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Abstract

Noninvasive delivery of near infrared light (IRL) to human tissues has been researched as a treatment
for several acute and chronic disease conditions. We recently showed that use of specific IRL
wavelengths, which inhibit the mitochondrial enzyme cytochrome ¢ oxidase (COX), leads to robust
neuroprotection in animal models of focal and global brain ischemia/reperfusion injury. These life-
threatening conditions can be caused by an ischemic stroke or cardiac arrest, respectively, two leading
causes of death. To translate IRL therapy into the clinic an effective technology must be developed that
allows efficient delivery of IRL to the brain while addressing potential safety concerns. Here, we
introduce IRL delivery waveguides (IDWs) which meet these demands. We employ a low durometer
silicone that comfortably conforms to the shape of the head, avoiding pressure points. Furthermore,
instead of using focal IRL delivery points via fiberoptic cables, lasers, or light emitting diodes, the
distribution of the IRL across the entire area of the IDW allows uniform IRL delivery through the skin
and into the brain, preventing ‘hot spots’ and thus skin burns. The IRL delivery waveguides have unique
design features, including optimized IRL extraction step numbers and angles and a protective housing.
The design can be scaled to fit various treatment areas, providing a novel IRL delivery interface
platform. Using fresh (unfixed) human cadavers and isolated cadaver tissues, we tested transmission
of IRL via IDWs in comparison to laser beam application with fiberoptic cables. Using the same IRL
output energies IDWs performed superior in comparison to the fiberoptic delivery, leading to an up to
95% and 81% increased IRL transmission for 750 and 940 nm IRL, respectively, analyzed at a depth
of 4 cm into the human head. We discuss the unique safety features and potential further improvements

of the IDWs for future clinical implementation.
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Introduction

Stroke is one of the leading causes of death globally, with more than 15 million people affected each
year'2. With the blood flow to the tissue blocked due to the stroke, the affected area quickly becomes
ischemic. During ischemia, energy is rapidly depleted due to the lack of oxygen preventing oxidative
phosphorylation by the mitochondrial electron transport chain (ETC)3. Disrupted mitochondrial calcium
levels and the low ATP concentration result in activation of the various mitochondrial complexes in a
futile attempt to meet the energy demand*®. The restoration of blood flow is necessary to prevent total
death of the affected area, but also results in transient mitochondrial hyperpolarization and excessive

reactive oxygen species (ROS) production, which causes reperfusion injury®’.

Clinical trials to treat stroke pharmacologically, such as with ROS scavengers, have failed to deliver
clinically in human patients despite success in the laboratory environment with animal models®®. These
failures may be due, in part, to difficulties in delivering relevant concentrations to the specific subcellular
targets during the early period of reperfusion, when most reactive oxygen species (ROS) are generated.
The spectrum of near infrared light (IRL), ranging from 700 to 1,000 nm, has been evaluated as a
possible noninvasive treatment for stroke'®. IRL offers many benefits over conventional treatments. IRL
is nonpharmacological and therefore can be noninvasively applied locally and does not affect the body
systemically. Additionally, IRL does not depend on blood flow, which is compromised during stroke, to

be delivered to the target tissue.

Cytochrome ¢ Oxidase (COX), also known as Complex |V in the mitochondrial ETC, has been identified
as the primary target of IRL due to its two enzymatic copper centers, which broadly absorb IRL between
700 and 1,000 nm as can be seen with the COX absorption spectrum''3. Although the precise
mechanism of IRL action on COX is not fully clear, it should be noted that there are two copper atoms
located at the cytochrome c¢ binding site (electron acceptor site) and a third copper atom is located near
heme az and binds the COX substrate, oxygen. Therefore, all three coppers are located at the catalytic
sites of COX. Since infrared light adds vibrational energy when absorbed, a straightforward hypothesis
would be that additional movement at the catalytic site(s) alters cytochrome ¢ and/or oxygen binding.
Generally, IRL is believed to be stimulatory to COX and the mitochondria, particularly the commonly
used 810 nm™. Treatment strategies with 810 nm focus on increasing mitochondrial activity in areas
affected by stroke to increase ATP levels and improve cognitive function'. However, we have
previously established that certain wavelengths of IRL, specifically 750 nm and 940/950 nm, are
inhibitory to COX and the mitochondria’®. This provides a unique treatment opportunity for reperfusion
injury following ischemia. By applying COX-inhibitory IRL during early reperfusion, ETC flux is reduced
in the hyperpolarized mitochondria, which normalizes the mitochondrial membrane potential and

prevents the generation of excessive ROS. We have demonstrated inhibition using both purified COX



protein and intact cells. Additionally, applying 750 nm and 950 nm during early reperfusion showed

robust neuroprotection in rat models of focal stroke and global brain ischemia'®'6.

The IRL spectrum is able to penetrate through biological tissues via an ‘optical window’ which occurs
due to the low absorbance of hemoglobin above 650 nm and water below 1,000 nm'". Despite this,
most IRL is lost within the first millimeter of the skin®. This highlights the need for the development of
IRL delivery technologies that can enhance transmission of IRL through biological tissues in order to
reach therapeutic amounts of IRL at the deepest structures of the brain. Here, we describe the
development and testing of our IRL delivery waveguides (IDWs) which facilitate the transmission of IRL
into the brain. Our IDWs consist of low durometer silicone waveguides, which have good optical
transparency in the near IRL range'®. Additionally, silicone waveguides have previously been used to
efficiently transmit IRL for spectroscopic purposes and biomarker detection?°-22, Similar technology has

been found to enhance delivery of light to a target tissue®.

Our IDWs offer several advantages over traditional IRL delivery methods. The IDWs are placed in direct
contact with the scalp, conforming to the patient’s head to prevent pressure points. IRL is transmitted
through fiberoptic cables from a laser source to the IDWs, allowing higher IRL outputs without the heat
production associated with light-emitting diodes (LEDs)?*. Extract steps within the IDWs allow uniform
distribution of IRL toward the scalp, preventing ‘hot spots’ which could burn the skin. Additionally, the
rear surface of the IDW is coated with a reflective material in order to capture IRL that reflects off the
skin and redirect it back toward the body. Furthermore, this solution is scalable, providing a novel
platform for IRL delivery into any desired tissue type. We have previously reported that COX-inhibitory
IRL can penetrate up to 4 cm into the human head using fresh, unfixed cadavers?. Here, using the
same wavelengths and IRL output intensities, we compare IRL penetration via fiberoptic delivery of IRL

versus IRL delivered by our IDW into the human head and isolated human skin samples.

Materials and Methods

Waveguide Design

The waveguide form was designed by Mitovation, Inc. (Ann Arbor, MI, USA) and Lumitex, Inc.
(Strongsville, OH, USA) and optimized by Lumitex, Inc. with consultation from Gray Optics (Portland,
ME, USA). Monte Carlo simulations of IRL ray traces were run through a virtual waveguide model using
Zemax OpticStudio® software to define the extraction feature and IRL-receiving lens geometries that
satisfy the waveguide performance criteria. The waveguide solid body was designed using
SOLIDWORKS® 2020 computer aided design software. Waveguide models were computer numerical
control (CNC) milled from polymethyl methacrylate (PMMA) by ProtoLabs (Maple Plain, MN, USA) to

verify that the simulation data accurately predicted the physical model's performance. The final



waveguide form was injection molded from Nusil MED-6033 clear low consistency silicone elastomer
by ProMed (Minneapolis, MN, USA).

Infrared Light Delivery Waveguide (IDW) Assembly and System Integration

The IRL delivery unit clamshell housing was CNC milled from polyoxymethylene (Delrin®) by
ProtoLabs. The waveguide-clamshell housing assemblies were secured with number O size thread-
forming screws from McMaster-Carr (Elmhurst, lllinois). Two (one for each laser diode) 1x7 multimode
fused biconical taper (FBT) fiberoptic splitters, sourced from LFiber Optic Limited (Shenzhen,
Guangdong, China), were customized with a 400 ym core with a 0.22 numerical aperture (NA) step
index, a sub-miniature A (SMA) 905 threaded connector on the IRL input fiber, and 2.5 mm diameter
ferrule connectors (FC) on each of the seven output fiber tips. Two SMA-to-SMA mating sleeves
purchased from ThorLabs (Newton, NJ, USA) were used to connect each laser diode to a splitter
aligning the laser diode fiber guide ferrule and splitter input fiber guide ferrule apertures tip-to-tip. A
custom IDW-splitter fixture assembly was 3D-printed by ProtoLabs from acrylonitrile butadiene styrene
(ABS)-like gray photopolymer resin using a stereolithography printer. Each IDW assembly received
three of the fibers from the splitter connected to the 750 nm laser diode assembly from Akela Laser
(Jamesburg, NJ) and three fibers from the splitter connected to the 940 nm laser diode assembly from
BWT Beijing Ltd. (Fengtai, Beijing, China) leaving a null fiber (center fiber) disconnected from each

splitter for monitoring output stability from each laser diode when necessary.

IDW Performance Verification
A performance verification study was conducted to evaluate the optical delivery performance of the
IDWs (n=5 IDWs). Each IDW assembly was evaluated for extraction efficiency and uniformity of IRL

power across the emitting surface.

Extraction Efficiency

The waveguide emitting surface contributing output power from each laser diode was measured using
a 5 cm diameter Thermopile Sensor and an Optical Laser Power Meter, model 843-R, from Newport
(Avenue Irvine, CA, USA). To determine the power contribution from each wavelength separately, the
corresponding wavelength was selected in the handheld optical meter menu. Power (W) from the splitter
fibers connected to the 750 nm laser diode (P;50;,) and 940 nm laser diode (Py40in) Was measured by
first offsetting the ambient light with the meter’s “Zero” function before deploying the laser. The laser
diode’s power supply was incrementally adjusted until the desired output from the three contributing
fibers was achieved for each wavelength contributing power measurement. The sum of the contributing

power inputs from each wavelength was the total power input (T;,,) to one IDW:



Equation 1: Total Input Power (T;,) = P750in + Posoin (W)

This process was repeated using the IDW as an extended IRL delivery source after placing three output
ferrules from the 750 nm splitter and three ferrules from the 940 nm splitter into each of the IDW
housing’s six input dowel holes in alternating sequence. Before deploying the laser diode, the
waveguide emitting surface was placed over the 5 cm sensing aperture of the thermopile and the
ambient light was offset with the “Zero” function. The sum of the contributing power outputs from each

wavelength was the total power output (7,,,;) of one IDW:
Equatlon 2 TOtal Out POW@T (Tout) - P7500ut + P94Oout (W)

The IDW extraction efficiency was measured for each wavelength by dividing the total power output

from the waveguide emitting surface (T,,;) by the total power input of IRL from the splitter (T},).
Equation 3: % Total Extraction Ef ficiency = [7;‘3—“] * 100

Uniformity Pixel Analysis and Surface Percentage Uniformity (SPU)

To quantitatively verify the distribution of output IRL power across the waveguide’s emitting surface, six
inputs ferrules from the splitter connected to the 940 nm IRL source were connected to the IDW. The
output power from the 940 nm IRL source was incrementally adjusted until the total measured output
from the emitting surface was 2W using the methods described above. A photomask was 3D-printed
from Nylon by ProtoLabs using fused deposition modeling (FDM) printing. The photomask dimensions
were designed to fit the dimensions of an 818P Series High Power Detector connected to an 842-PE
series Handheld Power/Energy Meter from Newport. The top face of the photomask contained a grid of
4 x 4 mm squares with one square cut-out in the middle of the grid allowing IRL to pass through to the
sensing aperture. The distal-left corner of the waveguide emitting surface was placed over the square
cut out such that the edges were aligned. The ambient light was offset using the previously described
procedure before the IRL was deployed. The IRL power was measured at the first location after on the
emitting surface through the 4 x 4 mm pixel allowing the sensor to stabilize for 20 seconds and repeated
by moving the waveguide along the grid until power from each of the 25 pixel locations along the 4 cm?
emitting surface was recorded. The pixels with the maximum power (Powern,,,) and the pixels with the
minimum power (Power,,;,) were recorded. The surface percentage uniformity (SPU) was calculated

using the following equation:



Poweryax — Powernyin

Equation 4: SPU = {1 — | 3+ 100

Poweryax + Powernyin

Emitting Surface Imaging

The emitting surfaces of IDWs (n=5) were imaged using a D5500 Nikon DSLR camera that was modified
to capture IRL. Six inputs ferrules from the splitter connected to the 940 nm IRL source were connected
to the IDW. The output power from the 940 nm IRL source was incrementally adjusted until the total
measured output from the emitting surface was 2 W using the methods described above. The camera
was fitted with a Nikon AF-S VR Micro-NIKKOR 105 mm f/2.8G IF-ED lens containing a Hoya R72
infrared filter. A piece of sand blasted glass (Edmund Optics, Barrington, NJ, USA) was used as a
diffuser and positioned 20 cm away from the camera lens. The IDW emitting surface was positioned
directly behind the diffuser, parallel to the glass surface, and aligned within the field of view using the
gantry’s adjustable axes. Captured images of the emitting surface were uploaded into ImageJ and
changed to an 8-bit gray scaled image. The line tool was used to trace the edge of the emitting surface
and create a scaled conversion from pixel to mm. The rectangle tool was used to select the region of
interest across the emitting surface. The “Plot Profile” tool was used to plot the combined average gray
value intensity of pixels in the Y-axis against its location along the X-axis. The image was rotated 90

degrees and this process was repeated to plot the intensity along the perpendicular axis.

Cadaver Donation

A cadaver was made available for research by the Body Bequest program at Wayne State University
School of Medicine, Department of Ophthalmology, Visual and Anatomical Sciences. In accordance
with the Uniform Anatomical Gift Act of Michigan (Act. No. 368, Public Acts of 1978, Article 10), donor
consent for educational and research purposes was obtained prior to death. Post-mortem, the cadaver
was transported to Wayne State University and stored at 4°C. Surgical dissection and IRL transmission

experiments were performed at 16°C.

Surgical Dissection

Surgical dissection of the cadaver proceeded as previously described?. After shaving the head, skin
and soft tissues of the scalp were excised to expose the skull. An arch shaped window into the brain
was generated via craniotomy of the skull using a Stryker 810 Autopsy Saw (Kalamazoo, MI, USA).
Lastly, the ThorLabs PM160 optical power meter (Newton, NJ, USA) was inserted into the brain after
performing a micro-durotomy at the site, and IRL transmission measurements were taken. After IRL
transmission measurements on the intact head were complete, an isolated skin sample was taken from

the top of the scalp.



IRL Transmission Measurements through Cadaver Head

After the dissection, the optical power meter was sequentially inserted into occipital, parietal, frontal,
and temporal lobes of the brain. For the duration of the experiment, the Thor PM160 optical power meter
was covered with SC Johnson Ziploc brand snack bags (Racine, WI, USA) cut and heat sealed to the
dimensions of the optical power meter to prevent biological matter from directly contacting the detector
surface. This barrier consists of transparent plastic material that did not absorb IRL during testing. After
insertion of the power meter into each lobe at a distance of 4 cm from the skin of the head using a
stereotactic tool?*, 750 and 940 nm IRL transmission measurements were taken using a 4 W power
input emitted from the laser-connected fiberoptic cable located 2 cm away from the surface of the skin.
Prior to changing lobes, the laser was replaced with the waveguide. Then, 750 and 940 nm IRL
transmission measurements were repeated using a 4 W power output emitted from the waveguide
making direct contact with the surface of the skin. Background measurements with no IRL emission
were recorded for both the laser and waveguide. The experimental transmission measurements were

taken by operating the laser diodes continuously.

IRL Transmission Measurements through Isolated Cadaver Skin

An isolated skin sample from the cadaver was taken after IRL transmission measurements were
performed on the head. IRL transmission measurements on the skin sample were performed with an
Optical Power/Energy Meter, model 842-PE, from Newport. For the duration of the experiment, the
optical power meter was covered with CVS Pharmacy Total Home Stretch-Tite Plastic Wrap
(Woonsocket, Rhode Island) to prevent biological matter from directly contacting the detector surface.
This barrier consists of transparent plastic material that did not absorb IRL during testing. As previously
described, the skin sample was processed and placed onto the detector surface?®. The 750 and 940
nm IRL transmission measurements were taken using a 1 W power output emitted from the laser-
connected fiberoptic cable located 3 cm away from the surface of the detector. Then, 750 and 940 nm
IRL transmission measurements were repeated using a 1 W power output emitted from the waveguide
making direct contact with the surface of the skin. Skin sample was 0.37 cm thick. Background
measurements with no IRL emission were recorded for both the laser and waveguide. The experimental

transmission measurements were taken by operating the diodes continuously.

Results

The goal of this study was to generate IDWs with improved IRL delivery characteristics into the human
body that 1) consider safety concerns by separating the IRL generation source and thus heat source
from the human interface to limit unspecific heating at the IRL delivery point, 2) provide a more uniformly
distributed IRL delivery over the entire area of the IDW, 3) allow direct contact of the IDW to the human

skin by using a soft silicone that prevents pressure points, and 4) at the same time allow efficient IRL



transmission compared to devices or IRL delivery approaches that deliver IRL through an air gap from,
for example, an LED or a fiberoptic cable. The individual components of the IDW and their assembly

are shown in Figure 1.

Virtual Modeling

Ray trace Monte Carlo simulations demonstrated that an aspheric cylindrical collimator geometry with
a 1.846 mm curvature radius positioned 3.5 mm from the IRL source and decentered by 0.3+0.5 mm
from the focal axis focused the maximum amount of IRL from the source to the extraction features
(Figure 2A). The input angle of the IRL source was 0° and other details of the simulation are summarized
in Table 1. The simulations also revealed that the waveguide maintained an extraction efficiency of
~80% covering the full emitting surface along the proximal-to-distal axis using an extraction feature step
angle of 58° even when the emitting surface was curved to a 50 mm radial curve (Figure 2a). The ray
traces showed a striated pattern of IRL output reflecting the patterning of steps along the IRL extracting

surface (Figure 2B).

IDW Form

The final IDW assembly form is represented in Figure 1. The final waveguide form contained an aspheric
cylindrical collimating lens with a 1.846 mm radius of curvature that spanned the full width of the
proximal end. A 20 mm channel was incorporated which allows the IRL to spread along the width axis
before contacting the extraction features to improve uniformity of distribution along the right-to-left axis
of the emitting surface. The IRL extracting surface was comprised of steps approximately 0.5 mm in
height with a 58° slope angle spanning the length of the extracting surface. The emitting surface
extended 6 mm beneath the bottom face of the channel to ensure the emitting surface would be superior
to the IDW housing in the final assembly. The emitting surface was molded with a curvature to minimize
the deformation necessary to form to a variety of head sizes and shapes within the patient population.
Midway along the edge of the channel, two extruded bosses were molded to create an anchoring
location to prevent the waveguide from moving out of positional tolerance with the housing and IRL

input.

The clamshell housing contained two notches to accept the extruded boss anchor feature of the
waveguide. The proximal face of the bottom housing contained six 2.5 mm dowel holes to accept three
input ferrules each from the 750 nm splitter and three input ferrules from the 940 nm splitter. The fixture
is mated with the ferrules and housing to further stabilize the IRL source ensuring the IRL source was
offset with the center plane of the asymmetric lens by 0.3 + 0.5 mm. The top housing and sides
contained a light shield lined with reflective copper tape along the length of the extracting surface to

reflect misdirected IRL back toward the skin surface (Figure 1D, red arrow).



Waveguide Extraction Efficiency Testing

Waveguide extraction efficiency testing was conducted to determine the ratio of total IRL power
transferred through the emitting surface at the distal end to the total IRL power introduced through the
collimating feature at the proximal end. Five waveguides were used to evaluate the extraction efficiency
of 750 nm IRL, 940 nm IRL, and combined alternating inputs of 750 nm and 940 nm IRL. The extraction
efficiency for combined wavelengths were calculated using Equation 1 and Equation 2 for each
condition with 1 W input for each individual wavelength (see Methods). The testing was repeated
doubling the input power/wavelength to 2 W to see if increasing the power resulted in a change in
extraction efficiency. The average of extraction efficiency across all five waveguides are shown in Table
2.

The waveguide extraction efficiencies from the physical model testing, ~80%, were nearly identical to
the extraction efficiencies predicted by the virtual model ray trace simulations. None of the waveguides
significantly deviated from the average extraction efficiency under any condition, showing no greater

than a 1% standard deviation.

Uniformity Pixel Analysis

The distribution of output IRL power density from the emitting surface was measured through 4 x 4 mm
“pixels” using a thermopile with photomask to determine the proportional disparity of IRL density from
one location to the next across the emitting surface of the IDW (see Methods). The emitting surfaces of
five IDWs were measured pixel-by-pixel for a total of 25 locations per surface spanning the entire area.
Table 3 shows a 5 x 5 cell matrix containing the average power output value of all five waveguides in
each pixel location. The surface plot (Figure 3) shows a visual representation of IRL intensity through
the emitting surface with the corresponding table values (Table 3) indicated by the plot vertices. The
average surface percentage uniformity (SPU) value across all waveguides (calculated using Equation
4) is 26% surface uniformity. The pixel values indicate a maximum power density near the center

proximal end of the waveguide with a downward slope of diminishing intensity toward the distal end.

Emitting Surface Uniformity Imaging

In order to show the uniformity of IRL emission from the IDW, the emitting surfaces of five IDWs were
imaged using a Nikon camera converted to image IRL (Figure 4A). Each of the captured images were
converted to 8-bit gray scaled images using ImagedJ. Next, the image scale was converted from pixels
to millimeters. Pixel intensities were averaged along the left-to-right axis and plotted against the position

along the distal-to-proximal axis (Figure 4B). The image was rotated by 90 degrees and the process



was repeated to average all of the pixel intensities along distal-to-proximal axis and plotted against the

position along the left-to-right axis (Figure 4C).

Cadaver testing of the IDWs reveals improved IRL delivery efficiency

Donor was an 80-year-old, Caucasian female with a recorded weight of 40.8 kg and height of 160.0 cm.
IRL transmission measurements were performed 25 days post-mortem. Similar to our previous work %
examining IRL transmission through whole and unfixed cadavers, four lobes of the brain were evaluated
as an IRL delivery point in order to compare the difference in IRL intensity delivered to 4 cm in the brain
by the fiberoptic cable versus the waveguide (Figure 5A). For the frontal lobe, the IDW delivered 51%
and 65% more IRL than the fiberoptic for 750 and 940 nm IRL, respectively. The parietal lobe saw
similar levels, with the IDW delivering 51% and 42% more IRL than the laser for 750 and 940 nm IRL,
respectively. The occipital lobe experienced almost a doubling in the detected power of IRL with 95%
and 81% more IRL than the laser for 750 and 940 nm IRL, respectively. Meanwhile, the temporal lobe
experienced a smaller increase in IRL delivered with the IDW over the fiberoptic with a 30% and 28%
increase for 750 and 940 nm IRL, respectively. Overall, for each lobe of the brain, the waveguide

delivered significantly more IRL into the brain than the fiberoptic cable.

IRL has been proposed as a therapeutic for conditions outside of the brain. No matter the biological
target, IRL will first need to penetrate the skin. Therefore, skin samples were taken from the cadaver in
order to compare IRL transmission by the fiberoptic cable to the IDW. For the isolated skin transmission
measurements (Figure 5B) the waveguide delivered 51% and 68% more IRL than the fiberoptic cable

for 750 and 940 nm IRL, respectively.

Discussion

Here, we described the design and testing of our IDWs which use waveguide technology to efficiently
deliver COX-inhibitory IRL from the laser source into the human head to treat conditions such as stroke.
The IDWs have several design aspects that protect patient safety from the high intensity IRL while also
facilitating transmission of IRL into the head. The IDWs are constructed of low durometer silicone, which
conforms to the patient’s scalp. The direct contact allows IRL to immediately exit the waveguide and
enter the skin, which omits the need for emitter surface to air and air to tissue transition layers and likely
explains the increased IRL transmission seen with our cadaveric model. The low durometer silicone
prevents pressure points, allowing for longer treatment durations while reducing the risk of scalp sores
to the patient. Due to the extraction step design of the IDWs, IRL is emitted in a uniform distribution,
which prevents ‘hot spots’ which could burn the skin. Additionally, by coating the external surface with
reflective material, IRL that is initially reflected off of the skin can be redirected back toward the

treatment area.



The design of the IDW was guided by ray trace Monte Carlo simulation for maximal extraction efficiency.
After construction, an extraction efficiency of IRL output to IRL input was ~80%, nearly identical to what
was predicted with the Monte Carlo simulation. Measurements of the actual output surface reveal that
more IRL tends to be emitted from the proximal side of the IDWs compared to the distal site. There was

little variation in emission when comparing the right and left sides of the IDWs.

We have previously worked with fresh, unfixed cadavers to quantitate the transmission of IRL to a depth
of 4 cm into the human head. Here, we compared the transmission of IRL emitted via a fiberoptic versus
our IDW. The fiberoptic emits IRL as a cone. The fiberoptic was positioned such that the surface area
of its emission profile was 4 cm?, the same as the IDW. In this manner, the fiberoptic and IDW had the
same input power and irradiance at the surface of the skin, delivered in a surface area of similar size.
Using the same output IRL power intensities, the IDWs showed transmission of IRL to a depth of 4 cm
that was up to 95% and 81% increased for 750 nm and 940 nm, respectively, compared to the fiberoptic
alone. Consistently, the IDWs showed transmission of IRL through 0.37 cm isolated skin that was up to
51% and 68% increased for 750 and 940 nm, respectively, compared to the fiberoptic cable. As we
discussed in detail®® the overall lower IRL penetration at the occipital position is due to cadaver
positioning (face up), leading to formation of coagulated blood pools that form between the skull and
the skin at this site. As the pooled blood absorbs IRL, the transmission values for the occipital lobe are
an underestimation of what would be achieved when treating a living patient. Experimental IRL
transmission measurements were carried out quickly (<10 s), and no measurable change in
temperature was detected. However, we predict that, even when treating a living organism for several
hours, the circulatory system and the body’s natural thermoregulatory systems would act as a heat sink,

preventing localized heating.

Overall, the IDWs offer a scalable solution for therapeutic IRL delivery that outperforms laser delivery.
The flexibility and size of the IDWs allows for them to be comfortably integrated into a cap in order to
be easily applied after a stroke and allow for full coverage of the entirety of the head. For future iterations
of the IDWs, we plan on further improving both extraction efficiency as well as proximal-distal emission
uniformity. Use of waveguides has multiple advantages. Because the IRL is distributed over a larger
surface area (4 cm?) instead of a small circle emitted by the fiberoptic (about 1 mm) the risk of heating
up or burning the skin is mitigated. Furthermore, because the waveguide is in direct contact with the
skin, the air-to-skin transition of the IRL otherwise delivered through the fiberoptic cable at a 2-3 cm
distance is omitted. This likely explains the higher IRL delivery efficiency, ranging from a 28% to 95%
increase for the IDW compared to the fiberoptic cable, depending on the IRL delivery area of the head.

In addition, IRL that is back reflected into the waveguide has a higher chance of being back reflected



into the head due to the reflective coating of the waveguide further augmenting IRL delivery efficiency
into the brain. Overall, the IDW offers a scalable solution for enhanced tissue delivery of therapeutic
IRL.
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Figures
A B

Figure 1. (A) CAD diagram of IDW. Reflective coating not shown. (B) Exploded-view diagram of IDW.

Reflective coating not shown. (C) Top down image of IDW. (D) Side profile of IDW. Blue arrow points
to reflective copper tape lining the back of the extracting surface to reflect misdirected IRL back
toward the skin surface. While not shown here to highlight the step-wise extraction features of the
IDW, the sides were also covered with reflective copper tape during testing.
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Figure 2. (A) Ray trace Monte Carlo simulation of IRL extracted by IDW. The black line denotes the

lower edge of the IDW. (B) Output scan from ray trace Monte Carlo Simulation. Simulation uses
23.693 W spread over 2,166,265 rays.



Table 1. Ray trace Monte Carlo simulation parameters.

Input Input Angle | Material A-side Extraction Efficiency
Surface
Single Light Source 0° Silicone Mirror 79.0%




Table 2. Average IDW IRL extraction efficiency comparing input IRL from the proximal end to IRL

detected at emitting surface at the distal end. Five independent IDWs were tested.

Average Extraction Efficiency Standard Deviation

Light Source Input (n=5) (n=5)

1 W 750 nm 79.20% 1%

2 W 750 nm 79.70% 1%

1 W 940 nm 79.10% 1%

2 W 940 nm 79.80% 1%

2 W Combined

Power 79.90% 1%

4 W Combined

Power 80.10% 0%
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Figure 3. Surface plot map of average IRL intensity measured in milliwatts.



Table 3. Average IDW output IRL density map. Pixel power is presented in mW. Five independent

IDWs were tested.

Pixel location (Left)0to4 | 4to8 | 8to12 12 to 16 (Right) 16 to 20
mm mm mm mm mm
(Proximal) 0 to 4 mm 77.36 82.18 91.04 97.54 71.96
4 to 8 mm 134.4 149 156.4 160 142
8to 12 mm 60.02 65.84 75.44 77.5 60.22
12 to 16 mm 26.1 31.48 36.62 36.7 25.08
(Distal) 16 to 20 mm 23.86 30.68 35.88 32.92 24.66
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Figure 4. Emission uniformity profile of IDWs. (A) Representative raw image of IDW emission surface.
(B) Average proximal-distal distribution of IRL emitted from IDWs. (C) Average left-right distribution of
IRL emitted from IDWs. Five independent IDWs were tested.
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Figure 5. Human cadaver studies demonstrate superior IRL transmission of the IDW versus fiberoptic

cable (FOC). (A) Power in microwatts and irradiance in microwatts per square centimeter of IRL

detected after transmission through 4 cm of a whole, unfixed human cadaver head. Empty bars

represent a 4 W input of 750 nm IRL. Filled bars represent a 4 W input of 940 nm IRL. (B) Power in

watts and irradiance in watts per square centimeter of IRL detected after transmission through isolated

cadaveric skin. Empty bars represent a 1 W input of 750 nm IRL. Filled bars represent a 1 W input of

940 nm IRL. Skin sample was 0.37 cm thick. The IDW was in direct contact with the skin, whereas the

fiberoptic cable was positioned at 2 and 3 cm distance from the skin in A and B, respectively. Statistical

significance was determined using a two-tailed Student’s f test. N=5; *p < 0.05. Error bars represent

standard deviation.
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