) by applying ion channel 

blockers, tetrodotoxin for Na+ and tetraethyl-ammonium 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 blocked15. Dynamics of inhibition were further probed in the crayfish by Zhu 

et al. to assess temperature dependent Na+ and K+ kinetics and membrane resistance which highlighted that 

the AP amplitude recovered at a different rate than the AP duration98. 

Other phenomena associated with INI have been uncovered that may help increase its selectivity and 

clinical adoption. A size dependence was noted whereby smaller axon diameters require lower laser radiant 

exposures and lower temperatures for block (Figure 2.5)99. This directly has implications for targeting 

nociceptive signals within bulk nerve since they are chiefly transmitted by small diameter axons. Another 

phenomenon was identified by Lothet et al. when testing hybrid electro-optical inhibition, using kilohertz 

frequency alternating current (KHFAC) in conjunction with INI100. KHFAC can block conduction of neural 

signals30 but suffers from an onset response that can last longer than several seconds where many large 

amplitude, asynchronous action potentials are elicited at high frequency 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, 

demonstrating 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 nanorods that highly absorb light at 785 nm which increases 

the penetration depth of light101, but introduces exogenous agents, negating one of the advantages of INI. 

 

 

2.3 Laser-Tissue Interactions 

 

 

Laser irradiation of tissue begins a cascade of events that are dependent on the material properties 

of the tissue. These interactions 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. First, light interacts 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 previous medium or transmitted into the tissue according to Fresnel Equations102 which depends on the 

angle of incidence and refractive index of the medium, n, defined as the ratio of the speed of light in a 

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 Snells law102. Once inside the tissue light-matter 

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 

bonds102. Once absorbed, this energy can be dissipated by the release of photons in the form of fluorescence 

and phosphorescence, driving photo-chemical reactions through intra- or intermolecular energy transfer, or 

dissipated as heat. Wavelengths used for INI are too low energy to drive electronic transitions, so 

fluorescence and photo-chemical reactions are ignored, and the dominant interaction is heat generation due 

to targeting of absorption bands of water molecules. 

Optical scattering in tissue occurs from refractive index mismatches between the bulk medium and 

particles within the medium. Scattering can take the form of inelastic scattering, where a photon’s 

wavelength is changed after the scattering event from either a gain or loss of energy, or elastic scattering, 

where the wavelength is unchanged by scattering. Inelastic scattering occurs at a much lower probability 

than elastic scattering102, so for the purpose of INI, this is ignored. The amount and direction of scattering 

is dependent on the wavelength of light, the scattering cross-section of the scattering particle(s), and the 

concentration of scattering particles. Two regimes of scattering are considered: Mie and Rayleigh regimes. 

The Mie regime occurs when the scattering particle cross-section is comparable to or larger than the 

wavelength of light, λ, while Rayleigh scattering which occurs when the scattering cross-section is much 

smaller than the wavelength102.  

Coefficients are used to represent the relative frequency of absorption, μa [1/mm], and scattering, 

μs [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 wavelength dependent, and thus must be characterized at 

each wavelength of interest. In reality, μs cannot be directly measured because any sensed signal 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 angle103. The value of g can be between -1 and 1, 

where -1 means photons are completely back scattered backward, 1 means photons are completely forward 

scattered, and 0 means photons are scattered isotopically. What can be calculated from measurements is the 

reduced scattering coefficient, μs’, which is a function of both μs and g [μs’ = μs * (1-g)]. Optical scattering 

exhibits predictable trends with wavelength. Mie theory 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 scattering proportional to (1/λ4) 102. By combining these relationships, an equation can be 

developed using measured parameters that encompasses the wavelength dependent relationship of 

scattering104.   

 

 
𝜇𝑠

′ (𝜆) = 𝑎′ (𝑓𝑅𝑎𝑦 (
𝜆

500 (𝑛𝑚)
)

−4

+ (1 − 𝑓𝑅𝑎𝑦) (
𝜆

500 (𝑛𝑚)
)

−𝑏𝑀𝑖𝑒

) Equation 2.11 

 

 

where a’ is a scaling factor equal to μs’ at  λ=500 nm, fRay is the fraction of Rayleigh scattering, λ is 

wavelength in nm, and bMie 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 law, where the falloff of the intensity of light, I, at depth, z, is an exponential decay from the intensity 

at the surface of tissue, I0. 

 

 𝐼 = 𝐼0𝑒(−𝜇𝑡(𝜆) ∙ 𝑧) Equation 2.12 

 

Here, μt [1/mm], the total attenuation coefficient, is equal to the addition of the absorption 

coefficient and the scattering coefficient, (μa + μs). When scattering is negligible, this equation provides the 

distribution of light in the tissue for a collimated beam since absorption only affects the amount of light 

penetrating through the tissue and not the direction of photons. For a non-collimated beam, equation 2.12 
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can be coupled with information about the divergence to determine the distribution. If scattering is not 

negligible, this equation gives the expected measured intensity at depth, z, but does not provide information 

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 equation102. 

 

 𝑑𝐿(𝑟, �̂�)

𝑑𝑠
= 𝜇𝑎𝐿(𝑟, �̂�) − 𝜇𝑠𝐿(𝑟, �̂�) + ∫ 𝑝(�̂�, �̂�′)𝐿(𝑟, �̂�)𝑑𝜔′

 

4𝜋

+ 𝑆(𝑟, �̂�) Equation 2.13 

 

where L(𝑟, �̂�) is the radiance [W/m2 sr] at position r in direction �̂�, p is the scattering phase function [1/sr], 

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 distributions are Monte Carlo simulations of photon propagation and diffusion theory 

approximations. Diffusion theory treats photons as diffusing particles in a medium based on Fick’s Law102, 

and is less 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 INI relies on the Monte Carlo method. 

 A Monte Carlo simulation is a probabilistic model that launches discrete packets of photons into a 

computational geometry. Each voxel in the geometry is assigned a value of n, μa, μs, and g. Once launched, 

a photon (packet) propagates through the geometry until it traverses a scattering length. This scattering 

length is randomly determined from an exponential distribution based on μs. The weight of the photon is 

reduced according to how far it propagated during the scattering length and 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 is then 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 of photons which can take up to hours to days. Recently, 

a graphical processing unit (GPU) accelerated Monte Carlo was developed that has provided a massive 

speedup so that simulations now take minutes105.  

Monte Carlo simulations are ideal for determining the distribution of absorbed photons in a wide 

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 provide the 
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distribution of absorbed energy that can be used as the heat source term in Penne’s bioheat equation to 

inform the laser-induced temperature distribution. For a single pulse the temperature can be calculated: 

 

 
𝑇 =

𝜇𝑎𝐻

𝜌𝑐𝑝
 Equation 2.14 

 

where H [J/cm2] is the radiant exposure, ρ [kg/m3] is the density of the tissue and cp [J/kg/K] is the specific 

heat102. This equation assumes that the duration of the laser pulse is sufficiently short compared 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 of reflection and transmission through a sample. 

Properties are highly dependent on the components and organization of tissue, and so for accurate 

assessment how light truly behaves, the manipulation of tissue should be minimized. In situ, 

characterization is difficult, 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 properties106. Dehydration, freezing, and fixation of tissue will also alter the measured 

parameters107. For the purpose of this dissertation, this overview will focus on commonly used methods to 

estimate μa and μs’. 

Calculating the optical properties requires probing 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 measure R and T is using a 

thermal camera to measure the light-induced temperature rise which can be related to the μa). When 

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, integrating spheres are one of the technique of choices since they allow for sensing 

of (ideally) all photons either reflected or transmitted. Integrating spheres are hollow spheres that are coated 

with a material that is highly reflective across a broad range of wavelengths. 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 independent 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 opposite the sample (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 irradiation of the sample 

now occurs on the surface opposite the sphere such that transmitted photons are detected. Any port across 

from the sample is covered with the reflective material so that photons are reflected around the sphere until 

sensed at the detection port. 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, measured in the transmission sphere, or 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 method108. 

Other common methods of optical property estimation largely rely on only measuring reflectance 

distributions. The trouble with these methods for INI wavelengths is that diffuse reflections dramatically 

decrease when absorption is greater than scattering which limits the signal to noise ratio (SNR) of these 

techniques, making them not well suited for the task. One method applies fiber-based light application and 

sensing109,110. A probe is placed in contact with 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 spatial frequencies and 

imaging the reflected light111,112. The diffusion approximation of the radiative transport equation is then 

applied to determine the μa and μs’ of the tissue. Tissue acts as a low-pass filter, meaning that lower spatial 

frequencies will propagate deeper and higher spatial frequencies will be attenuated more quickly. This 

allows for depth resolved information using SFDI. Only a camera, a light source, and a spatial modulator 

is needed, and the simplicity, non-contact nature, and spatial information gathered lends itself well to 

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 performing this in the SWIR have utilized extrapolated information from 

shorter wavelengths113. 
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Figure 2.6   Integrating spheres to estimate optical properties. Single or double sphere configurations can be used to 

measure the reflectance 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 polychromatic sources 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 typically negligible, therefore only conduction and 

convection will be considered here. Thermal conduction is the movement of heat down a thermal gradient. 

The Fourier equation models the temperature time dependence of due to conduction102. 

 

 
𝜌𝑐𝑝

𝑑𝑇

𝑑𝑡
= 𝑘∇2𝑇 Equation 2.15 

 

where T is temperature and k is the thermal conductivity [W/m/K]. Rearranging the equation, we can see 

another common form which utilizes the thermal diffusivity, α [m2/s], where α=k/(ρcp). 

 

 𝑑𝑇

𝑑𝑡
= 𝛼∇2𝑇 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 perfusion. In vitro setups may have convection occur due to the 

movement of bath media over tissues. The heat flow between the tissue and the media at the surface (Qs 

[W]) due to convection is defined as: 

 

 𝑄𝑠
̇ = ℎ𝐴(𝑇𝑠 − 𝑇∞) Equation 2.17 

 

where h is the convective heat transfer coefficient [W/m2/K], A is the surface area at the interface [m2], Ts 

is the surface temperature [K], and T∞ is the bulk fluid temperature [K]102. These aspects of heat transfer, 

along with the heat generated due to tissue metabolism (Qmet), are modeled in Penne’s bioheat equation102. 

 

 
𝜌𝑐

𝜕𝑇

𝜕𝑡
= 𝑘∇2𝑇 + 𝜔𝑏𝜌𝑏𝑐𝑏(𝑇𝑎 − 𝑇) + �̇�𝑚𝑒𝑡 Equation 2.18 

 

In this version, convection due to blood perfusion (subscript b) has been accounted for with ω as 

the volume fraction of blood to tissue [ml/ml] and Ta as the temperature of the arterial blood. With a slight 

modification of the equation, a heat source (such as a laser) can be added, Qsource [W/m3] . 
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𝜌𝑐𝑝

𝜕𝑇

𝜕𝑡
= 𝑘∇2𝑇 + 𝜔𝑏𝜌𝑏𝑐𝑏(𝑇𝑎 − 𝑇) + �̇�𝑚𝑒𝑡 + �̇�𝑠𝑜𝑢𝑟𝑐𝑒  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 structure and breaking it up into a finite number of discrete elements. Equations are 

solved at nodes generated at the vertices of elements, which can be assigned thermal different properties 

based on the material.  When setting up an FEA, there are there are 7 steps to follow as defined by Cook et 

al.114 These are:  

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

• Define the properties for each element 

• Assemble the elements to form the model 

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

• Apply the known values. For heat transfer, this will take the form of known temperatures, initial 

conditions, and thermal boundary conditions. 

• Solve the equations to determine nodal values: temperatures for heat transfer analysis 

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

After these steps, post-processing can occur. Software has been created which allow for easy setup and 

optimization of the geometry and meshing of the elements, as well as most the other required FEA steps. 

COMSOL Multiphysics Modeling Software is one of the potential softwares which can perform FEA 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 thermocouples (TCs)102, 

thermistors and thermopiles102, infrared imaging102, magnetic resonance (MR) thermometry115, 

fluorescence116, ultrasound thermography117, and temperature spatially offset Raman spectroscopy (T-

SORS)118, however this is by no means an exhaustive list. The work conducted in this dissertation utilized 

three techniques- TCs, infrared imaging, and MR thermometry- thus 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 states that when a junction occurs between two metals, a potential 

difference will be created102. Practically, two different junctions are created such that one serves as a 

reference potential. Voltage difference will be linear with temperature over set intervals depending on the 

types of metals used. By varying the two types of metals used, different temperature sensitivities and 

different applicable temperature ranges can be achieved102. Thermocouples can provide very high temporal 

(~ millisecond) and thermal resolution (~0.01 oC). Temporal resolution is limited by the size of the metal 

junction and the media the medium being measured119. Drawbacks of this technique include being limited 

to point measurements, requiring multiple thermocouples for any kind of spatial measurements, and the 

need to be in physical contact with a sample which can affect the heating dynamics119. Therefore, careful 

attention must be paid to how they are applied. Ultimately, TCs are ideal for applications that do not require 

spatial information and can be implemented into a range of ex vivo, in vitro, and in vivo setups. 

 

2.3.5.2 Thermal Imaging 

Thermal imaging measures radiant energy from the surface of the sample to predict the sample’s 

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, 

Wb [W/m2/μm], is related to its temperature by 

 

 
𝑊𝑏(𝜆, 𝑇) =

2𝜋ℎ𝑐2𝜆−5

(𝑒
ℎ𝑐

𝜆𝑘𝑏𝑇 − 1)

 
Equation 2.20 

 

where h is Planck’s constant (6.626 x 10-34 [m2 kg/s]), c is the speed of light (~3.0 x 108 [m/s]), λ is the 

wavelength of the radiation, kb is Bolzmann’s constant (1.38 x 10-23 [J/K]), and T is temperature in 

Kelvin102. Integrating over all wavelengths gives the total emissive power of the surface: 

 

 𝐸𝑏(𝑇) =  𝜎 𝑇4 Equation 2.21 

 

where 𝜎 is the Stefan-Boltzmann constant (5.67 x 10-8 [W/m2/K-4]. Tissue, however, is not a blackbody, 

and to account for this an efficiency factor called the emissivity, ε, is used: 

 

 𝐸𝑏(𝑇) = 𝜀 𝜎 𝑇4 Equation 2.22 
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Using thermal imaging can provide temperature information with high spatial and temporal 

resolution. Additionally, since it is non-contact, the sample does not need to be disturbed to take 

measurements. The drawback in biology is that most tissues contain high water content and must be 

hydrated. Thermal imaging typically senses wavelengths between either 3-5 μm or 8-12 μm, and due to the 

absorption coefficient of water at these wavelengths, the sensing depth is limited to 80 - 100 μm120. This 

becomes a problem in situations where the tissue must be immersed in fluid, such as in electrophysiological 

recordings of excised nerves. Additionally, crowded experimental setups do not lend themselves well to 

thermal imaging since components 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 include using 

proton density, T1 and T2 relaxation times, the diffusion coefficient, magnetization transfer, and proton 

resonance frequency (PRF) information. An overview of these can be found in Rieke et al.115 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 temperature changes.  

The resonance frequency of the (water) nucleus is determined by the local magnetic field which it 

experiences. This local field, Bloc [T], is related to the external magnetic field, B0 (the strength of the 

magnet), by the equation: 

 𝐵𝑙𝑜𝑐 = (1 − 𝑠) ∙ 𝐵0 Equation 2.23 

 

where s is the shielding constant. Water hydrogen protons are shielded from the magnetic B0 field by their 

electrons, however adjacent hydrogen bonds disrupt this shielding. As the temperature increases, more 

vibrational states (stretching, bending) are present in the hydrogen bonds and H2O spends less time in a 

hydrogen-bound state. This increases the shielding felt by the hydrogen protons, and decreases Bloc, thus 

decreasing the PRF. 

Using gradient-recalled echo imaging sequences, the phase shift between images can be related to 

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

 

 
∆𝑇 =

𝜑(𝑇) − 𝜑(𝑇0)

𝛾𝛼𝑠𝐵0𝑇𝐸
 Equation 2.24 

 

where 𝜑(𝑇) is the phase of the current image while 𝜑(𝑇0) is the phase of the reference image, 𝛾 is the 

gyromagnetic ratio (42.58 [MHz/T]), 𝛼 is the PRF change coefficient, and TE is the echo time. Therefore, 

when measuring the temperature rise during INI, an image can 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 III 

 

 

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

 

 

3.1 Abstract 

 

 

Computational modeling of light-tissue interactions at absorption dominated wavelengths typically 

ignores optical scattering; however, this assumption may not be accurate. This work aims to assess how 

optical scattering effects the temperature distribution during laser heating to determine if scattering can be 

ignored and how errors in the amount of assumed scattering can alter computational predictions. A Monte 

Carlo simulation of photon propagation was integrated with a thermal simulation in COMSOL 

Multiphysics. Validation of this model was performed using a set of thermal camera and thermocouple 

measurements in agarose phantoms. Subsequently, the model was used to perform a parametric sweep over 

absorption and reduced scattering coefficients theoretically achievable in neural tissue to better understand 

the expected effect on the temperature distribution from scattering. A final validation of these trends was 

performed by thermal imaging the temperature distribution in water phantoms with and added polystyrene 

scattering agent. The parametric sweep showed a 7% change in the maximum temperature rise, >20% 

change in thermal penetration depth, and no dependency of the surface full width at half-maximum of 

heating over reduced scattering coefficients theoretically possible in the tissue. These trends were 

confirmed using the water bath validation measurements. While the effect of scattering on the heat 

distribution is small, it has a non-negligible effect and in most cases cannot be ignored, and therefore a 

Monte Carlo simulation is needed. Best estimates of scattering coefficients may be sufficient 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 interest. For infrared neural modulation (INM), infrared light is applied to neural tissue to either 

stimulate signal conduction1 or block propagation of action potentials2. Both 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 heat block3,4. Computational models that simulate 

light transport5, heat transport6, and neural conduction7 can 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 INI8,9. This probabilistic simulation launches photons packets 

into a simulation geometry and tracks the path of the photon packet and its relative weight as it is absorbed 

and scattered in the medium10. Each voxel in the geometry must have 4 optical properties defined: the 

refractive index (n), absorption coefficient (μa [mm-1]), scattering coefficient (μs [mm-1]), and optical 

anisotropy (g). Ultimately, a distribution of absorbed photons can be generated. This distribution is 

proportional to the heat source distribution, and can be used in a thermal model to guide the location and 

amplitude of the heat source term to ultimately predict laser heating as a function of the material’s density 

(ρ), thermal conductivity (k), specific heat (cp) using Penne’s bioheat equation10. The output of this coupled 

optical-thermal model may then inform on the likelihood of therapy11 and damage12, or may be used as the 

input to a neural conduction model to predict neural response13–15.  

Utilizing these computational models to provide useful predictive information presupposes that the 

correct, or at least sufficiently accurate, tissue input parameters to these models 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, chiefly 1440 - 1470 nm and 

1860 - 1880 nm. The main chromophore at these wavelengths can be approximated as water due to its high 

absorption16, however, little information is available in literature about the scattering properties of the neural 

substructures. While absorption events are assumed to be dominant over scattering events at these 

wavelengths, scattering still occurs, and therefore a Beer’s Law approximation17 may be insufficient to 

estimate photon distributions. The reduced scattering coefficient, μs’ ( μs’ = μs * (1-g) ), can be 

experimentally determined, however, this is particularly difficult at these wavelengths due to absorption 

dominating over scattering and the reduced sensitivity of silicon detectors at longer short-wave 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 a 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 complicates measurement 

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 integrating spheres18, probe-based techniques19, and spatial frequency domain 

imaging (SFDI)20. Integrating spheres require a large sample of tissue compared to the beam diameter, and 

the entire entrance port to the sphere must be covered which is difficult when measuring nerve. Multiple 

samples may be laid on top of each other, or ground up and combined21, however, this will alter the 

measured optical properties compared to their in vivo 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 in the short-wave 

infrared (SWIR) spectrum. For probe-based 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 absorption and low scattering tissues19,22. 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. Wilson et al.23 (2014) pushed SFDI into the SWIR while characterizing optical 

property changes due to burn, but used information from 850- 1050 nm to extrapolate out to 1800 nm, 

highlighting that direct measurement in the regime of INI is difficult.  

Extrapolating equations out to the SWIR that are fit in the visible and near-infrared which 

approximate the reduced scattering coefficient may prove to be an adequate approximation since optical 

scattering is well characterized for particle distributions of known size and concentrations24. It is 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, and Rayleigh scattering 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 exponential term, bMie. 

Scattering in the Rayleigh regime is proportional to λ-4 (Equation 2.11). Visible wavelengths in tissue are 

considered to fall within the Mie regime, but moving into the SWIR shift this closer to the Rayleigh regime. 

Prior studies have experimentally measured 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 tissues25. The reduced scattering coefficient can be 

approximated as a function of wavelength by utilizing empirically measured coefficients which estimate 

Mie and Rayleigh scattering25 as discussed in section 2.3.1:  
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where a’ is a scaling factor equal to μs’ at λ=500 nm, fRay is the fraction of Rayleigh scattering, λ is 

wavelength in nm, and bMie is the exponential fit parameter for Mie scattering. Fitted parameters for many 

tissues have been reported25. While this collection of data contains various neural tissues, information is 

limited at 1460 nm and does not exist for 1875 nm, thus utilizing these equations at INI wavelengths would 

be an extrapolation, which may be sufficient to approximate μs’ for the purpose of predicting temperature 

distributions in tissue during INI. Equation 1 lays out a way to theoretically assess the expected μs’ at 

various wavelengths and a means of predicting the limits of μs’ by assuming exclusively Mie or Rayleigh 

regime of scattering with the actual value of μs’ laying somewhere in between these extremes.   

It would be informative to know how uncertainty in μs’, whether from measurement error or 

extrapolation error, affects the expected light and heat distribution. A joint optical-thermal model was 

created by merging Monte Carlo Extreme (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 the temperature 

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 model, a parametric sweep investigation was performed to test the effect of μs’ on 

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 then used as the 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 regions25–32 , however 
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few articles tested scattering in nerve21,33 or at wavelengths in the regime of INI27,33–35. The only article that 

reported μs’ at INI wavelengths in peripheral nerve was Jiang et al. 201433. Filatova et al. 2017 reported an 

extinction coefficient spectrum for pig spinal cord35, but an approximation of the contribution from 

scattering could not be performed. Some sources reported equations that could be used to approximate 

μs’(λ)25,36. Estimates of μs’ near INI wavelengths or in neural 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 coefficient across 

wavelengths based on Equation 2.11 where the contribution of Mie and Rayleigh scattering could be 

varied25, but the data used for fitting do not extend to INI wavelengths. This equation does, however, present 

a theoretical framework for assessing the expected bounds of μs’ since fRay can be set to 0 or 1 to estimate 

μs’ purely in the Mie or Rayleigh regime, respectively, providing the upper and lower bounds of the 

scattering parameter. Using this equation and the reported coefficients, the extrapolated μs’ value and the 

upper and lower μs’ limits for the above tissue types at 1460 nm and 1875 nm were calculated (Table 3.2). 

For optic nerve which we hypothesize will be the most similar to peripheral nerve out of the tissues reported, 

this methodology estimates that μs’(1460 nm) = 0.75 mm-1 and that μs’(1875 nm) = 0.56 mm-1. The 

approximate physiological range of μs’ was determined to be μs’ ~ 0 – 1.5 mm-1. For all tissue types tested. 

These estimates guided the μs’ values used in the study. 

 

 

3.3.2 Optical-Thermal 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 second GPU provided video output. The hardware allowed for rapidly running Monte 

Carlo and COMSOL Multiphysics simulations (30 – 60 seconds and 3 – 20 minute simulation times for 

this study, respectively) and the greatest slow down came from reading and writing of data to text files. 

General parameters are discussed below for the joint optical-thermal model, however, simulation-specific 

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

 

3.3.2.1 Monte Carlo Simulations 

Photon absorption maps were generated using a GPU parallelized Monte Carlo model called 

through MATLAB (MCXLAB5). These simulations utilized cubic voxels to generate computational 

geometries. Each geometry assumed that the optical properties of each medium 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] μs' [mm
-1

] Reference 

Rat Optical Nerve 1863  0.55 Jiang 201433 

Rat Sciatica Nerve 1863  0.36 Jiang 201433 

Rat Muscle 1863  0.11 Jiang 201433 

Rat Heart 1863  0.67 Jiang 201433 

Rat Skin 1800  0.85 Wilson 201423 

Human Skin 1600  0.6 – 1.1 Troy 200137 

Rat Liver 1875 ~0.6 Parsa 198938 

Human Skin 1450 1 - 2 Bashkatov 200526 

Human Skin 1875 ~1.5 Bashkatov 200526 

Rat Brain 1460 ~0.75 Golovynskyi 201839 

Rat Brain 1875 ~0.6 Golovynskyi 201839 

Rabbit Sciatic Nerve Paste 850 1.5 - 3 Chan 199621 

Human Dura Mater 1460 (extrapolated) 0.87 Bashkatov 201836 

Human Dura Mater 1875 (extrapolated) 0.77 Bashkatov 201836 

Rat Brain 750 0.1-0.61 Johns 200529 

Human Cortex 956 0.42-0.89 Bevilacqua 199930 

Human Optic Nerve 956 1.52 Bevilacqua 199930 

Rabbit Brain 808 0.62 Pitzschke 201531 

Human Grey Matter 1064 0.57 Yaroslavsky 200232 
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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 GPU parallelization, 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 seconds. Time-dependent simulations 

were run for 1 ns, and it was noted that all photons were absorbed within the first 0.1 ns. The 3-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 organized 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 voxels exported). 

 

3.3.2.2 COMSOL Thermal Model 

Thermal simulations which solve Pennes’ bio-heat equation10 were run using three-dimensional 

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 subsequently meshed to generate elements over which the heat equation could be solved.  

While particular simulations utilized different geometries and thermal boundary conditions, this joint 

optical-thermal model relied on two components common to all models which allowed the Monte Carlo 

simulations to guide the heat source term. First of these is the interpolation function (defined here as 

Source(x,y,z) ) which interpolates the text file containing the results of the Monte Carlo simulations so that 

COMSOL can apply 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, q, using the absorbed photon distribution with the equation: 

 

 
𝑞 =

𝐴𝑣𝑒𝑟𝑎𝑔𝑒𝑃𝑜𝑤𝑒𝑟

𝑑ℎ3
∗ 𝑆𝑜𝑢𝑟𝑐𝑒(𝑥, 𝑦, 𝑧) Equation 3.1 

 

where AveragePower is the average power applied from the irradiation source, dh is the voxel size used in 

the Monte Carlo simulation, and Source(x,y,z) is the interpolation function which acts to spatially weight 

the irradiated power.  

 

 

 

  



60 
 

 

 

 

 

 

  

Table 3.3. Agarose Phantom Recipes 

Agarose Weight 

[g] 

Volume of DI 

Water [mL] 

Volume of Bead 

Solution [mL] 

Bead Volume 

[% solid] 

Measured μs' [mm-1] 

Thermal Imaging Phantoms 

0.5 25 0 0 0.31 

0.5 24.75 0.25 0.027 0.49 

0.5 24.5 0.5 0.054 0.74 

0.5 24 1 0.108 1.19 

0.5 23.6 1.4 0.151 1.67 

0.5 23 2 0.216 2.29 

     

Thermocouple Phantoms 

1 50 0 0 0.35 

1 49.5 0.5 0.027 0.51 

1 48 2 0.108 1.29 
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3.3.3 Phantom Creation 

 

Agarose gels were mixed using high melting temperature agarose (A7174, Millipore-Sigma, 

Burlington, MA), deionized (DI) water, and polystyrene microspheres (μ=0.99 mm, CV = 3%, 2.7% solids) 

(Cat# 07310-15, Polysciences Inc., Warrington, PA) to create 2% (w/v) agarose gels 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 repeatably 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 were glued together 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 

temperature for 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 generate the samples 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-pipetted into 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 another coverslip 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 Figures 3.1A-B). Once cured, thin 

samples were sandwiched between two coverslips. Transmission measurements were performed to estimate 

the total attenuation coefficient of the samples using the setup shown in Figure 3.1C. An infrared laser 

(λ=1463 nm) was ported via an optical fiber (M18L01, Thorlabs Inc., Newton, NJ) to a collimation lens 

(F260APC-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. (formerly Molectron), 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 over PDMS 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 contact with the coverslips, 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 forward scattered 

photons. Thus, by comparing the collimated transmission to the total power incident on the sample using 

a Beer’s law approximation and accounting for reflections, the extinction coefficient can be calculated. 

 

 𝑃𝑐𝑜𝑙

𝑃0
= exp(𝜇𝑡  𝑡) (1 − 𝑅𝑎𝑖𝑟−𝑔𝑙𝑎𝑠𝑠)

2
(1 − 𝑅𝑔𝑙𝑎𝑠𝑠−𝑚𝑒𝑑𝑖𝑎)

2
 Equation 3.2 

 

Where Pcol is the power measured from the collimated transmission, P0 is the total power incident on the 

sample, μt is the total attenuation coefficient [mm-1], t is the thickness of the agarose slab, and Ri-j is the 

reflection at the interface between material i and material j: 

 

 

 
𝑅𝑖−𝑗 = (

𝑛𝑖 − 𝑛𝑗

𝑛𝑖 + 𝑛𝑗
)

2

 Equation 3.3 

 

Where ni is the refractive index of material i and nj is the refractive index of material j. 

The absorption coefficient of water (the major chromophore in the gels) at λ = 1463 nm was fixed 

at μa = 2.75 mm-1 as determined by Hale and Querry 197316. Thus, μs‘ = μt – μa. Optical anisotropy was 

approximated using a Mie scattering simulation available through Virtual Photonics40 from the Beckman 

Laser Institute, and inputting the particle distribution of polystyrene beads and the refractive indices of 

polystyrene41,42 and agarose43 (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 (MP100-RCH2 mounted on a PLS-XY, 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 (F260APC-1550, Thorlabs Inc., Newton, NJ) delivering 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 a 50o angle 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 scattering phantom, and the next phantom. The light 

distribution at the sample was measured using a beam profiler (BP209-IR2, Thorlabs Inc., Newton, NJ). 

 

 3.3.5.2 Simulations 

 A 3D volume was generated in MATLAB using 0.02 mm voxels to mimic the experimental 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 of silica 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 spot distribution. For each 

simulation, a collimated beam of 100 million photons were launched at a 50o angle 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 mm and 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 = 20oC) was used for all 

side and bottom boundaries. A heat flux condition was defined for the top boundary (coefficient of 

convection = 50 W/(m2 K))44. At t = 0 seconds a heat source (Equation 3.1) was applied using (dh = 0.02 

mm) and AveragePower = 63 mW. A cylindrical region (r = 3.5 mm) in the center of the geometry 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 seconds in 0.1 s steps.  

 

3.3.5.3 Data Analysis 

Thermal imaging sequences were directly exported to MATLAB using the MATLAB-FLIR 

SDK45. 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 of the first 25 images 

(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 the collimation 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 temperature distribution 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 simulated materials 

Material Refractive 

Index 

Absorption 

[mm
-1

] 

Scattering 

[mm
-1

] 

Anisotropy  Thermal 

Conductivity 

@ 300 K 

[W/m/K] 

Density 

@ 300 

K 

[kg/m
3
] 

Heat 

Capacity 

@ 300 K 

[J/kg/K] 

Agarose43,46 1.343 2.75 Sample 

Specific 

(Table 

3.3) 

0.776 0.6 1010 4180 

Glass 

(Corning 

7940 (fused 

silica)) 

1.44547,48 1e-4 1e-11 0 1.381 2220 716 

Nerve49 1.4 2.0, 2.5, 

3.0, 3.5 

0 – 1.5 0.7 0.49 1075 3643 
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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 frame to form this 75% rise ellipse. The mask was then 

assessed using the “regionprops” function in MATLAB to calculate the major and minor axes of the ellipse 

after rejection of any noisy pixels outside of the ellipse. For each of the three metrics, trials (6 trials per 

phantom) were aligned in time relative to the laser on time and the mean +/- standard deviation of each 

metric was calculated over the 8 seconds of heating. 

For simulated temperature distributions, all data were exported from COMSOL to text files 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 first 0.06 mm of agarose (the approximate penetration depth of thermal imaging 

a water-rich sample16). This volume was then averaged in depth to recreate the information captured through 

thermal imaging of the phantoms. These 2-dimensional 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 of the 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 determine if optical scattering influences the calculated metrics.  

 

 

3.3.6 Thermocouple Validation Study 

 

 3.3.6.1 Experimental Measurements  

Inside of plastic wells (Catalog # 140675, Thermo Fisher Scientific Inc., Waltham, MA), a cleaved 

and polished 400 μm diameter optical fiber (P400-2-VIS-NIR, Ocean Optics Inc., Largo FL) was placed 

orthogonal to, just out of contact with, and centered on a 80 μm diameter bare wire junction thermocouple 

(time constant < 0.1 s) (Item # 5TC-TT-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 the z-axis 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 the fiber output (Figure 3.5A). The agarose was left to cure 

and drop to room temperature (~ 20 oC) prior to experiment trials. The TC was connected to a thermocouple 

data acquisition system with cold-junction compensation (DI-245, Dataq Instruments Inc., Akron, OH), 

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 needed 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. 

 3.3.6.2 Simulations 

 Optical-thermal simulations were performed similar 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 center of the X-Y 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 9.43o (0.22 NA fiber in agarose). 

COMSOL simulations created a single block representing agarose. A cylinder (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 the X-Y plane. Planes of symmetry at X = 0 and Y = 0 were utilized to reduce 

computation time, and the geometry 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. Symmetric boundary conditions were 

applied to all boundaries along the planes of symmetry at X = 0 and Y = 0  (dT/dX = 0 and dT/dY = 0, 

respectively). A Dirichlet boundary condition (T = 20oC) was used for all side and bottom boundaries. 

Thermal insulation was applied at the top boundary. Simulations of 35 seconds in duration with 0.05 second 

timesteps were run with an initial temperature of 20oC. A 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. All trials 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. At each depth, 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 optical-thermal model was capable of predicting 

the temperature distributions in laser-irradiated 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 optical properties. The absorption coefficient was chosen based on values 

of water absorption at INI wavelengths available in the literature16. The reduced scattering coefficients were 

varied over the theoretical limits of μs’ calculated in Table 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 total size) was used with a refractive index of n=1.436. 

A uniformly emitting source in the shape of a 400 μm diameter disk was placed in the X-Y plane at the top 

of the medium, centered at X=Y=0 to mimic an 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 angle of ~9.1o.  

Monte Carlo trials were performed for all combinations of μa = 2.0, 2.5, 3.0, 3.5 mm-1 and μs’ = 0 – 1.5 mm-

1 (in 0.1 mm-1 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 were absorbed 

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 = 0) was designated 

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 = 

20oC), and the top boundary applied 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 the mesh transition 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 used for Equation 3.1. A stationary simulation 

was performed which simulated 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 temperature rise, (2) 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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3.3.8 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 coverslip (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 fiber-based heating. Lothet et 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 

water-window interface11. Scattering phantoms were created using deionized water mixed with suspended 

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 bounds of μs’ (Table 3.2). A Mie 

scattering simulator24,40 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 (mean diameter 

= 0.96 μm, coefficient of variance=0.08 μm, percent solid= 2.6%). The concentration of beads was then 

changed in the simulator to achieve μs’= 0, 0.1, 0.2, 0.6, 1, 1.4 mm-1. Thin cuvettes were made by super 

gluing two coverslips between two glass microscope slides, leaving ~0.19-0.26 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 cuvette. Stock PS mixture was 

diluted to the identified concentrations and pipetted into the cuvettes (n = 4 slides per μs’). The transmitted 

power through each filled cuvette was measured with a power sensor (PS19Q; Coherent Inc., Santa Clara, 

CA) using the setup in Figure 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 Beer’s law, the loss due to absorption and scattering, μt, was calculated. A linear fit was applied, and 

μa was identified as the y-intercept of this fit. Subtracting μa from μt yielded the μs’ for each concentration 

of polystyrene beads (Figure 3.2C). 

 

3.3.8.2 Experimental Measurements 

A setup was created using a plastic 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 thermal camera (A8303sc, FLIR Systems, Inc., 

Wilsonville, OR), imaged the bead mixture through the glass window. An optical fiber was 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 placed immediately behind each cuvette, n=4 cuvettes per phantom. C) Reduced 

scattering coefficients were determined for each phantom. Total attenuation coefficients, μt, for each cuvette were 

calculated and averaged across trials. A line was fit to data and the y-intercept was determined to be the absorption 
coefficient, μa, which was then subtracted from μt to determine μs’.  
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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. The half-well was placed on a stage and a mounted micromanipulator 

was used to place a 400 μm core diameter optical fiber half over the bath and half over the coverslip. A thermal camera 

was used to image laser heating through the coverslip window. B) A close-up view of the optical fiber placed over the 

bath. 
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above the coverslip using a micromanipulator such that the glass-PS mixture interface bisected 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 water between 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 IR laser (λ= 1875, Capella Neurostimulator, Aculight-LockheedMartin) was triggered 2-3 seconds 

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 distribution 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 rise in the image. 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 

temperature rise (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 Figure 3.4C, 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 within ~5 % of 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 

function of μs’, and the slope of the regression lines were tested for a significant difference from a flat line. 

One fit, the simulated trend of the maximum temperature with scattering, demonstrated a 95% confidence 

interval of the fitted slope coefficient that did not include a slope of 0, meaning that the maximum 

temperature demonstrates a significant positive trend with increased scattering. For all other fits, both  
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Figure 3.4. Thermal camera validation study. A) A method similar to that shown in Figure 3.1 A-B was used to 

make agarose phantoms for the thermal camera validation dataset. PDMS molds were made with a stack of 2 
microscope slide. Final molds had a coverslip placed to span the formed vacancy, and a micropipette was used to fill 

the vacancy with agar solution. Once set and cooled, the agar and coverslip were peeled away from the PDMS and 

placed in contact with a microscope slide to form the phantom. B) Phantoms were mounted on a motorized stage 

(coverslip on top) underneath a thermal camera. A collimation lens was mounted on a post next to the sample at an 

angle of 50o so that the phantom could be irradiated without clipping the beam on the camera’s objective lens. An 

optical fiber connected to the collimation lens delivered light from an infrared laser (λ= 1463, continuous wave). C) 

Thermal imaging results. From thermal image sequences, the maximum temperature rise (i), major axis of the 75% 

rise ellipse (ii), and minor axis of the 75% rise ellipse (iii) were quantified. Average temporal responses are plotted 

on the left for simulated (dashed) and measured (solid) results. Characteristics at 8 seconds are plotted as a function 

of μs’ on the right for the simulated (red) and measured (blue) result. 
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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 includes the 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 the fiber plus 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 (26.4 mW for μs’ = 0.346 mm-1, 24.2 mW for μs’ = 0.507 mm-1, 24.6 mW for μs’ = 1.288 mm-1 ), 

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 plotted in Figure 3.5B. These results show that higher μs’ results in a 

greater drop-off 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 optical scattering (decrease by 15.5% 

from 0.346 – 1.288 mm-1). The temperatures at this depth were shown to be significantly different using a 

one-way ANOVA and multiple comparisons test (p<0.05). Simulated results (dashed lines) also exhibit a 

greater thermal gradient with increased scattering, predicting a 12.8% decrease in the temperature rise at z 

= 0.54 mm between μs’ = 0.346 and 1.288 mm-1. At greater depths, the differences 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 values. Results from simulations run with 22 mW 

average power are plotted in Figure 3.5C. This analysis demonstrates that the maximum temperature rise 

increases slightly with greater μs’ (0.2oC from μs’ = 0.346 to 1.288 mm-1), as well as this maximum 

temperature occurs shallower (0.02 mm shallower over μs’ = 0.346 to 1.288 mm-1). Despite this greater 

maximum temperature, a faster drop off (higher spatial thermal gradient) occurs at greater depths with 

higher scattering, corresponding to a reduced 1/e thermal penetration depth (0.86, 0.835, and 0.76 mm for 

μs’ = 0.346, 0.507, and 1.288 mm-1, respectively). 
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Figure 3.5. Thermocouple validation. A) Experimental setup.  In a well, an optical fiber and thermocouple were 

placed using micromanipulators. 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 then filled with 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 temperatures at z = 0.04 mm.  C) Idealized results. 

Simulated temperatures using a consistent 22mW average power (CW) for different μs’ values are plotted over depth 

at the center of the fiber.  
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3.4.3 Parametric Sweep Results 

 

3.4.3.1 Optical Distribution Dependence on Scattering 

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 in the X-Z plane of the resulting 

absorption distributions, shown on the same color scale. The values in these maps can be interpreted as the 

probability of any photon being absorbed in a given voxel, and this map can be multiplied by laser power 

to give the distribution of absorbed power. Only μs’ = 0, 0.7, and 1.5 mm-1 are shown for clarity, however, 

a more complete data set can be seen in Figure 3.7 where the reduced scattering coefficient is shown in 

steps of 0.2 mm-1. The most noticeable difference in these maps is that the maximum value of the color 

scale increases with increased scattering, representing an increase in the maximum number of absorbed 

photons in a single voxel which ultimately corresponds to a larger heat source term. This same trend is seen 

as μa increases, which would be expected since, as per definition of the property, more photons are absorbed. 

The 1/e penetration depth is seen to be inversely proportional to both μa and μs’ increase. This is difficult 

to visualize on the distribution images but has been quantified in Figure 3.6B. Changes in the penetration 

depth with μs’ were on the order of the Monte Carlo spatial step size, resulting in the stepwise nature of the 

data points (dots) since the penetration depth was calculated using these discrete grid locations. This is 

overcome by applying an exponential fit to the data (lines). Most of the absorbed photons are confined 

within the divergence angle of light emitted from fiber (dictated by the NA), however, this decreases as μs’ 

increases (Figure 3.6C) due to radial scattering of photons from underneath the 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 difference between the absorbed photon distribution at a particular μs’ 

value and subtracting the distribution at μs’ = 0 mm-1 for the corresponding μa value. Therefore, each map 

for μs’= 0 mm-1 has a value of 0 everywhere since that absorption map was subtracted from itself. These 

maps show that at higher μs’, photons are more likely to be absorbed superficially in the tissue and outside 

the NA of the fiber (at a depth within a few hundred μm from the surface). The tradeoff of this is shown by 

the dark blue regions within 0.5 mm of the surface just inside of the fiber’s NA where fewer photons are 

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 what extent these differences in the light distribution translate to changes in the 

temperature distributions.  
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Figure 3.6. Parametric sweep optical results. A) Representative absorbed photon distributions from Monte Carlo 

simulations across SWIR tissue absorption and scattering coefficients. All images are taken from the X-Z plane at 

Y=0, and are plotted on the same color scale. Values correspond to the probability of a photon 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 absorption coefficients. 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 diverging NA of the 

fiber is plotted as a function of scattering.  
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Figure 3.7. Absorbed photon distributions in the X-Z plane at Y=0 from the Monte Carlo simulations are shown in 

0.2 mm-1 steps of μs’ for all values of μa used in the parametric sweep. All images are 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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Figure 3.8. Absorbed photon difference maps are shown for the X-Z plane at Y=0. These maps represent the change 

in the absorbed photon distribution simulated at the shown μs’ compared to μs’=0 mm-1 for each μa in Figure 3.7. Thus, 

the difference map at μs’ for each μa is zero everywhere since that image is subtracted from itself. All images are 

plotted on the same color scale where a positive value designates an increase in absorbed photons over the μs’=0 mm-

1 distribution.  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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3.4.3.2 Temperature Distribution Trends with μa and μs’ 

Steady state temperature maps were generated for all sets of optical properties. For each map, three 

characteristics 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 

μa and μs’ simulated. Each distribution is set to the same color scale. The FWHM at the surface is highlighted 

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 Figure 3.10. These 

correspond to the temperatures induced by the absorption distributions in Figure 3.7. The maximum 

temperature rise above 20oC of each distribution and the percent change in maximum temperature rise 

compared to μs’ = 0 mm-1 are shown in Figure 3.9B. 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 

μa = 2.0 mm-1 to μa = 3.5 mm-1. It is also seen that the maximum temperature increases with increased 

optical scattering and that the effect of scattering is diminished at higher absorption coefficients. An 

increase by ~7 % was observed over the 1.5 mm-1 range of μs’ at μa = 2.0 mm-1, while this was ~ 4.5 % 

increase at μa = 3.5 mm-1. Trends in the 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. With no scattering, an 

increase in μa from 2.0 mm-1 to 3.5 mm-1 decreases the thermal penetration depth by 28.9%. An increase in 

μs’ from 0 mm-1 to 1.5 mm-1 resulted in a ~21 % decrease when μa = 2.0 mm-1, and a ~ 15 % decrease when 

μa = 3.5 mm-1.  The FWHM was quantified (data not shown), however it was observed that changes were 

less than 1.5% over 1.5 mm-1 range of μs’ for all μa.  At μs’ = 0 mm-1, the FWHM decreased by 13% from 

μa = 2.0 mm-1 to 3.5 mm-1. 

 

 

3.4.4 Water Bath Results 

 

A set of measurements was made by 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 scattering resulted in the 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 scattering. Results show that the maximum temperature rise increases with 

an increasing reduced scattering coefficient (Figure 3.11A), validating the predictions of the optical-thermal 

model in Figures 3.4, 3.5, and 3.9.  Over the range of μs’ tested, an increase of ~2 oC from the highest to   
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Figure 3.9. A) Simulated temperature distributions taken from the X-Z plane at Y=0 are shown for the extreme values 

of μa and μs’ assessed. All distributions are plotted on the same temperature color scale. The FWHM at the surface is 

highlighted by the black bar above the image, and the contour showing the 1/e drop in maximum temperature rise is 

outlined in black which highlights how the thermal penetration depth decreases as μa and μs’ increase. A more complete 

set of distributions can be found in Figure 3.10. B) The maximum temperature rise is plotted over μs’ for different μa 

(left) and the percent change from μs’ = 0 mm-1 is shown (right) demonstrating an increasing trend with scattering that 

is more pronounced at lower μa. C) The thermal penetration depth is plotted over μs’ for different μa (left) and the 

percent change from μs’ = 0 mm-1 is shown (right) demonstrating a decreasing trend with scattering that is more 

pronounced at lower μa. Some changes were smaller than the spatial scale of the interpolation (0.01 mm), so 

exponential curves were fit to the data to show the trends. 
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Figure 3.10. Simulated temperature distributions taken from the X-Z plane at Y=0 are shown in μs’ steps of 0.2 mm-

1 for all values of μa. All distributions are plotted on the same temperature color scale. Each image is 2 mm x 2 mm 

with the shown 0.5 mm scale bars. Laser heating is shown to increase with both increasing μa and μs’.  
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Figure 3.11. Left column) The maximum temperature rise (A), 1/e thermal penetration depth (B), and full width at 

half maximum at the surface (C) are plotted (mean +/- standard deviation) over time for different scattering phantoms 

(μs’ = 0 (blue), 0.09 (orange), 0.19 (black), 0.57 (purple), 0.94 (green), and 1.32 (cyan) mm-1). Right column) Steady 

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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the lowest values of μs’ is seen (Figure 3.11A, right). The 1/e thermal penetration depth was calculated and 

is shown in Figure 3.11B. Plotting the steady state penetration depth as a function of μs’ (Figure 3.11B, 

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 (Figure 3.11C). The 

measured steady state FWHM shows variations, but do not appear to correlate with μs’, and this variability 

is likely due to a different source of variation.  Linear regression was performed for each metric as a function 

of μs’. By assessing the 95% confidence interval 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 which validate 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. 

 

 

3.5 Discussion 

 

 

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 (depending on the 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 are driven 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 greater maximum 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 the 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 reduced heat 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, any initial changes 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 mean free 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 demonstrates how this 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, it is important to understand when those 

limitations do and do not detract from the goal of the simulations. The optical-thermal simulations 

developed here demonstrate a range of errors when comparing amplitudes, however one of the main goals 

of this work has been to understand the trends in the temperature distribution associated with changes in 

optical scattering. To validate the optical-thermal model, two validation studies were developed: a thermal 

camera validation and a thermocouple validation. The thermal camera 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 limits the contact 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 be difficult to estimate. 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 exists between 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 1-2 frames of heating). Looking at these 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 agarose ~ 0.142 

mm2/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 data were plotted in chronological order instead of over μs’, a trend was seen, 

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 minimum value of each metric (i.e. 

the total variation over the entire range of μs’ sampled) was 4.15%, 5.6%, and 4.3% for the measured and 

3.05%, 0.55%, and 0.45% for the simulated maximum temperature rise, major axis, and minor axis, 

respectively. This indicates that the 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 any trend with scattering 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 simulations predicted that these do not change with scattering, and a change of 0.5% 

over a range of 2 mm-1, whether 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, and so the workflow 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 of unknown cooling 

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 occur at 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 (Figure 3.9). For a direct comparison 

between a fiber in contact and just out of contact with the tissue, the parametric sweep was re-run for μs’ = 

0 and 1.5 mm-1 at μa = 2.5 mm-1 with the fiber placed in contact with the medium (Figure 3.12), which 

highlights just how much 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% on average with all errors less than 47.5%.  TC measurements here presented higher 

errors, however, it was noted that the μs’ = 0.346 mm-1 trials exhibited the greatest deviation from the 

simulation results, and removing these from the analysis dropped the errors to 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 changes depending on the irradiation setup, 

parametric sweep simulations were performed at μa = 2.5 mm-1 and μs’ = 0 (blue line)  and 1.5 mm-1 (black line) with 
the irradiating optical fiber out of contact (left) and in contact (right) with the surface of the tissue. When 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 the thermal boundary conditions can have a large effect on the temperature distribution. 

 

  



88 
 

Water bath temperature measurements were used to help validate the trends predicted by the 

parametric sweep and model validation measurements; however, the exact values measured are not 

comparable to the values in the main text. A liquid water-based sample was used instead of the solid agarose 

samples which has different material properties. Secondly, the thermal boundary conditions are different in 

this setup compared to 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 

optical-thermal model to this setup, however it was observed 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 distribution of 

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 slowly leaking 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 optical-thermal model. While this setup was not able to be simulated, these results serve to further 

validate the predictions of the optical-thermal 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 are needed 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 optical-thermal models for 

predictive and optimization applications which can aid in the selection of laser irradiation parameters used 

to apply neuromodulation and will clarify how uncertainty in μs’, whether from measurement error or 

extrapolation error, affects the 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 heat distributions 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 be signal-starved 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 optical-thermal model 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 significant, the 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 conditions can be 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 

scattering despite these difficulties, and while each set of experiments in this study has its caveats, taken 

together they begin to inform the role of μs’ during laser heating. It is again emphasized that the trends 

identified in this study should be focused on 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 

optical-thermal model may be used to help understand how various changes to tissue optical properties and 

modifications to irradiation methods may change the expected temperature distributions. 

 

 

3.5.3 Practical Implications for Simulations of INI 

 

 Past INI studies2,11,50–53 have been performed using wavelengths in the bands of 1450-1470 nm and 

1860 – 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. These two wavelength 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 at these wavelengths. Take two absorption-matched wavelengths: 1470 nm and 1875 nm 

where μa ~ 2.5 mm-1. The expected differences in the temperature distributions can be identified in Figure 

3.9 by comparing the values along the μa = 2.5 mm-1 line at the expected μs’ values for 1470 nm and 1875 

nm (Table 3.2). If optic nerve properties are used, μs’(1470) ~ 0.75 mm-1 and μs’(1875) ~ 0.56 mm-1. In 

terms of the maximum temperature rise, the difference between the two wavelengths only corresponds to 

<1%, a negligible difference. The difference in thermal penetration depth is ~2.5%. Figure 3.10 provides a 

visual of the approximate heat distributions (μa = 2.5 mm-1, μs’ = 0.6 and 0.8 mm-1), which qualitatively 

appear similar. Thus, for matched μa values, the temperature distributions induced by 1450-1470 nm and 

1860 – 1880 nm bands are effectively the same (2.5% different). This differences will increase slightly at 

lower matched μa and decrease at higher μa. Functional experiments between these two wavelengths should 

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 hold for 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 used54–56 or irradiation timescales are relatively short57 and need to be assessed separately from 

this investigation.  

 Knowledge of how the temperature distribution changes with scattering can be used to help plan 

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 λ = 1470 and 1875 nm), however, the parametric sweep 

demonstrates that these difference can be large over greater ranges of μs’ (up to 7% difference in the 

temperature and 20% difference in thermal penetration depth (Figure 3.9) ) demonstrating that, overall, 

optical scattering has a non-negligible effect on the temperature distribution. Because of this, Beer’s law 

approximations are not sufficient to estimate the distribution of absorbed photons unless the μs’ is 

substantially low enough (μs’ < 0.25 mm-1 at μa = 2.5 mm-1 to maintain <5% simulation error for all heating 

metrics). Otherwise, a Monte Carlo simulation is required to simulate the light distribution. Conversely, 

differences in these metrics are low when comparing temperature distributions across similar μs’, and 

therefore uncertainty in the value of μs’ used in Monte Carlo simulations is mostly inconsequential except 

for large errors. Exact errors will depend on the assumed μs’ based on Figure 3.9 and on what degree of 

error is deemed tolerable in the overall temperature distribution. This assessment suggests that making 

estimates of μs’ based on extrapolated values from equations in literature is likely sufficient for the purposes 

of simulating the temperature distribution at INI wavelengths. Using equation 2.11, it is estimated that at λ 

= 1470 nm, μs’ = 0.75 in optic nerve (Table 3.2). If it is assumed that this is the true μs’ value and that < 5% 

difference is tolerable between the simulated temperature distribution and the true temperature distribution, 

acceptable estimates of μs’ used in the simulation will fall between ~0.4 – 1.1 mm-1 based on the plots in 

Figure 3.9. Therefore, the estimate of μs’ can be 46 % off from the true value and simulated errors from 

scattering will still be below 5%. 

 

 

3.6 Conclusions 

 

 

In this study, various simulated and real setups were used to probe the effect of scattering on laser 

heating. Simulations used a paired optical-thermal model which combined a Monte Carlo simulation of 

photon propagation with a finite element analysis that solves Penne’s bioheat equation. Validation studies 

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.  Notably, the results 

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 seen to be reduced with higher absorption coefficients. Prior 

assumptions that the effect of scattering is negligible appear viable in particular scenarios, but ultimately 

oversimplify the interactions occurring. Not accounting for μs’ when estimating the distribution of absorbed 

photons (such as when using a Beer’s law approximation) will result in moderate errors in the maximum 

temperature rise (up to 7% simulation error) and significant error in the thermal penetration depth (>20% 

simulation error), thus a best estimate of μs’ should be made and a Monte Carlo simulation of photon 

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 modulation 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 SWIR for Aplysia, mouse, rat, rabbit, dog, 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 development of 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 the subject of more 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 of such a phenomenon 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 of light. Here, we 

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 the 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 different full width at half-maxima 

(FWHM) along axons. Second, ex vivo validation 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 fibers. 

 

Methods: Electrophysiological assessment of radiant exposures at inhibition threshold were carried out in 

ex vivo Aplysia californica (sea slug) pleural-abdominal nerves (n=6), an invertebrate with unmyelinated 

axons. Measurement of the maximum temperature rise 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 these radiant exposures. 

 

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 temperature rise 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 (p = 7.3E-6) is measured, 

resulting in a reduction in peak temperature rise under each fiber of 23.5 ± 2.1 % (p = 9.3E-5)  and 15.0 ± 

2.4 %  (p = 1.4E-3) and an increase in the FWHM of heating by 37.7 ± 6.4 % (p = 1E-3), 68.4 ± 5.2 % (p 

= 2.4E-5), and 51.9 ± 9.9 % (p = 1.7E-3)  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 with lower 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 (nonsteroidal anti-inflammatory drugs), antidepressants, muscle 

relaxants, or opioids1. In particular, chronic opioid therapy has increased in prevalence2, carrying with it a 

high risk of habituation, tolerance, and dependence that increases the risk of overdose and other deleterious 

effects3–8. Development of non-pharmacological therapies is critical, resulting in government initiatives to 

better understand and treat chronic pain9–11. Electrical interventions such as spinal cord stimulation12–14 and 

high frequency alternating current15–17, whether used in acute applications or implanted for chronic therapy, 

can provide relief, but are limited in their spatial specificity (precise spatial targeting 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 combining electrical therapy with optical modulation may help overcome some of these 

limitations18. Ultrasonic technologies offer a method of neuromodulation that can be applied non-invasively 

but are limited by focal size and spatial selectivity19–21. In contrast, optical technologies for 

neuromodulation, while inherently being more invasive compared to ultrasound and transcutaneous 

electrical stimulation22, have high spatial precision and would require a similar level of surgery as that used 

for implantable electrodes. Infrared neural modulation (INM) 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 models23–29, and has been applied in 

human dorsal rootlets30, but its complementary technique, infrared neural inhibition (INI), has yet to be 

translated for human use due to the temperature rise required for therapy. 

INI works through heat block mechanisms elicited by water’s absorption of infrared light31. Heat 

block was first described by Hodgkin and Katz in 194932 who noted that, at elevated temperatures, 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 silencing of neural activity has been explored for a range of animal models and 

applications33–36. Mechanistically, heat block is hypothesized to act through changes in voltage-gated 

potassium channel dynamics37–39. At high enough temperatures, hyperpolarizing voltage-gated potassium 

ion currents overwhelm depolarizing voltage-gated sodium ion currents so that the axon can no longer 

generate an action potential40.  

Using a laser to apply a temperature rise has allowed for smaller regions to be targeted for spatially 

precise and acutely reversible heat block without functional damage31,41–43. This method can be non-contact 

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 surrounding media 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 applying spinal cord stimulation14.  The greatest barrier to clinical implementation is the temperatures 

associated with INI. A single temperature rise does not appear to be sufficient to elicit INI’s 

neuromodulatory effect across all systems (Table 4.1). Furthermore, the magnitude 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 to be fully explored, and thus insights are needed into how to properly apply this technology to 

different neural tissues in a non-damaging, sustained manner. Developing methods that can be applied 

across many neural model systems will greatly aid in the growth of 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 duration of application44,45. 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 equation43, we hypothesize that heating greater lengths of axon,   
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Table 4.1. Temperature Rise for Heat Block across Model Systems 

Model System 
Temperature Rise at 

Inhibition Threshold 
Reference 

Squid Giant Axon ~20oC Hodgkin and Katz, 194931 

Computational Model of Xenopus 

laevis 

26-32oC Mou et al., 201237 

Aplysia Buccal Nerve 7.02oC Duke et al., 201330 

Rat Sciatic Nerve 5.2oC Duke et al., 201330 

Aplysia Pleural Abdominal Nerve 9.7oC Lothet et al., 201742 

Musk Shrew Vagus Nerve, Small 

Diameter Neurons 

2.9oC Lothet et al., 201742 
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increasing the block 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 doubling the 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 both in silico and ex 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 an Aplysia pleural abdominal nerve axon was simulated using the Hodgkin-

Huxley model implemented in the NEURON simulation environment46, which models the equivalent circuit 

of the axonal membrane as batteries (ion Nernst potentials), resistors (ion channel conductivities), and a 

capacitor (membrane capacitance). Aplysia neuron parameters47, representative of neurons in the pleural 

abdominal nerve that can be tested ex vivo, were used to model an unmyelinated axon that was 2 μm in 

diameter48 and 25 mm 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 the end of a closed 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. During these measurements, a probe with two adjacent 400 μm core diameter optical fibers irradiated 

a 20% polyacrylamide gel with similar optical and thermal properties to tissue using either one or both 

optical fibers. One-dimensional slices were taken from the image through 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 the nerve in silico with the expected 

temperature distributions from one and two fibers.  

Four different simulations were performed. First, an axon held at room temperature (20oC) was 

simulated as a control to understand the neural conduction of an unheated axon. The axon was stimulated 

using the Iclamp function 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 visualize the strength 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 

μm core diameter optical fiber was modeled. Inhibition was defined as a maximum membrane potential 

less than -60 mV at the most distal computational node, which is below the voltage required to activate 

voltage-gated sodium ion channels in the model49. The scaling factor of the one-dimensional temperature 

profile along the nerve was modulated until the lowest peak temperature rise that resulted in inhibition was 

identified as TS1. A temperature rise profile which approximated heating from to two adjacent 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 at TS2. 

 

 

4.3.2 Probe Design 

 

A custom dual fiber probe was designed and built in-lab from two bifurcated 400 μm core diameter 

optical fibers (fiber A and fiber B) (BIF400-VIS-NIR, Ocean Optics, Inc.) to reliably apply INI over two 

block lengths with constant monitoring of the power from each 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 irradiation. The other path 

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 output was checked and separation distances between the fibers was 

measured with a stereoscope and a thermal camera with a resolution of 3.5 μm x 3.5 μm per pixel. A second 

probe was created in the same way as the first but with longer fibers after the bifurcation (20 feet) 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 bifurcated 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 

Neurostimulator, Lockheed Martin) (λ= 1875 nm, 200 μs pulse duration, 200 Hz) were used to irradiate the 

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 (PS19Q, Coherent Inc.).  
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4.3.3 Ex Vivo Electrophysiology Setup 

 

Experimental validation of computational predictions was performed in n=6 different pleural 

abdominal nerves from 6 Aplysia californica (Marinus Scientific, Long Beach, CA) weighing 250-350 

grams (one nerve per animal). Aplysia were anesthetized using injection of 333mM MgCl2 (~50% of body 

weight), and one of the pleural abdominal nerves were dissected and placed in a room temperature (~20oC) 

recording dish lined with polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning) containing Aplysia 

saline (460 mM NaCl, 10 mM KCl, 22 mM MgCl, 33 mM MgSO4, 10 mM CaCl2, 10 mM glucose, 10 mM 

HEPES, pH ~7.6). The ends of the nerve were suctioned into hand pulled, pre-filled, polyethylene suction 

electrodes such that the nerve was taut. Bipolar leads terminating in chlorided silver 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 

recording. 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 potentials (CAPs), the summation of the multiple (>1,000) individual action 

potentials, were stimulated at one end of the nerve using monophasic pulses of current (90-275 μA, 5 ms 

pulse width, 2 Hz, 90 second duration, 179 stimulations) and recorded in Axograph data acquisition 

software. Signals were amplified by 10,000x and 100-1000 Hz bandpass filtering was applied using a 

differential amplifier (Model 1700, A-M Systems). The signal was digitized using a Digidata 1440 digitizer. 

Initial recordings established the normal 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 seconds of the 90 second recording 

(Stimulations 60-119) (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, 

H1, was identified 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 

quantified, and inhibition was confirmed in post-processing by showing 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 post-processing, 1-3 repetitions of inhibition at the radiant 

exposure threshold were performed for each nerve.  
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Figure 4.1. (A) Electrophysiology setup. An Aplysia nerve is immersed in a dish filled with Aplysia saline 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 

grounded 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 recording in 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 200Hz for 30 seconds. (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 dimensional (3D) printed 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 across the gap at the 

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 with Aplysia saline and positioned in the magnetic resonance (MR) scanner for imaging.  
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Once the single fiber threshold 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% of H1, and then slowly increased until the 

two-fiber inhibition threshold, H2, was found by the same criteria as for H1. 

 

 

4.3.5 Thermal recordings 

 

A two-pronged approach was used to estimate the heating occurring at INI radiant exposure 

thresholds using one and two fibers. First, a thermocouple was used to measure the time-dependent 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 temperature measurements were made for 

the previously identified radiant exposure thresholds for each of the six nerves (six H1 values and six H2 

values).  

 

4.3.5.1 Thermocouple recordings 

Thermocouple measurements were taken using a fine wire (12.7 μm diameter) type E thermocouple 

(FW05, Campbell Scientific Inc.) connected to a DATAQ model DI-245 with built-in cold-junction 

compensation for signal acquisition. The thermocouple was secured and placed in a beaker of tap water at 

room temperature (Figure 4.1, C). A micromanipulator (KITE-R, World Precision Instruments) was used 

to hold the optical probe and was mounted on a motorized translation stage (PLS-XY, ThorLabs Inc.) for 

fine motion control 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 H1 measuring under fiber A, 2) laser A and B 

both irradiating with H2 measuring under fiber A, and 3) laser A and B irradiating with H2 measuring 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 maximum temperature 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 laser(s) was then triggered at 200 Hz with 200 μs pulses, mimicking irradiation during the 

electrophysiological inhibition protocol. All H1 and H2 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 seconds of heating at any given radiant exposure. Temperatures were 
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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 conditions listed above, which 

were then averaged to calculate the maximum temperature rise at H1 for each nerve and the maximum 

temperature rise at H2 under each fiber for each nerve. These results were then used to calculate a percent 

change in temperature rise for each nerve 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 

spatial temperature distributions within tissue at high spatial resolutions are limited. This is especially true 

when considering temperatures at a depth in tissue or in water-rich environments. MRT was used to provide 

spatial thermal data at a depth within a setup that mimicked the boundary conditions of heating in the 

electrophysiological experiments. 

MR thermometry50 was used to obtain spatially resolved temperature maps of the nerve and 

surrounding media during heating. An MR-compatible phantom setup was constructed to mimic the 

boundary conditions of heating that the nerves experienced during the electrophysiological experiments: 

being immersed in Aplysia saline with 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 tube (Fisher 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 strung across the two extended ledges at the bottom 

of the holder. The nerve holder was epoxied to the inside of the tube cap, forming a water-tight seal and 

allowing for the removal of the entire setup from the tube with the cap. 

During phantom preparation, an Aplysia was anesthetized and the pleural-abdominal 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 inserted into the channel 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 filled with Aplysia 

saline and screwed shut. This phantom 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 MR Thermometry Scan Parameters 

Multi-slice, T1-weighted 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 imaging 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 imaged voxels containing 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 mm, 0.218 x 0.218 x 0.25 mm voxels, 3 averages, 30 s temporal resolution). Three 

baseline pre-heating images were acquired of all slices before triggering the laser(s) for a 30 second INI 

heating image. The acquired images were zero-padded in-plane to a 512 x 512 matrix (0.055 x 0.055 x 0.25 

mm voxels) and temperature maps were computed from the resulting images using baseline-subtracted 

proton resonance frequency-shift MR thermometry51 which was adapted to run on the scanner52.    

 

 

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 and 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 firing31. To increase sensitivity to the inhibition 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 variance of the 

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 two-sided paired t-test implemented in MATLAB (R2017a, MathWorks Inc.), and the significance 

threshold was adjusted using the Bonferroni correction (p<0.0042) to account for increased type I error due 

to the 12 tests being performed (six tests for H1 and six tests for H2). Once radiant exposures were identified 

at both the one and two fiber thresholds for each nerve, a two-sided student’s t-test (p<0.05) tested for a 

significant change in H2 compared to H1.  
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4.3.6.2 Thermal Data 

The percent change in temperature rise was calculated under each 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 a two-sided t-test (p<0.05). 

For assessing changes in block length, MRT images were inspected after zero-padding, 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 one-dimensional phase unwrapping algorithm implemented in 

MATLAB. After unwrapping, the temperature for each voxel was calculated using the previously described 

equation 2.24: 

 

 
∆𝑇 =

∆𝜑

𝛾𝛼𝐵0𝑇𝐸
 Equation 2.24 

 

where 𝛥𝜑 is the phase difference between the current image and the baseline average for each 

voxel, 𝛾 is the gyromagnetic ratio in Hz/T, α is the proton resonance frequency change coefficient in 

ppm/oC, B0 is the magnetic field strength in Tesla, and TE is the echo time in seconds50. 

 On a separate nerve from a 318 gram Aplysia, the diameter was measured using optical coherence 

tomography and found to be 267 ± 7 μm. Based on this measurement of the nerve height, the middle of the 

nerve could be estimated as being 3 voxels (corresponding to 110 -165 μm) below the average probe tip 

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 fibers was tested for a significant increase against a zero-

centered normal distribution with a one-sided students t-test 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 tested in silico by simulating the temperature 

rises required to inhibit neural conduction for two different FWHMs 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 4.2 shows 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 one-dimensional temperature 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 20oC. 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 the occurrence of inhibition. Columns 2-4 show the results during 

heating. Inhibition was achieved when a peak temperature rise of TS1=23.1oC was used (Figure 4.2, column 

2) with the profile for one fiber heating. The maximum membrane potential of the action 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 decrease related 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 dropped to -65mV, the 

resting potential, and has failed to recover, demonstrating successful inhibition. A similar 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 at inhibition threshold drops to TS2=20.4oC, a 11.7% reduction as compared to using one 

fiber. 

As a control, TS2 was applied to the axon using the one fiber temperature distribution (Figure 4.2, 

column 4, top row). While the maximum membrane potential drops in the heated 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 were acquired for Aplysia pleural-

abdominal nerve undergoing INI. A representative recording of CAPs in the pleural abdominal nerve in 

Aplysia and its response to INI is displayed as a surface plot to visualize how individual peaks in the CAP 

are affected over a full recording (Figure 4.3, A). This particular recording shows the two-fiber inhibition 

threshold for nerve 1 where each fiber irradiates with 122.2 mJ/cm2/pulse. Here, the color of the surface 

indicates CAP voltage and each row corresponds to a different CAP 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 stimulations is plotted as 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 two‐fiber 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). Three 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 these three traces 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 laser is off, plotted 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 RAUCs is plotted for both when the laser is off (stimulations 1–59 and stimulations 120–179) and during infrared 
neural inhibition (INI) (stimulations 88–119). Inhibition can be identified as a significant reduction in RAUC (P = 

2.0E−78). (D) The distribution of radiant exposures resulting in inhibition threshold using one fiber, H1, and two 

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 = 7.3E−6).  
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(90 seconds at 2Hz stimulation). The first CAP is at stimulation 1. The x axis represents the 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 1-59, on for stimulations 60-119, and off for stimulations 120-179. Representative CAP 

traces from each 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 stimulations 1-59. Once the lasers 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, A). The inhibited 

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 orange indicates RAUCS when the lasers are on. Inhibition was confirmed as a 

statistically significant drop (p = 2.0E-78) in the average RAUC during inhibition (stimulations 88-119) 

when compared to the average RAUCs prior to irradiation and after irradiation. The distribution of these 

RAUCs 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 average H1 and H2 are plotted in Figure 4.3, D. The single fiber 

radiant exposure threshold was found to be 166.0 ± 6.0 mJ/cm2 (mean ± standard error of the mean), and 

using two optical fibers resulted in a significant drop in the radiant exposure threshold, 102.0 ± 4.6 mJ/cm2 

per optical fiber. This corresponds to a 38.5 ± 2.2 % (p=7.3E-6) reduction 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 into a reduction 

in temperature rise at inhibition threshold. Consequently, temperature rises were directly measured at each 

H1 and H2 value. 

 

 

4.4.3 Peak Temperatures Decrease when Using Two Fibers 

 

 Thermocouple measurements yielded dynamic temperature rise data from which the 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 present due 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 greatly reduces the amount 

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 contact with the fiber output (where the radiant exposure is maximum), but at 

away from the fiber tip (where a temperature maxima is expected to occur). The maximum recorded 

temperatures under each fiber are reported in Figure 4.4 when irradiating with the identified H1 and H2 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 right 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 different axons may have been inhibited 

across samples. Overall, by using two adjacent fibers instead of one, the peak temperature rise was 

significantly reduced under fiber A by 23.5 ± 2.1 % (p = 9.3E-5) and under fiber B by 15.0 ± 2.4 % (p = 

1.4E-3).  

 

 

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 described in the methods. Temperature map slice orientations are shown 

in Figure 4.5, A, where 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 change in magnetic susceptibility from the probe to the 

nerve/water and interfered with the zero-padding and obscured the region of interest of heating for all scans. 

Due to this, temperature maps generated in this slice were analyzed 275 – 330 μm below the probe tip where 

the artifact did not affect the results. In all other images, line profiles were taken 110 – 165 μm below the 

probe tip. The results when using radiant exposure values found for nerve 1 are shown in Figure 4.5, B-D. 

Figure 4.5, B displays the computed temperature map for slice 1 when one fiber irradiates with H1 (176.3 

mJ/cm2) and Figure 4.5, C displays the same for when two fibers irradiate with H2 (122.2 mJ/cm2). 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 two fiber 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 % (p = 1E-3), 68.4 ± 5.2 

% (p = 2.4E-5), and 51.9 ± 9.9 % (p = 1.7E-3) increase in slices 1, 2, and 3 respectively.   
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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 ± standard 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 inhibition measured 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 between slice 1 (magenta) and slice 3 (orange). Slices are 0.25‐mm thick 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 has been removed 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 (122.2 mJ/cm2/pulse/fiber). (D) Temperature 

rise line profiles taken from 110 to 165 μm below the probe in (B) and (C) are plotted. The probe position is shown 

as a thick black line. The FWHM was calculated for both one (blue) and two (orange) fiber heating. From these, 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−3), 

68.4 ± 5.2% (P = 2.4E−5), and 51.9 ± 9.9% (P = 1.7E−3) 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. Lothet et al. first analytically derived how the minimum block length 

scales with the square root of axon diameter using the cable equation43. From this analysis, one can 

hypothesize that, assuming effects along the length increase monotonically with temperature, that less 

thermal energy is needed to induce block if a greater length of axon is heated. Ganguly et al. simulated the 

mechanism of heat block and in their investigation computationally tested this hypothesis, describing how 

the block length required to inhibit varied with both the axon diameter and the temperature rise across a 

uniformly heated region40. Here, this hypothesis was computationally tested with temperature distributions 

similar to what actually occurs from heating when irradiating with an optical fiber and with a simulation 

mechanism in NEURON that is tailored towards Aplysia 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 ± 2.4 % and 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 used to test trends associated 

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 trends shown 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 wavelengths centered 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 block31,32,38–40,43,53 

suggests that heat block is due to the interplay of changes in the dynamics of voltage-gated sodium, NaV, 

and voltage-gated potassium, KV, ion channels. It is hypothesized that, at increased temperatures, the effect 

of the hyperpolarizing KV currents overwhelm the effect of the depolarizing NaV currents, resulting in 

neurons being unable to reach the threshold voltage in the adjacent region of axon40. Furthermore, it is 
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known that smaller diameter axons are inhibited at lower temperatures43. Since ionic currents are 

temperature dependent, if a particular temperature rise requires one specific block length, it should follow 

that a higher temperature will require a shorter block length43. Ganguly et al. assessed the ratio of the total 

charge transfer of potassium, QK, to the total charge transfer of sodium, QNa, at a single computational node 

and found that, at increased temperatures, the absolute value of this ratio increases40. In other words, as the 

axon is heated, the amount of potassium charge transfer increases compared to the amount of sodium charge 

transfer. This observation was also replicated in this study using Aplysia parameters in NEURON (data not 

shown) and the same conclusion was reached. At higher temperatures, lower block length was required and 

a greater QK/QNa ratio was calculated across 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 topic is of great 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 Sensitivity 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 tissue’s normal response. When assessing the CAP in 

Aplysia pleural abdominal nerve, the following effects are seen. Prior to laser heating, peaks shift to longer 

latencies which can be characterized as a “fatigue” effect due to build-up of sodium ion channel 

inactivation54,55 from the 2Hz electrical stimulation. Once the laser turns on, both the inhibited and non-

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 

velocities32.  At some critical point (critical temperature), INI takes place in the inhibited peak. When the 

laser turns off (Stimulation 120), the inhibited peak’s CV is similar to its initial CV at Stimulation 1 as if 

INI provided time for the neurons to “rest” and overcome the sodium channel “fatigue”; however, as 

electrical stimulation continues, there is again an increase in latency of the peak due “fatigue”. Non-

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), demonstrating 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 nerve43.  

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

temperature rise, a neuron’s axon diameter, and the block length. Placement of the probe is crucial for 
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neural targeting since it dictates the location of the temperature 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 way for each experiment. 

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 was fully on 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 complement of ion channels 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. Therefore, 3) the 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 between nerve samples 

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 Targeting Neural Subpopulations 

 

Targeting specific neurons for inhibition relies on more than just probe placement. It is known that 

INI naturally results in block of smaller diameter neurons at lower radiant exposures according to the “size 

principle” as demonstrated by Lothet et al.43. This 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 unmyelinated48,56. When considering how the size 

principle affects a CAP, it is seen that later signal peaks are inhibited first43 since smaller axon diameters 

have slower conduction velocities57. In this study, when radiant exposures higher than threshold were tested, 

slower CVs were inhibited prior to the fastest CVs (data not shown) supporting the conclusion of Lothet et 

al.43. It is important to note, however, that the very slowest conduction velocity signal was not always the 

first signal peak inhibited. This variability 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 used to inhibit, demonstrating 
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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 optical penetration depth (in the z-direction); 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. It is unclear 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 by the radiant exposure. Using higher 

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

“therapeutic zone” and causing damage. Lower radiant exposures reduce the risk of damage but increase 

the time to inhibition. 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 irradiation. 

 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 is that energy 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, this would raise the optical 

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 with the tissue is required. It is known that application of both high frequency 

alternating current (AC)15,17 and direct current (DC)58 can block neural conduction. It has been shown that 

high frequency AC can preferentially target either larger or smaller diameter axons depending on the 

frequency used59,60, whereas DC stimulation preferentially blocks large diameter and myelinated neurons 

first61. Specificity in electrical modulation of neurons has been boosted by using focused multipolar and 

tripolar stimulation methods62. 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 limited). Whether 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 may require complex devices 

and careful placement of electrodes, especially when working with cultured cells. For example, while safe 

DC inhibition was described in Fridman et al.58, a complex device was necessary to achieve this, whereas 

INI modulates activity in small axon diameters in a non-functionally damaging manner with just the 

introduction of an optical fiber delivering light from 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 Duke et al.31. We hypothesize that more complex irradiation schemes that utilize INI’s 

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.18, and as was demonstrated during neural excitation by Duke et al.41,63. 

 

 

4.5.5 Considerations for Thermal Measurements 

 

Temperature measurements were required to confirm that extending the block length decreased the 

temperature rise required for heat block. When two fibers are used, while each individual fiber outputs less 

energy per pulse per fiber (H2 < H1), there is still more total energy being deposited into the tissue since 

there are now two fibers irradiating (2*H2 > H1). Using one fiber, the average power applied to the nerve at 

inhibition threshold was 41.7 mW, and this was increased to 51.3 mW in total when using two fibers. This 

greater power is now distributed over a greater volume of tissue, and while it was hypothesized that the 

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 thermocouple and 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 interrogated. The thermocouple measurements 

must be evaluated carefully since a classic problem of using this temperature measurement approach to 

elucidate the thermal effects of laser irradiated tissues 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 laser-irradiated medium due to heat conduction from the irradiated thermocouple itself. Secondly, 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 pulses are 200 µs in 

duration, of relatively low intensity, 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 constant ≈10 ms, thermocouple 

wires of 12.7 µm diameter and a physical thermocouple junction size of ~25 µm, made of 

chromel/constantan (which has a heat capacity of ~ 400 J/kg K; roughly 1/10th of that of water64,65), 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 cause significant heating due to pulse-to-pulse temperature superposition; 2) the 

‘thermal mass’ of the thermocouple is more than 3 orders of magnitude smaller than thermal mass of the 

surrounding aqueous medium (given by the laser spot diameter and the optical penetration depth) and hence 

conduction of heat either from the thermocouple to the surrounding aqueous media (due to direct laser 

irradiation of the thermocouple) or from the surrounding media to the thermocouple (heatsink) is negligible. 

Another aspect of 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 smaller than 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 

volumetric 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 fibers instead of one.  

Magnetic resonance thermometry66 is another method of temperature measurement that has been 

applied for guidance of thermal therapy67–69, and has been applied for assessing temperature rise during 

infrared neural stimulation70. 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 water-rich 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. Limitations in the 

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 considered as a method to measure the temperatures being 

generated because it is a non-contact method which provides images at high spatial and temporal 

resolutions, but the drawback in tissue and other water-rich environments 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 microns)71. Additionally, 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 depth greater 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 appropriate.  Other methods for monitoring temperature exist such as fluorescent 

sensors72, temperature spatially offset Raman spectroscopy (TSORS)73 and fiber Bragg gratings74,  and each 



122 
 

has their respective advantages and drawbacks. Experiments must be carefully designed to adequately 

approximate the temperature generated in the nerve during INI. 

The computational predictions, thermocouple 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 ~20oC when using one fiber. The MRT data for nerve 1 shows a rise of 

~12.4oC. With two fibers, the temperature rise as measured by the thermocouple was ~17.5-19oC for two 

fibers, while this was measured as ~11.4oC using MRT. This lower temperature in the MRT data may be 

due to greater spatial averaging during 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 serve to validate each 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, care must be taken 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. Zero-padding 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 temperature peaks in Figure 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 was shown that the average temperature rise at inhibition threshold was 17.6oC 

(~37.6oC) using one fiber and 13.5oC (~33.5oC) using two fibers. These values are higher than what was 

reported for animal studies in Table 4.1. Different model systems may require different 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 measurement methodology, to name some possible sources of variability. Hodgkin and 

Katz32 demonstrated that heat block takes place near 40oC which is slightly higher than the temperatures 

reported in this study. Importantly, Hodgkin and Katz provide a validation of heat block using a non-laser 
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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 a non-photothermal effect: photons do not contain 

enough energy to drive photochemical reactions at 1875 nm, and laser pulses that are 0.2 ms in duration at 

this wavelength do not fall in the stress confinement regime75, eliminating mechanical modulation.  

The most comparable study to the work presented here is Lothet et al. 201743 because the Aplysia 

pleural abdominal nerve was also used. This study published a 9.7oC temperature rise when using a 600 μm 

core diameter optical fiber and 1860 nm light compared to this study using a 400 μm core diameter fiber 

and 1875 nm light. Using a 600 μm fiber would extend the block length on the nerve, possibly accounting 

for some of the discrepancy of temperature rise at INI threshold using one fiber. In the current study, 

however, a higher temperature rise than 9.7oC 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 water than 1860 

nm71 which would reduce the optical penetration depth, causing more light to be absorbed more 

superficially in the nerve and changing the 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 is 12.7 μm in diameter was used to measure temperature 

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 reported temperature rise between this study and other studies. 

In Lothet et al.43, 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 temperature may have 

occurred due to optical transmission through the window that was less than 100% in the wavelength sensing 

range of the camera (3-5 μm)76.  Additionally, other variations in the setups may have led to higher 

temperature requirements in the current study than what was needed for INI in Lothet et al43. Further 

characterization efforts will be required to identify what is the necessary temperature rise for any given 

model system, and why the reported variations occur. Using the Aplysia model (a cold-blooded 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. Ganguly et al. predicted that squid giant axons (500 μm in 

diameter) similarly could not conduct at temperatures higher than 29.5oC, and that smaller diameter axons 

required lower temperatures for heat block40, demonstrating the limitation of trying to computationally 

model heat block at mammalian temperatures. Trends observed in Aplysia, such as the effect of block 

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

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

vagus nerve43, 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 assess INI for mammalian neurons, in 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 a greater length 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 used to guide 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 model44,77. Therefore, 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 the development 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 specificity can provide 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 INI. We do not 

currently claim to be below laser 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 target neurons 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 

 

 

Objective: Infrared neural inhibition (INI) is a method of blocking the generation or propagation 

of neural action potentials through laser heating that targets wavelengths 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 explores the BL 

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 from Aplysia californica were laser-heated over different lengths of axon during electrical 

stimulation of compound action potentials. INI was provided by irradiation (λ=1470 nm) from a custom 

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 < 1.37e-5), while longer BLs (tFWHM = 1.15 - 3.03 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 secondary heating method 

similarly showed no significant change (p > 0.0167) in the temperature threshold (tFWHM = 1.25 - 4.42 

mm). 

Significance: This work characterized how the temperature threshold for neural heat block varies 

with BL and identified an optimal BL 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 studies and 

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 neuromodulation treatment. Due to INI’s high spatial specificity1, lack of 

exogenous agents, and preferential block of small diameter neurons at lower temperatures compared to 

large diameter neurons2, it has been hypothesized that INI may be used to mitigate chronic pain since many 

pain signals are propagated via unmyelinated, small-diameter neurons (C-fibers)3. INI applies infrared 

irradiation that targets relatively strong absorption bands of water (λ=1450-1470 nm, 1860-1880 nm) 

compared to visible wavelengths, resulting in tissue heating. This induces a heat block4 through the 

temperature dependence of voltage-gated potassium ion channel activation5,6 that can be applied with high 

spatial precision. This laser-induced heat block has been shown to inhibit conduction in small diameter2 

and unmyelinated neurons7, conduction in myelinated motor neurons1, cardiac contractions from embryonic 

quail hearts8, and action potentials in isolated embryonic rat hippocampal neurons9. 

The parameter space of inhibition, including laser power and irradiation distribution considerations, 

needs to be explored to identify optimal techniques for providing safe, efficacious, and therapeutic INI. INI 

has been shown to be non-damaging in the acute setting1, and damage probabilities have been investigated10, 

but techniques are needed to lower the induced temperatures to make them viable during sustained laser 

applications (minutes - days). 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 

“onset response” associated with KHFAC11. This, however, forgoes the size selectivity benefit of INI since 

the main inhibition mechanism is through KHFAC, which 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 needed for 

INI12. Considering purely optical modulation, prior exploration7 into the spatial application of INI has 

indicated that the block length (BL), the spatial length of axon heated, plays a role in the radiant exposure, 

and therefore the temperature, needed to elicit INI. This presents an important consideration for any 

potential clinical device as improper nerve targeting may result in excessive heating leading to an increased 

potential for tissue damage. BL may serve as a parameter that can be readily optimized. Thus far, only two 

BLs have been tested7, suggesting that using greater BL reduces the INI temperature threshold, but more 

exploration is needed to understand the extent to which this phenomenon can be optimized. 

One limitation of prior experiments is a lack of adequate temperature monitoring of the tissue 

during inhibition. Temperature measurements have been performed in tissue or tissue phantoms after the 

identification of INI radiant exposure thresholds1,2,7,13, or computational modeling has been utilized to 
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estimate the temperature9,13,14. Performing measurements directly in the tissue during INI application is 

difficult, and has thus far only been feasible using the open patch technique10,15. Therefore, a methodology 

is needed to provide simultaneous electrophysiological and thermal information, and the spatial distribution 

of heating needs to be probed for the purpose of exploring the effect of BL. Thermal imaging serves as an 

ideal technique to measure spatial thermal information, but has a penetration depth in tissue of 80 μm or 

less due to water’s strong absorption of the electromagnetic radiation spectrum sensed by these cameras16. 

This renders thermal imaging ineffective at measuring temperatures in aqueous environments such as in 

experiments utilizing Aplysia californica nerves which have typically involved immersing the entire nerve 

in solution.  

Here, a setup was developed that exposed a region of nerve by temporarily bringing it out of saline 

solution, freeing it for simultaneous non-contact irradiation and thermal imaging. Using this design, the 

effect of BL along the nerve was characterized for INI by utilizing different lengths of irradiation along 

Aplysia pleural-abdominal nerves. Validation of the trend seen at longer BLs was then performed using 

perfused hot saline rather than IR laser heating in a separate custom dish. 

 

 

5.3 Methods 

 

 

5.3.1 Electrophysiological Recordings 

 

Aplysia left pleural-abdominal nerves were used to assess the temperature at inhibition threshold 

across different block lengths. Aplysia have proven to be a valuable animal model for neural conduction 

studies involving INI1,2,6,7,11 due to 1) the robustness of the system, 2) the similarity of the morphology of 

their neurons to unmyelinated pain conducting neurons in humans (C fibers)3,17,18, and 3) their length (>5 

cm) which allows for the separation of neural signals due to temporal dispersion as a function of conduction 

velocity (CV). Aplysia were anesthetized using 333 mM MgCl2 (0.5 mL/g) and left pleural-abdominal 

nerves were dissected out of the animal and placed into one of two custom dishes (described below) 

containing Aplysia saline (460 mM NaCl, 10 mM KCl, 22 mM MgCl, 33 mM MgSO4, 10 mM CaCl2, 10 

mM glucose, 10 mM HEPES, pH ~7.6). For all excised nerves, nerve ends were suctioned into separate 

hand-pulled polyethylene suction electrodes 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 experiments) were amplified and filtered 
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(10k gain, 100-1000 Hz bandpass filtered) (Model 1700, A-M Systems, Sequim, WA) and then digitized 

(Digidata 1440a, Molecular Devices, San Jose, CA) and recorded using protocols in pClamp10 (Molecular 

Devices, San Jose, CA). 

 

 

5.3.2 Infrared Neural Inhibition Protocols 

 

5.3.2.1 Nerve Dish 

An 8.5” Petri dish was coated with PDMS (Sylgard 184, Dow, Midland, MI) to create a raised 

platform (width = 1 cm) in the center of the dish (Figure 5.1). Once the PDMS cured, the dish was mounted 

in a 3D printed holder that was secured to a z-axis translation stage. This stage was mounted on an optical 

breadboard, along with the optical probe, and set in a Faraday cage for low noise electrophysiological 

recordings. When the Aplysia saline level in the dish is below the platform height, a nerve may be laid 

across it, providing simultaneous suctioning of the immersed nerve ends and free beam irradiation of the 

out of solution region of the nerve on the platform. A notch was cut into the PDMS for repeatable 

positioning of the nerve (see below for how nerve hydration was maintained). 

 

5.3.2.2 Cylindrical Lens Probe  

A probe that focused the light in one dimension was constructed to vary the length over which the 

nerve was irradiated. This probe (Figure 5.1) first collimated the light from an optical fiber using a fiber 

coupled collimation lens (F260APC-1550, Thorlabs Inc., Newton, NJ), and then focused the light in one 

dimension using a cylindrical lens (f=12.5 mm, 1-inch diameter). This cylindrical lens provided a means to 

irradiate different lengths along the nerve since the spot size along the nerve could be changed based on the 

distance between the probe output and the nerve 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 spot. Spot sizes (1/e2 width) at various distances from the probe output were calibrated using a 

beam profiler (BP209-IR2, Thorlabs Inc., Newton, NJ). This cylindrical lens probe was positioned over the 

nerve using a 3-axis translation stage and rotated such that the focusing axis of the cylindrical lens was 

parallel to the axial direction of the nerve, providing an irradiated 1/e2 spot diameter between 0.4 and 5 mm 

along the nerve. The non-focused, collimated axis spot width perpendicular to the nerve was ~5 mm for all 

probe distances. This resulted in losing a significant amount of the light since it did not irradiate the nerve 

(diameters ~ 0.35 mm), but this methodology did allow for easier targeting and greater confidence of the 

nerve placement within the invisible laser spot. The light that did not hit the nerve was instead irradiating 

the surrounding PDMS. Due to the relative low absorption at 1470 nm, the temperature rise in the PDMS  
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Figure 5.1. Infrared neural inhibition experimental setup. An Aplysia nerve is excised and placed in a bath such that 

the ends are immersed, and the center is temporarily raised out of solution on a PDMS platform. Suction electrodes 

provide electrical stimulation of compound action potentials at one end and recording at the other end. An optical 

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

between the suction electrodes to apply INI to the exposed region. Changing the probe’s distance to the nerve alters 

the irradiation length along the nerve, changing the applied block length. A thermal camera is used to measure the 

induced temperature rise. Aplysia saline was regularly applied to the exposed nerve to maintain hydration. 
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was shown to be < 20% of the temperature rise generated in the nerve. 

 

5.3.2.3 Cylindrical Lens Probe Experiments  

For experiments applying INI using the cylindrical lens probe, n=6 Aplysia (118-287 grams) nerves 

were used. Conventional setups have relied on measuring the radiant exposure used to elicit inhibition, 

making temperature measurements after the fact1,2,7, but the temperature of the tissue is the important factor 

because of the thermal mechanism of INI4,5. Differences between the temperature induced during INI and 

the value measured 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 measurements at a depth in tissues pose a serious challenge. 

Bringing the nerve out of solution on the raised platform offers both the opportunity for focused, non-

contact irradiation and for direct, simultaneous measurement of the superficial temperature with a thermal 

camera during INI. A thermal camera (FLIR A8313sc, FLIR Systems, Inc., Wilsonville, OR) was mounted 

in the setup which recorded the temperature in thermal image sequences at ~15 frames per second (fps) 

with ~50 μm pixel size, allowing for time correlated electrophysiological and thermal information. Once 

the nerve was suctioned, positioned in the cut notch, and the probe was placed, electrical stimulation (1 ms 

pulses, 2 Hz, 150-400 μA) was applied for 40 seconds to elicit compound action potentials (CAPs) with 20 

seconds of laser (Innovative Photonic Solutions, Monmouth, NJ) irradiation between t=10 s and t=30 s (λ= 

1470 nm, 200 μs pulses, 200 Hz). Irradiation lengths (1/e2 spot diameters along the nerve) between 0.4 and 

5 mm were applied to each nerve (Table 5.1), and for each irradiation length a set of recordings (4-10 each) 

was measured using a range of laser pulse energies (0.09 – 1.25 mJ/pulse). These recordings probed how 

different induced temperatures result in varying degrees of inhibition of the compound action potentials 

which aided in the application of a PROBIT regression to determine the temperature threshold for INI. An 

exact measure of absorbed power is not easily obtainable since the majority of the light does not hit the 

nerve, but instead irradiates the PDMS, and because this methodology resulted in many different radiant 

exposures due to the various irradiation lengths applied along the nerve. Ultimately the important factor for 

inhibition is the temperature of the nerve since temperature has been implicated as the driver of heat block 

effects4–6, and from the safety perspective the mechanism of damage will be thermal. INI wavelengths are 

non-ionizing and too low in photon energy to drive photochemical processes19,20, and pulse parameters are 

not utilized within the stress confinement regime21 where acoustic damage and ablation would be possible. 

Thus, the thermal camera provides the important predictive parameter. Immediately after each trial, saline 

was applied to the exposed region of the nerve to maintain tissue hydration (>2 mL every 3-5 minutes). 

After application, an equal amount of saline was removed to ensure the nerve remained exposed. For each 

new set of irradiation length trials, the saline level was raised to immerse the entire nerve and the distance  
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Table 5.1. 1/e2 Spot Diameters (Irradiated Axon Length) Tested for Each Nerve 

Nerve Spot Diameters Tested [mm] 

1 0.4, 0.5, 0.7, 0.8, 1, 3, 5 

2 0.4, 0.8, 5 

3 0.4, 0.5, 0.6, 0.8, 1, 2, 3, 5 

4 0.4, 0.5, 0.7, 0.8, 1, 2, 2.5, 3, 5 

5 0.4, 0.7, 1, 5 

6 0.4, 0.6, 0.7, 0.8, 1, 2, 3, >5 
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of the probe from the nerve was repositioned. For each new irradiation length, the saline level was lowered 

to expose the nerve and the laser power was again varied across recording trials. The order of applied 

irradiation lengths was randomized for each nerve to account for any hysteresis, long-term effects, or 

deterioration of the nerves.  

 

 

5.3.3 Hot Media Inhibition Protocols 

 

5.3.3.1 Perfusion Experiments 

A 3D printed dish (Figure 5.2) as described in Ganguly et al. was used that allows for a nerve to span 3 

isolated chambers6. Nerves (n = 5) were excised and placed in the dish as shown in Figure 5.2. A suction 

electrode was applied to each nerve end (chambers 1 and 3). The central portion of the nerve traversed the 

middle chamber (chamber 2) which could be varied in length by changing the position of the partition 

between chamber 2 and chamber 3. This was modulated to apply chamber lengths of 1, 3, and 5 mm. Doors 

were placed to separate the three chambers and lined with Vaseline to create a water-tight seal. After door 

placement, the saline level was raised in each chamber to completely immerse the nerve. 

Tubing connected to a circulation pump and in-line heater (SC-20, 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 control system (CL-100, 

Warner Instruments, LLC, Hamden, CT) with feedback from a thermistor (TA-29, Warner Instruments, 

LLC, Hamden, CT) placed just downstream of the nerve in the middle chamber. Recordings made in 

pClamp10 (Molecular Devices, San Jose, CA) consisted of 410 second trials during which electrical 

stimulation (150-300 μA, 1 Hz, 0.8 ms) was provided for 240 seconds and the heating was applied for the 

first 70-150 seconds of electrical stimulation, allowing for a return to baseline temperature (20oC) and a 

rest period of no activation during the final ~170 seconds of the trial. For each channel width, 7 trials were 

sequentially recorded during which the applied holding temperature of the heater was varied from 20oC to 

50oC in 5oC steps per trial. Extra trials applying either longer heating times or higher temperature settings 

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

 

5.3.3.2 Perfusion tFWHM Estimation 

The thermal full width at half maximum (tFWHM) of heating was estimated using a thermal 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 chamber, and thermal 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 2 (tFWHM tested = 1.25, 2.55, and 4.42 mm). Suction electrodes were applied to nerve 

ends in chambers 1 and 3 so that a middle region traversed chamber 2 in which media heated by an in-line heater was 

circulated with a pump. Temperature at the nerve was measured using a thermistor placed just downstream. 
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were recorded for an entire heating/cooling cycle. Three trials of each chamber length were performed. The 

average tFWHM of the temperature distribution along the nerve was calculated by linearly interpolating 

thermal images along the nerve’s location in the chamber.  This assessment was performed after 120 

seconds of heating. These measurements were then used to determine how the tFWHM due to perfusion 

heating compared to the tFWHM due to laser heating described in the previous section. 

 

 

5.3.4 Data Analysis 

 

5.3.4.1 Electrophysiological Data 

CAP signals were separated into 3 conduction velocity (CV) regions corresponding to slow, 

medium, and fast CV neurons (Figure 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 of axon diameter22. CAP shapes and distributions were generally consistent 

across nerves, but fatigue-dependent23,24 or temperature-dependent4 CV shifts, as well as some variability 

in the CAP distribution across preparations, made it difficult to select a set of fixed boundaries that 

universally fit all nerves without consistently cutting through individual peaks within CAPs. Doing this 

would conflate a decrease in signal due to inhibition with a decrease in signal due to signals shifting between 

CV regions. Therefore, CV boundaries were found for each nerve. Inner boundaries, i.e. those that separate 

slow from medium components and medium from fast components of the CAP, were determined for each 

recording by selecting CVs where the variance in the voltage across the 40 second recordings (80 CAPs) 

were minimized since these points correspond to a location in the CAP with minimal shifts in the CV. This 

minimum was found twice, first for the portion of the signal slower than 0.5 m/s and then for the portion of 

signal faster than 0.5 m/s, to select the two inner boundaries (Figure 5.3A). Outer boundaries were selected 

to encompass the entire CAP. These four boundaries then separated the signal into the slow, medium, and 

fast CV regions. For each trial, the rectified area under the curve (RAUC), which informed the relative 

number of neurons contributing to the signal, was calculated for each CV group, and the RAUC of the noise 

floor was subsequently background subtracted. These background subtracted RAUCs were then normalized 

to the average RAUC of CAPs in the first 5 seconds of the trial (Figure 5.3B). Inhibition was defined as a 

50% or greater drop in RAUC, and this threshold was applied to RAUCs from all trials to achieve binary 

inhibition data for each CV group for 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 processed separately. 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 each CAP and 

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 large sampling density. These data are used to fit curves which predict the probability of inhibition as a 

function of temperature (solid lines), as well as the 95% confidence interval of the fits (dashed lines), and was 

performed for slow (blue), medium (red), and fast (magenta) CV neuron populations. The T50 was determined as the 

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

Thermal camera recordings were adjusted for any time offset from the electrophysiological data by 

assessing the time derivative of the maximum temperature. The time that the laser turned on was matched 

with the frame showing the largest increase in temperature. Similarly, the time that the laser turned off was 

associated with the frame with the largest drop in temperature. The location of 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 entire thermal image sequence and served as the 

predictor value in the PROBIT regression. Since the axis of the nerve was placed in the x-direction of the 

thermal image, the temperature information along the row of the image containing the maximum 

temperature pixel was extracted and used to assess the spatial information about the temperature rise along 

the nerves. The thermal full width at half maximum (tFWHM) of the temperature distribution along this 

row was calculated for each frame. Thermal data from each recording was then interpolated to obtain the 

maximum temperature and tFWHM at each electrical stimulation for each trial to estimate the temperature 

distribution for each CAP (Figure 5.3B). In perfusion heating trials, the thermistor was used to measure the 

temperature of the nerve during perfusion experiments and was collected in pClamp10 (Molecular Devices, 

San Jose, CA) along with electrophysiological data. The temperature information for each CAP was 

obtained by using the value corresponding to the time of each electric stimulation artifact.  

 

 

5.3.4.3 PROBIT Regression Fits  

Using the extracted temperature and inhibition information for each CAP, data across trials were 

pooled for each irradiation length and a PROBIT regression model was applied to each set of pooled data 

for each CV group. PROBIT models were applied using “glmfit”, a built-in MATLAB function, with a 

PROBIT linker function (Figure 5.3C). The maximum temperature along the nerve served as the predictive 

variable and the binary RAUC observations was the response variable. Once fit, the temperature resulting 

in the fifty percent probability of inhibition (T50) was calculated by interpolating the fitted PROBIT 

function. The tFWHM for each T50 was calculated as the average tFWHM of the last 10 seconds of heating 

across all trials used to compute that T50. 

 

5.3.4.4 Determining Block Length Trends  

Paired tFWHM and T50 information were used to perform least squares fit of the inhibition 

temperature as a function of tFWHM. For perfusion heating trials, a linear fit was used. For laser heating 

trials, linear, quadratic, and exponential functions resulted in poor fits (Table 5.2), and it became apparent 

that a different trend was optimal for the data. Since two distinct trends with tFWHM were observed in the 
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data, a continuous piecewise function made of two linear lines joined at an intersection point was defined 

(Equation 5.1) and used in a least-squares regression. The location of the intersection point, S, was 

optimized by iterating from S=0.85 mm to S=1.5 mm in 0.005 mm steps, and the optimal S was chosen 

based on the best goodness of fit metric (highest R2 value) for the entire piecewise equation. Any 

dependence of T50 on 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 not differ from 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, yielding an alpha 

significance value of α=0.05/3 = 0.0167. 

 

 

5.4 Results 

 

 

5.4.1 Two Block Length Regimes Are Observed During INI 

 

Across the 6 nerves tested, CAPs were split into slow, medium, and fast conduction velocity regions 

and a PROBIT regression was applied to identify the temperature for the 50% probability of inhibition (T50) 

for each irradiation length. Representative data are shown in Figure 5.3. The analysis was performed for all 

irradiation lengths across all nerves, resulting in 39 data points in all for each CV population. All T50 are 

plotted at their corresponding tFWHM of heating in Figure 5.4. Analysis of the data show consistent trends 

across the three CV populations. Least squares regression was used to fit trendlines to the data. Visual 

inspection of the fits, assessment of the residuals, and the R2 goodness of fit metric (Table 5.2) all 

demonstrated that neither a polynomial nor an exponential decay was appropriate to capture the observed 

trend.  

To provide a fit consistent with the data, a continuous piecewise function was created (Equation 

5.1) to apply two separate lines joined at an intersection point, S, to capture two distinct trends in the data: 

   

 

 

                               𝑇50 = 

𝑎 ∗ (𝑡𝐹𝑊𝐻𝑀 − 𝑆) + 𝑏,        (𝑡𝐹𝑊𝐻𝑀 <  𝑆)  

𝑏                                         ,         (𝑡𝐹𝑊𝐻𝑀 =  𝑆) 

𝑐 ∗  (𝑡𝐹𝑊𝐻𝑀 − 𝑆) + 𝑏, (𝑡𝐹𝑊𝐻𝑀 >  𝑆) 

 

Equation 5.1 
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where a, b, and c are coefficients fit to the data for each CV population, and b represents the T50 at tFWHM 

= S. The location of S corresponding to a maximal R2 value was chosen.  

Parameters for the optimal trendline fits can be found for each CV population in Table 5.3, and the 

trendlines can be found plotted for each CV region (Figure 5.4). Equations presented in Figure 5.4 are a 

simplified form of Equation 5.1. 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, respectively, with 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 of T50 with increasing tFWHM in the short BL regime is significant 

(p = 5.54e-11, 1.37e-5, and 4.46e-12 for the slow, medium, and fast CV neurons, respectively). For the long 

BL regime, slow, medium, and fast CV populations demonstrated p-values of p = 0.096, 0.096, and 0.019, 

respectively, demonstrating that no significant trend is exhibited between the T50 and tFWHM in this longer 

BL regime (α = 0.0167). To validate that this result at longer BL is real effect and not an experimental 

artifact, a secondary method of heating was applied. 

 

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

 

Using the shown perfusion setup (Figure 5.2), heated Aplysia saline 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 the bath. PROBIT models were fit to inhibition trials 

to determine the T50. Values of T50 from each set of measurements for each chamber width were averaged 

across the 5 nerves and are plotted in Figure 5.5 as a function of the tFWHM (tFWHM = 1.25, 2.55, and 

4.42 mm) from the subsequent thermal camera analysis. A linear least squares fit was applied to these T50 

means for each CV population. Trend lines show goodness of fits of R2 = 0.61, 0.69, and 0.82 for the slow, 

medium, and fast CV neurons, respectively. These linear regressions were tested for a significant difference 

from a line with zero slope, and the resulting p-values were p= 0.075, 0.024, and 0.249 for the slow, 

medium, and fast CV populations, respectively, demonstrating that no significant trend between T50 and 

BL is exhibited for all CV populations (α = 0.0167), mimicking the trend from laser irradiation in the long 

BL regime. 
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Table 5.3. Optimal fits of piecewise function parameters 

CV 

Population 

S 

(Intersection 

Point) 

Coefficient a               

(Short Regime Slope) 

[95% CI] 

Coefficient b 

(Temperature at S) 

[95% CI] 

Coefficient c                

(Long Regime Slope) 

[95% CI] 

 

Slow 1.145 -23.61 [-29.06, -18.16] 36.01 [35.32, 36.69] 0.56 [-0.30, 1.42] 

Medium 1.205 -16.52 [-23.55, -9.49] 38.54 [37.41, 39.67] 0.93 [-0.49, 2.36] 

Fast 1.11 -25.49 [-30.84, -20.14] 39.76 [39.19, 40.33] 0.76 [0.04, 1.47] 
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Figure 5.4. The T50 for all irradiation lengths across all nerves are plotted against the extracted tFWHM of heating for 

the slow (A), medium (B), and fast (C) CV neurons. Data are represented as T50 +/- 95% CI from the PROBIT fit 

(vertical error bars), plotted at the mean tFWHM +/- standard error of the mean (horizontal error bars). Piecewise fits 

utilizing the value of S in Equation 1 which maximized the goodness of fit are plotted for each CV region, and the 

corresponding equations and R2 are shown. Slopes of the linear lines 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 slope (p = 5.54e-11, 1.37e-5, and 4.46e-12 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 results. T50 values (mean +/- standard deviation) 

are plotted over tFWHM for the slow (blue), medium (red), and fast (magenta) CV neurons. Linear least squares fits 

are applied to each CV population with the shown equations and R2 values. Testing the regressions against a flat line 
show that for BL’s > 1.15 mm, the T50 is not dependent on the tFWHM required for INI (p > 0.0167), just as in the 

INI analysis (Figure 5.4). 
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5.5 Discussion 

 

 

5.5.1 Inhibition Trends with Block Length 

 

Prior investigation established that the temperature required for inhibition is expected to change 

with BL7. The present study validates this hypothesis. The response of T50 to different BLs for INI showed 

two distinct trends: one in a regime of short tFWHM, and the other in a regime of longer tFWHM. At short 

tFWHM of 0.81 - 1.15 mm, increasing the BL leads to a reduction in the T50 with a steep slope in the 

trendline. Prior experimental interrogation compared inhibition thresholds for single peaks of slow CV 

within CAPs using one and two adjacent optical fibers7. Interestingly, this study would have just been able 

to capture the trend at low tFWHM considering that the reported tFWHM from one and two fibers were 

0.66 mm and 1.10 mm, respectively. Applying the equation for T50 determined in this study from Figure 

5.4A to the tFWHM from Ford et al. 2020, it is predicted that T50 = 47.5 oC for one fiber and T50 = 37.1 oC 

for two fiber inhibition, resulting in a 21.9 % drop in temperature rise over room temperature (20oC) by 

using two fibers instead of one. This prediction falls within the 15 - 23.5 % decrease reported in Ford et al. 

2020. It is important to compare the percent decrease in INI threshold because that accounts for variation 

across experiments and for differences in the absolute temperature based on the temperature sensing 

techniques used. By considering Ford et al. 2020 in conjunction with the results from this study, strong 

evidence is presented for the existence of this short regime where increasing BL leads to a reduction in T50. 

At long BLs (tFWHM = 1.15 - 3.03 mm), no significant change in the T50 with BL was noted (p > 

0.0167). This is the case for both the laser irradiated and perfusion heated nerves, highlighting that a BL 

dependence may only exist over a finite range of tFWHM. This was an unexpected finding since prior 

computational modeling5 and experimental data7 showed that longer irradiation lengths are expected to 

exhibit a drop in the temperature for inhibition, but a longer BL regime of no change in temperature 

threshold was not explicitly seen. In Ganguly et al. 20195, Figure 4J suggests that the benefit of BL may 

saturate, where inhibition temperature appears to decay exponentially with increasing BL. In this 

investigation, however, an exponential fit poorly captured the trends in the data (R2 < 0.3) (Table 5.2). One 

caveat present is that an exponential resulted in a relatively good fit for the slow CV data (R2 = 0.613). It 

was determined that this was due to the longest BL (tFWHM = 3.03 mm) having a T50 lower than many of 

the adjacent data points, while this same BL for the medium and fast CV neurons showed a T50 greater 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 that if T50 truly does follow an 
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exponential relationship with 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 (R2 

= 0.106) (Table 5.2). With this analysis, it was determined the piecewise 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. 

 

 

5.5.2 Optimizing Targeting 

 

The work presented here suggests that there is a true optimal block length to apply INI. To minimize 

the temperature needed for inhibition and minimize the volume of tissue heated, irradiation of nerves should 

target BLs around tFWHM = 1.15 mm, at the intersection point between the two linear regimes (Figure 

5.4). The current commonly held irradiation paradigm using optical fibers can achieve this BL by selecting 

the correct optical fiber diameter, and specialized nerve cuffs might be designed that specifically target this 

BL for research and clinical applications. The 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 lengths (1/e2 spot 

diameters) of 0.4, 0.5, 0.6, 0.7, 0.8 1, 2, 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, potentially causing 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 instead of an 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 aid in proper targeting of the tissue.  

Targeting the nerve’s entire diameter (i.e., irradiating all neurons) still allowed for specific 

inhibition of slow conducting neurons while remaining below the T50 for medium and fast CV neurons; 

therefore, this may be an effective method for applying heat block specifically to pain conducting neurons. 

Investigation is needed to identify if optimally targeting BL to minimize T50 results in safer application of 

INI, allowing for extended laser application times. By lowering the temperature induced, the thermal load 

on the tissue inherently drops for a fixed exposure time25. This would allow for longer duration of heat 

application before the onset of damage, but how long these temperatures can safely be applied during INI 

remains to be seen. This study was performed in an invertebrate that makes no myelin, so there were no 
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myelinated neurons, and native body temperatures are much lower in Aplysia than in mammalian 

vertebrates. Studies are needed to assess whether the trends identified here are also found in vertebrate 

unmyelinated neurons, and how myelinated neurons within compound nerves respond. In Aplysia, it is 

predicted that the T50 for slow CV neurons at a block length of 1.145 mm is 36 oC (a ~16 oC rise above 

room temperature), near where mammalian systems function. In mammals, it is known that damage effects 

begin to occur above 42 oC25. Heat applications bringing the tissue temperature higher than 42 oC would 

not inherently incur an immediate damage response but would have a duration window for therapy prior to 

the onset of damage. This onset time is dependent on the amplitude of heating above 42 oC and places an 

upper limit on the irradiation time allowable for therapeutic use. Some evidence exists that inhibition of the 

slowest neurons in the vagus nerve of the musk shrew occurred with a 2.9 oC rise over a 37 oC baseline2, 

suggesting that safe and effective sustained inhibition is possible. Optimal 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 below 42 oC. One potential 

change when investigating the effect of BL in a vertebrate nerve is that the intersection point between the 

short and long regimes may occur at a different BL, which would be an important distinction for optimally 

targeting invertebrate versus vertebrate neurons for INI. To apply optimal BL to vertebrates, validation of 

the trends shown here will be needed. Studies in the Aplysia should attempt to target BLs of tFWHM = 1.15 

mm to minimize extraneous heating, while other systems will require their own investigation of block 

length to identify optimal targeting. 

 

 

5.5.3 Mechanistic Considerations 

 

Prior mechanistic exploration into INI has suggested that heat block is the result of hyperpolarizing 

currents from voltage-gated potassium channels, KV, overwhelming the depolarizing currents from voltage-

gated sodium channels, NaV, at greatly elevated temperatures causing a failure to conduct an action potential 

in the heated region of an axon5,6. Both NaV and KV currents exhibit a temperature sensitivity in which 

increased temperature induces greater maximum currents and faster channel gating, and KV currents 

demonstrate a greater temperature sensitivity of the current onset time at INI temperatures26–29. Ganguly et 

al. 2019 demonstrated this computationally. In addition, the ratio of potassium charge transfer per unit area 

to sodium charge transfer per unit area (QK/QNa) increases as temperature is elevated5. These 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 for a greater 

temperature, T2, a shorter length of axon, BL2, would be needed since the KV ion channels open more 
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quickly and the QK/QNa will be greater at T2 compared to T1. In other words, the amount of hyperpolarizing 

effect per unit surface area of axon will be increased 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 Ganguly et al. 2019 where BL is compared over 

different top-hat temperature applications5. When no ion channels are present, the BL is dictated by the 

length constant of the axon and decays due to passive currents. When only KV 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 KV currents. When both KV and NaV 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 heating greater lengths can also be seen in Mou et al. 

201214. Action potential propagation was simulated in Xenopus laevis myelinated neurons and in Figure 6 

the temperature at which heat block occurs decreases as the number of computational nodes that are heated 

increases. It 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 this effect, it would be expected that there is a BL regime 

where the measured T50 would no longer change with tFWHM. Indeed, we observe no significant change 

in T50 with BL at tFWHM = 1.15 – 3.03 mm (Figure 5.4) and at tFWHM = 1.25 – 4.42 mm (Figure 5.5). 

One point to note from the above assessment is that a BL effect was observed in both myelinated and 

unmyelinated axons (Aplysia, squid, and frog axons were tested in the present study, Ganguly et. al.5, and 

Mou et. al14., respectively). Therefore, we hypothesize that this phenomenon occurs across species, and 

thus would be effective in reducing the temperature needed for INI in human C fibers. 

 

 

5.6 Conclusions 

 

 

An assessment of the parameter space of block length was performed for tFWHM of heating 

between 0.81 and 3.03 mm along nerves using laser heating and between 1.25 and 4.42 mm using perfused 

hot media to induce neural heat block. Probing the relationship between BL and the temperature for the 

50% probability of inhibition (T50) revealed two distinct trends, 1) at relatively short BLs (tFWHM = 0.81 

- 1.15 mm), a statistically significant drop in T50 was measured as BL increases, and 2) at longer BLs 

(tFWHM = 1.15 – 3.03 mm), no significant change in T50 was measured with BL. This trend is best 

approximated by a continuous piecewise function defined by two lines. The shorter BL regime is consistent 
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with previous computational and experimental findings. The longer BL regime was validated using 

perfused hot media as a secondary method of heating and may be predicted from computational 

investigations currently present in literature. A minimum in the T50 occurs at the transition from the shorter 

regime to the longer regime providing an optimal BL to minimize the tradeoff between the applied 

temperatures and the volume of tissue heated. Future studies should consider the BL that is applied to the 

tissue to understand how it may affect the temperatures needed for inhibition, and how improper targeting 

may cause extraneous heating. Additionally, a similar study in mammals would greatly aid in understanding 

and optimizing BL towards preclinical and clinical implementation of INI. The work presented here 

provides one example of how the parameter space of INI can be optimized towards performing targeted, 

effective, and safe heat block of neurons for potential future therapeutic applications. 
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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 laser-tissue interactions. The need for this optimization stemmed from the high 

temperatures required for INI, restricting any long-term therapeutic applications of the technology. To 

improve targeting and reduce temperatures, an understanding was needed of where the light is absorbed, 

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 temperatures were investigated in 

Chapter III. A fundamental barrier in the field existed to computational modeling of arbitrarily irradiated 

neural tissue at INI wavelengths since the reduced scattering coefficient, μs’, had not been characterized at 

these wavelengths. The limitation on optical property measurement techniques available restricts the 

accuracy and precision with which this value can be directly measured, therefore, a computational approach 

was developed, validated, and then used to estimate the sensitivity of temperature distributions to μs’ with 

subsequent experimental validation.  Both computational and experimental investigation revealed that 

higher μs’ will yield higher temperature rises and lower thermal penetration depths, while a negligible 

dependence of the FWHM (full width at half maximum) of the surface temperature on μs’ was observed. 

Prior assumptions in the optics community assumed that since μa is much greater than μs’ at INI 

wavelengths, scattering could be largely neglected. Secondly, if scattering was considered, we wondered if 

an extrapolation of fitted μs’ spectra to wavelengths in the visible (VIS) and near-infrared (NIR) regions of 

the electromagnetic spectrum would be sufficient for the sake of computational modeling. Thus, this 

investigation aimed to test these assumptions. It was revealed that computational modeling predicts < 7% 

increase in maximum temperature rise and < 20% decrease in thermal penetration depth over a range of 1.5 
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mm-1. This investigation concludes that despite the absorption dominance, scattering cannot be neglected 

unless μs’ is sufficiently close to zero (μs’ < 0.25 mm-1) to maintain <5% error in the simulated temperature 

distribution. This means that a Monte Carlo simulation is needed to determine the distribution of absorbed 

photons (a Beer’s Law approximation is insufficient) for most cases. Despite the need for a Monte Carlo 

simulation, a best guess of μs’ is likely sufficient without greatly affecting the simulation. As described in 

the discussion of Chapter III, for INI with λ = 1875 an error of up to 46% in the estimation of μs’ is sufficient 

to maintain <5% error in the simulated distribution. With this result, researchers should have more 

confidence that errors in their approximations of μs’ will not greatly affect simulation outcomes, and 

computational investigations into optimizing laser irradiation during INI for specific applications and in 

specific animal models can now be performed. These results also have implications 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 the temperature required for INI exhibits an axonal 

length dependence. Primary proof of principle was performed computationally in the NEURON simulation 

environment which predicted that increasing the tFWHM (thermal full width at half maximum) of 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 and two-adjacent optical fibers (tFWHM = 0.66 

mm and 1.10 mm, respectively). Using two fibers resulted in a 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 exist1.  

 Chapter V provided a more extensive analysis of the effect of BL on INI temperature thresholds. 

The study presented novel methodology of 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 variability can result 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 trial to trial variability. In the Aplysia, 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 that further probe 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 that studies in 
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vertebrate nerve probing biophysical phenomena, whether for INI or INS, would benefit from non-contact 

irradiation so that the temperature distribution can be simultaneously monitored. 

  Chapter V resulted in a surprising finding: the identification of two different 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 inhibition (T50) and 2) tFWHM above 

1.15 mm fell within a regime where increasing the BL did not significantly change the T50. This was 

observed for all conduction velocity populations of neurons. Initial skepticism hypothesized that this second 

regime was an artifact of the experimental setup; 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 ~23.5% reduction 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% reduction in T50 would be 

predicted by using 2 optical fibers. This study 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 system, it is not fully 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 observed. Similar 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 long-term therapeutic use 

was the motivation for the work performed in this dissertation. The 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 optical-thermal interactions in tissue. At 

INI wavelengths, scattering dependent changes in the temperature distribution are relatively small when 

considering the range of μs’ viable in neural tissues, but these are still present. To that end, the major 

conclusion from Chapter III is that, except for in specific circumstances, scattering cannot be ignored, 

and a Monte Carlo simulation is needed to simulate the light distribution. While not able to neglect the 

contribution of scattering, an estimate of μs’ may be sufficient to approximate the tissue computationally, 

and the results of this dissertation can be used to understand the error present in an optical-thermal 

simulation.   
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 Optimization can also take the form of selecting the proper BL. Importantly, the results of Chapters 

IV and V suggest that there is an optimal block length to apply INI that will minimize tissue heating 

and will minimize the volume of tissue heated. For the slowest neurons, a block length of 1.145 would 

target the minimum temperature for a 50% probability of inhibition (T50) at 36oC. 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 a ~1.15 mm tFWHM would optimize the BL for INI in the Aplysia, 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 vertebrates must provide optimal block length and the minimum temperature for inhibition 

in C-fibers. If the INI threshold at minimum BL is greater than 42oC2, 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 and/or improving neural targeting 

may be needed which will help elucidate the overall viability of INI as a therapeutic technique. 

 

 

6.2 Future directions 

 

 

6.2.1 Computational Investigations 

 

Based on the results from Chapter III where it was concluded that estimated μs’ are sufficient to 

simulate temperature distributions, optical-thermal modeling can now be performed for specific INI 

applications with the best available approximation of μs’ for the tissue of interest. One of the greatest 

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, or of single 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 temperature distribution is one 

way to optimize how light should be applied to achieve this specificity and understand targeting limitations 

due to the μs’ of tissue and thermal conduction. Focusing of the light going into tissue would result in a 

much more confined 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 



162 
 

axon would greatly increase the temperature needed to inhibit. Perhaps specific targeting of axons within a 

nerve would benefit from spatial thermal confinement radial to the axon and thermal spread of the heat to 

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

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 

and is likely not be feasible in a 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 this technique. 

By coupling these optical-thermal models with 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 temperatures1, more confidence exists in these 

computational neurological predictions. A coupling of these models has already been performed by 

Ganguly et al. (in preparation)3, which highlights the predictive potential of these simulations and how 3D 

coupled simulations can predict the spatial distribution of inhibited axons. In addition, an assessment of the 

potential for thermal damage can be incorporated, as shown in Ganguly et al3.   

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 of the final writing of this 

dissertation and the defense of this thesis took place during the beginning of the COVID-19 pandemic, 

resulting in the self-isolation of people around the world. Institutions have been closed, and non-essential 

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 experimental exploration. 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 inaccessible. Experimental 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 since in-lab time is limited and increases and individual’s risk. In this context, the utility of 

computational modeling is even greater so that experiments are properly planned out and experimental 

parameters are properly understood. A worthwhile goal may be creating an open source modeling pipeline 

for simulating phenomena related to INM which would aid others in properly developing their 

experimentation. A computational workstation capable of running computationally large geometries and 

performing computationally intensive simulations was purchased with a mid-tier processor and high-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 optimized for 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 greatly aid in the user-friendliness 

of these coupled simulations. Predefined common geometries could be available for other users to build 

upon based on their own needs. Dr. Mohit Ganguly conducted the critical early work of developing a 

NEURON mechanism that better predicts the temperature dependence of neural conduction. Incorporating 

this mechanism into a simulation pipeline would significantly lower the barrier to entry for labs performing 

INM to perform computational modeling as a means to optimize setups and explore mechanistic questions. 

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

help provide a more universal understanding temperature’s effect on neural conduction.  

 

 

6.2.2 Mechanistic investigation 

 

 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 literature1,4, the effect of block length 

may saturate at longer tFWHM. If this is true, it would explain why any change of the T50 with 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 the short regime 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 significantly different from 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 these two occurrences, I hypothesize that there are actually two competing effects at play here, 

one that reduces the T50 with greater BL and another that increases the T50 with greater BL. This first effect 

would be the one highlighted in Chapter V where the temperature 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 reduction in T50 is seen. In 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 T50 with greater 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 may first be performed 

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, since 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 channel. Experimental validation will eventually be needed to test this 

hypothesis. Direct measurement of the contribution of sodium and potassium currents during application 

of INI with different BL would be the ideal way to perform this validation, but an intracellular patch along 

an axon that is also being heated is likely not practical or possible. A study of indirect observations may be 

sufficient to draw conclusions, though. Ganguly et al. describes a 3-chamber dish that applied channel 

blockers to a middle region of nerve where INI was simultaneously applied (Appendix A). A hybrid setup 

between Ganguly et 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 agents. With 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 V could then assess how the BL trends change with blocking of 

different ionic currents. Unfortunately, the experimental setup using the perfusion chamber was not suitable 

to test block lengths less than 1 mm because the size of the thermistor did not allow smaller 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 nerve. Overcoming this limitation could 

be possible by constructing 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 the heated 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 μm deep. From the investigation in Chapter III, the maximum temperature is expected to occur just 

under the surface of the tissue. Therefore, the measured temperature is very close to the maximum 

temperature experienced by the tissue, but this will be hotter than the temperature at the axons since the 

nerve is 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 was measured 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 probed because of 

the height of this thermistor, likely 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 performed comparing 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 than when applying INI. 

 

 

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 of BL may not be consistent between invertebrates and vertebrates due to 

physiological differences such as the different complement of ion channels and the presence of myelin. 

Initial investigation should probe this effect in C-fibers. Not only can this put BL in the context of pain 

management, but C-fibers are the most likely population of neurons to demonstrate a similar BL response 

because of their lack of myelination and comparable axon diameters to the slow CV population in Aplysia. 

The sciatic nerve has proven to be an effective target to explore INI and INS, and would again provide a 

good model system to explore BL in mammals. The trunk of the sciatic is too short to adequately stimulate 

and sense C-fiber activity. The electrical stimulation artifact is too high amplitude and not enough 

propagation distance is present to separates the stimulation electrode from the recording 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 not allow for enough signal dispersion to separate the C-fiber signal from motor 

and myelinated 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 enough separation to sense C-fiber contribution to the compound action 

potential if a high enough signal to noise ratio (SNR) is achievable. This could be performed on excised 

nerve setup5 or in vivo6, and may require impaling the tissue for adequate SNR. Non-contact irradiation 

would again be needed with thermal imaging to repeat the study from Chapter V. It would be informative 

to further investigate the effect that myelin has on inhibition thresholds and how myelination impacts the 

effect of BL by repeating this study for Aδ fiber signals and eventually for motor neurons. 
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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 assessed on a 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 least 42oC to evoke a damage response in tissue2. The relationship between 

temperature, time, and damage probability are captured by approximating the accumulation of damage as 

a chemical reaction using the Arrhenius model7. This 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 to 44oC for > 300 minutes but will occur in less than a 

minute at 55oC2. This information can be used to inform acceptable heating protocols for INI. Because, in 

mammals, damage requires temperatures of 42oC, any heating that is limited to a 5oC rise (over a 37oC 

baseline) would likely be considered safe for long term use, with the appropriate safety studies, of course. 

Some evidence suggests that limiting INI to a 5oC rise is possible. Conduction block of motor signals in the 

rat sciatic nerve was achieved at ~ 5.2oC rise8 and INI of the smallest diameter axons in the musk shrew 

vagus nerve was achievable with ~2.9oC rise9. Unfortunately, there are a few pitfalls with these 

measurements that likely push the true temperature rises at INI threshold above the 42oC range. 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 throughout this thesis, 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 well above 5oC. 

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 what required in Duke et 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 2.9 oC rise measured in Lothet et al. is an underestimate of the true 

temperature because emissivity corrections were not applied to account for the loss of signal through the 

glass imaging window during thermal imaging9. This would likely result in no more than a doubling of the 

measured temperature rise, resulting in a rise of ~5.8 oC. Thus, inhibition of fine vertebrate neurons may be 

possible at temperature thresholds below 43oC. While this is not below the goal of 42oC, this does mean 

that irreversible damage would take much longer to develop compared to applying temperatures of 55oC 

(an 18oC rise). Lothet et 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 clinical feasibility of both 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, tissues should 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 account, INI 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 thesis are obviously not 

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 reduce 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 enclosed work. Aplysia are 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 accepted 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 problematic for clinical 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 heating on the scattering 

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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within tissue and is the more “interesting” problem. This dissertation took the approach that scattering in 

an absorption dominated regime is not negligible and does play a role in the laser heating. The results of 

this investigation calls into question the use of Beer’s Law to determine the distribution of absorbed photons 

for certain applications. This analysis can be extended to other applications and other wavelengths where 

the optical properties of interest exhibit a 2 to >10 times greater absorption coefficient than scattering 

coefficient; however, an analysis will have to be rerun if the μa and μs’ are on a different order of magnitude 

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 of the tissue in a given setup will affect the light and heat distribution. Conversely, however, the 

optical properties of the tissue, in conjunction with the wavelength, and the irradiation methodology 

can be specifically chosen to select the heated volume. The relative amount of scattering can be chosen 

by selecting the wavelength regime since greater μs’ values occur in the 1450-1470 nm range compared to 

the 1860-1875 nm range; however, the effect of optical scattering on the temperature distribution is largely 

negligible between these wavelength regimes, but will become slightly more of a factor if wavelengths with 

lower absorption are chosen. Ultimately for INI, the 1450-1470 nm and 1860-1880 nm ranges should be 

considered functionally the same when assessing 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 heating. Additionally, 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 (non-contact irradiation) or create a temperature 

maximum at a depth (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 will have negligible scattering regardless of the wavelength 

used.  

Based on the literature available in the field of axonal heating, Chapters IV and V were the first 

studies that have considered the effect of heating length on neural conduction. One barrier to exploring 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 distribution. This dissertation may serve 

as a starting point of how to go about probing these temperature distribution 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 radiofrequency (RF) neuromodulation because an increase 

in temperature has been associated with both techniques. Thus, the revelation that the distance of axon 

heated alters temperature thresholds may also serve to inform optimization ultrasound and RF parameters. 
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This also raises the question of what other length effects may exist, such as with the length axon 

experiencing mechanical 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 INI are 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 this can pose a problem 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 nerve. Interrogation 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 showed that consistently 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 temperature, this 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 needs to be allotted 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 

understanding 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 as a clinical 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 rises, but results from vertebrate animal studies suggest that clinical INI is viable if the 

irradiation parameters can be optimized. This dissertation took the first step at trying to optimize these 

irradiation parameters by taking advantage of the tissue’s innate response to temperature. Identifying the 

presence of a BL effect provided a real parameter 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 the Aplysia are not representative of those needed in mammals, 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 as the 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 location. Application of glucose has already 

been implicated in reducing the radiant exposure threshold needed for inducing INI10. These methods may 

be employed in tandem with optimized BL and with each other for a synergistic effect that may further 

reduce the thermal load on neural tissue. Future 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 to the tissue. 
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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 compound action 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 in Aplysia californica nerves, whereas sodium channel blockers 

appear to 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 activity (neuromodulation) is a challenge that has major scientific and 

clinical applications for treating and managing symptoms and conditions that are neuropathic in origin1. 

Electrical methods of neuromodulation have been used for some time, but suffer from disadvantages such 

as lack of selectivity, surgical complications, lead migration, lead breakage, MRI incompatibility, and 

tolerance buildup 2,3. There is a need for an alternate modality of neuromodulation that can mitigate, if not 

completely eliminate, these disadvantages4.  

Use of infrared (IR) irradiation on nerves could be one such method. It has been shown that infrared 

light can be used for excitation 5–9 and inhibition of nerves 10–14. The technique of infrared inhibition of 

nerves is spatially precise10 and can be targeted to selectively inhibit axons of smaller diameters12 . The 

ability to target axons of small diameters helps motivate IR inhibition as a modality that can 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 modality and optimize its parameter space.  It has been shown that heating caused by IR 

absorption of nerves is responsible for inhibition15–18. From simulations using Hodgkin Huxley based 

computational models17,18, we hypothesize that the mechanism underlying infrared inhibition of action 

potentials is a thermally-driven accelerated activation of voltage-gated potassium ion channels. This paper 

tests this hypothesis by studying infrared nerve inhibition in unmyelinated Aplysia nerves in the presence 

of voltage-gated ion channel blockers.   

 

 

A.3 Methods 

 

 

A.3.1 Animal preparation 

 

After anesthetizing Aplysia 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 electrophysiological 

response. The nerves were maintained in room temperature (T ~20 oC) Aplysia saline (460 mM NaCl, 10 

mM KCl, 22 mM MgCl2, 33 mM MgSO4, 10 mM CaCl2, 10 mM glucose, 10 mM HEPES, pH 7.6) which 

was modified depending on the type of experiment (see below). Measurements using a calibrated 

microscope done in the laboratory show that the diameter of the Aplysia pleural abdominal nerve is 253.09 

 144.70 m in diameter (N = 12, for animals ranging 250-300g in weight). 

 

 

A.3.2 Experimental setup 

 

Nerve-recording electrodes were made by hand-pulling polyethylene tubing (1.27 mm outer 

diameter, 0.86 mm inner diameter) over a flame and cutting them to the desired diameter. Recording 

electrodes were suction-filled with Aplysia saline prior to suctioning the nerve. Nerve signals were 

amplified (×10,000) and band-pass filtered (300–500 Hz) using an AC-coupled differential amplifier 

(A-M Systems, Sequim, WA), digitized using an Axon Digidata 1440A digitizer (Molecular Devices, 

San Jose, CA) and recorded using Clampex computer software (Molecular Devices, San Jose, CA). 
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Monophasic stimulation current was supplied by a WPI A365 stimulus isolator (World Precision 

Instruments, Sarasota, FL) for all experiments (stimulation parameters: 200 A current, p = 2 ms, 1 

Hz). The IR block was produced by a tunable diode laser (Capella Neurostimulator; Lockheed-Martin-

Aculight, Bothell, WA) with a wavelength of λ = 1875 nm coupled to a 400 μm diameter multimode 

optical fiber (Ocean Optics, Dunedin, FL). The optical fiber was secured in place using 

micromanipulators. The laser was triggered at 200 Hz with 200 s pulses 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.1A). The energy range used in the study 

was 215.29  19.55 mJ/cm2  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, 50 m layer height). The sections within the chamber were separated 

using 3D printed partitions (made of Hewlett Packard 3-Dimensional High Reusability PA {Polycyclic 

Aromatic} 12 to provide finer detail). Resin was used for printing, since it provided a good balance between 

quality and cost. For the experiments described in this paper, the width of the middle section (x, Figure 

A.1) was maintained between 2.5-3 mm. This width is small enough to allow passive currents to propagate 

past the middle chamber and re-initiate action potentials, even in the presence of voltage-gated 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 biocompatible Vaseline 

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

 

 

A.3.3 Channel blockers and inhibitors 

 

To test hypotheses derived from computational modeling studies18, we used a blocker of voltage-

gated potassium ion channels (Tetra-ethyl chloride, TEA), and a blocker of voltage-gated sodium ion 

channels (Tetrodotoxin). The formulation for TEA saline was 410 mM NaCl, 50 mM TEA, 10 mM KCl, 

22 mM MgCl2, 33 mM MgSO4, 10 mM CaCl2, 10 mM glucose, 10 mM HEPES, pH 7.619,20. Prior 

studies19,20 have shown that TEA blocks both voltage dependent and Ca+2 mediated potassium channels and 

disrupts potassium currents in Aplysia neurons. A solution of 60 M of TTX saline solution (TTX, Enzo 

Life Sciences Farmingdale, NY) was prepared by adding 600 L of 1 mM TTX normal Aplysia saline 

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 of an Aplysia pleural 

abdominal connective nerve in a three-dimensional chamber that consists of three sections (1,2,3). The sections 

at the ends (shown in blue) contain normal saline. The 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 nerve allow for stimulation and recording 

of compound action potentials. (x = 2.5 – 3 mm). (B) A schematic showing the layout of the nerve chamber with 
dimensions.  
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consistent with previously published experimental studies in Aplysia 21–23. In these studies21-23, it has been 

observed that use of TTX blocks inward currents and decreases spiking activity in Aplysia pacemaking and 

buccal neurons. The effect of all ion channel blockers was reversible, which was confirmed by performing 

recordings after washing out the ion channel blocker solutions. The effect of TEA was reversed after 2- 4 

washouts over approximately 30 minutes. The effect of TTX was reversed after 2 - 3 washouts over 

approximately 15 minutes. The pH of all the saline solutions was adjusted to 7.6, which is the same as that 

of normal Aplysia saline. All solutions were brought to room temperature (T ~ 20oC) prior to infusion into 

the chamber. 

 

 

A.3.4 Experimental protocol 

 

The nerve recording protocol consisted of multiple recordings of 20 second intervals. The nerve 

was electrically stimulated at a frequency of 1 Hz. Each recording consisted of three phases: 1) the time 

when the laser was OFF (t = 0 - 5 secs), 2) the time when the laser was ON (t = 5 - 15 secs), and 3) the time 

when the laser was again OFF (t = 15 - 20 seconds; Figure A.2A). Phase 3 of the recording allowed the 

nerve to recover from the thermal block induced by the IR laser irradiation during the second phase of the 

recording. In each study, the power of the laser was adjusted to obtain a complete block of the compound 

action potential (CAP) within the first five seconds after the laser turned on. Once the value of radiant 

exposure was determined, it was kept constant for the entire duration of a trial. Each trial consisted of three 

experimental conditions. The trials were conducted in a series of recordings in A-B-A-C-A format. 

Recording A refers to the observation of nerve activity in the control saline solution (with IR irradiation), 

before any ion channel blocker is introduced. Recording B refers to the observation of nerve activity in the 

presence of TEA (with IR irradiation), and Recording C refers to the observation of nerve activity in the 

presence of TTX (with IR irradiation). Experiments were repeated in six different animals (N = 6). 

 

 

A.3.5 Data acquisition and analysis  

 

CAPs were acquired at 50 kHz. Clampex (Molecular Devices, San Jose, CA) was used to record 

acquired data in the computer.  After acquisition, data analysis was performed using a combination of 

AxoGraph X (Axograph Scientific, Berkeley, CA), Matlab (Mathworks, Natick, MA), Microsoft Excel 

(Microsoft, Redmond, WA) and Mathematica (Wolfram Inc., Champaign, IL). Each recording was  
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Figure A.2: Typical Infrared Block. (A) Recording showing infrared laser block obtained when the nerve is in 

normal Aplysia saline. The laser is switched on from t = 5 - 15 seconds and switched off for the last 5 seconds in each 

recording. (B, C, D). Signals from each phase of the recording are shown in high temporal resolution (pre-irradiation 

(B), during irradiation (C), and post irradiation (D)). In each of the high-resolution signals shown, the electrical 

recording artefacts are removed. (Laser parameters   = 1875nm, optical fiber size = 400 m, f = 200Hz, p = 200 s, 

Ho = 183 mJ/cm2) 
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divided into three phases (laser OFF 0 - 5 sec, laser ON 5 - 15 sec, laser OFF 15 - 20 sec, Figure A.2A). 

The rectified area under the curve (rAUC) was evaluated for signals in each phase of the recording. The 

average of the areas under ‘laser OFF’ phase (phases 1 and 3) were plotted; since they were not significantly 

different (based on a paired t-test), the ratio of the rAUC in phase 2 relative to phase 1 were computed. For 

the ‘laser ON’ phase (phase 2), rAUC for the signals observed between t = 11 - 15 seconds of the recordings 

were measured. Prior studies had indicated that the effect of IR takes several seconds to occur12, so focusing 

on the last five seconds of phase 2 ensured that the system had reached a stable state.  The areas were 

normalized to the average area calculated for when the laser was off during the first phase of the recording. 

Tests for normality were performed using the Shapiro-Wilks test. The data also passed tests for 

heteroscedasticity, so that ANOVA could be applied. Post-hoc Tukey honest significant difference (HSD) 

tests were used to determine which changes were statistically significant at the p = 0.05 level. 

 

 

A.4 Results 

 

 

Control experiments using normal saline solutions (without any channel blockers) show a block 

when IR is used on the nerve (Figure A.2A – D; Figure A.3A-D).  In the presence of TEA, the effect of IR 

in creating a propagation block is greatly reduced (Figure A.3E-H). Although TEA prevented laser-induced 

inhibition of the largest CAP units, it still appeared to inhibit smaller, slower units, which have a lower 

inhibition threshold, as predicted by modeling results18. In the presence of TTX, IR block is again observed 

(Figure A.3I - L).  

Overall ANOVA for N = 6 independent experiments shows that the overall changes due to the 

presence of the blockers is highly significant (p < 5x10-13).  Post hoc Tukey HSD tests showed that 

normalized changes in areas of CAP’s in saline and TTX (when IR was ON, phase 2) relative to control 

(IR laser off, phase 1) were not statistically significant, whereas normalized changes in the CAP’s in TEA 

(laser ON, phase 2) relative to control (laser OFF, phase 1) showed no reductions during IR irradiation, are 

highly significantly different from the saline and TTX results (p < 2 x 10-6).  
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Figure A.3: Blocking Potassium Ion Channels Eliminates IR Thermal Inhibition. High temporal resolution views 

of representative signals from a nerve undergoing block in the presence of ion channel blockers. Signals prior to, 

during, and after laser irradiation in control saline (A, B, C), in TEA (E, F, G), and in TTX (I, J, K) are shown. 

Infrared-induced thermal inhibition is observed in control (normal) saline (B), and in TTX (J) when the IR laser is 

switched on. Thermal inhibition is reduced in the presence of a potassium channel blocker (tetraethylammonium 

chloride TEA) (F). Normalized rAUCs summarizing results from N = 6 observations in control saline (D), in the 
presence of TEA (H), and the presence of TTX (L). Lack of change in rAUC in TEA is highly significant (see text). 
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A.5 Discussion 

 

  

The results presented in this paper support the hypothesis that the primary mechanism by which 

thermal block occurs is due to voltage-dependent potassium ion channels. As shown in previous 

modeling studies17-18, in response to heating, voltage-dependent potassium channels in unmyelinated 

axons respond more rapidly than they do in unheated axons, generating a hyperpolarizing current in 

response to depolarizing currents.  Results also suggest that sodium channels do not appear to play a 

significant role in establishing a thermal block. Increase in activity of potassium channels in mammalian 

models caused by accelerated kinetics and increased conductance at elevated temperatures have been 

reported in literature24–26. Potassium channel blockers have been reported to affect conduction block at 

elevated temperatures 27–29, but the underlying mechanism has remained elusive. While all studies 

mentioned above examined mammalian systems, to the best of our knowledge, the study presented here 

is the first to highlight the key role of potassium channels during thermal block induced by infrared laser 

radiation in an unmyelinated axon system. These results may lead to novel targeted therapies for 

unmyelinated axons, which carry sensory information such as pain and temperature in a wide range of 

species, including humans. 
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