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THE EFFECT OF PHOTOBIOMODULATION ON CEREBRAL
BLOOD FLOW

MARIA IENNACO

ABSTRACT

Photobiomodulation (PBM) therapy involves the irradiation of tissues with red to near-
infrared (NIR) light at low power densities to stimulate healing, reduce inflammation, and
promote optimal cellular functioning. These beneficial effects are thought to occur due to
the absorption of NIR light by the chromophore, and terminal enzyme in the mitochondrial
electron transport chain, cytochrome c oxidase (CCO). It is hypothesized that increased
oxygen consumption due to the photostimulation of CCO, as well as photodissociation of
the vasodilator nitric oxide from its binding site in the binuclear center of CCO, contribute
to improved tissue healing by increasing blood flow to the irradiated region. Applied to the
brain, PBM therapy has the potential to improve many neurological injuries and diseases
for which reduced cerebral blood flow (CBF) is a common finding. This study examines
whether cortical irradiation with NIR light has an impact on CBF in mice. Mice were
administered brain PBM via 810nm, 190mW LED for 18 minutes. CBF was measured
before, during, and after treatment using Doppler Optical Coherence Tomography. Results
from 16 trials demonstrated a significant, 40% increase in CBF during NIR treatment. This
CBF increase was not observed during control trials. Additionally, irradiation with a 730nm
LED did not increase CBF, indicating that the blood flow increase observed with 810nm
irradiation was not simply due to tissue heating. These findings provide support for the

value of PBM therapy for the treatment of neurological conditions.
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Chapter 1

Introduction

1.1 Review of Photobiomodulation

Photobiomodulation (PBM) therapy involves irradiating tissue with red to Near-Infrared
(NIR) light at low power densities to stimulate healing and promote optimal cellular func-
tioning. The therapeutic effect was accidentally discovered in 1967 when Dr. Endre Mester
attempted to use a ruby laser to destroy a tumor that had been implanted in a rat. The laser
was significantly lower powered than lasers used in similar studies and instead of destroying
the tumor, the wound around the tumor was rapidly healed and hair growth was stimulated
in the irradiated area (Mester et al., 1968; Kovics, 1974). Since then, this therapy has been
shown to be beneficial in treating a wide range of health conditions throughout the body;
from stimulating rapid wound healing (Minatel et al., 2009; Schubert, 2001) and relieving
acute and chronic pain (Chow et al., 2010; Chow et al., 2006) to improving visual acuity in
retinal diseases (Ivandic and Ivandic, 2008). PBM has even been proposed as an adjunctive
treatment for COVID-19 due to its known anti-inflammatory effects in lungs (Nejatifard et
al., 2021; de Lima et al., 2010). Most recently, PBM research has expanded to examine its
effects on cortical tissue in neurological conditions like Stroke, Traumatic Brain Injury, and
Alzheimer’s Disease. By irradiating the cortex (transcranially in humans) PBM therapy has
the potential to treat a wide array of neurological conditions that otherwise have few, if any,
effective treatments.

While the precise mechanism of PBM is debated, it is widely agreed that the bene-

ficial effects are due to the photostimulation of mitochondria through the chromophore



cytochrome c oxidase (CCO), which is complex IV in the mitochondrial electron transport
chain (ETC). CCO has absorption peaks at 605, 620, 655, 680, 760, and 830nm, which co-
incide with the action spectra of PBM (Karu and Kolyakov, 2005; Ball et al., 2011). These
peaks conveniently fall within the tissue “optical window” for which absorption by water
and the other major chromophores in tissue (hemoglobin and melanin) are minimized, al-
lowing for increased tissue penetration of light (Chung et al., 2012). When tissue is exposed
to these wavelengths of light, there are well documented increases in mitochondrial mem-
brane potential, and levels of ATP, cAMP and Nitric Oxide (NO) (Hamblin and Huang,
2019). This evidence of increased mitochondrial function further supports the theory that
CCO underlies the beneficial effects of PBM. The mitochondrial stimulation triggers a cas-
cade of molecular events resulting in; activation of transcription factors important for cell
survival, such as NF-kB (Chen et al., 2011), downregulation of pro-apoptotic factors (Yip
et al., 2011), and modulation of pro and anti-inflammatory cytokines (de Freitas and Ham-
blin, 2016). These downstream changes explain the long-lasting beneficial effects that are
observed in patients, after even just a single exposure to NIR light.

Close attention must be paid to the PBM parameters used to ensure that a sufficient
dose of NIR light reaches the targeted tissue to produce a biological effect. This is compli-
cated by the large number of treatment variables, of which slight alterations can completely
change outcomes. A recent review of these complexities listed common factors shown to
affect PBM success including, “wavelength, energy density, power density, total energy,
total power, pulse structure, spot size, tissue absorption characteristics, and treatment rep-
etition” (Zein et al., 2018). Wavelength is the most widely agreed upon setting. PBM
studies typically employ red light in the 620-700nm range or NIR light in the 780-1100nm
range, with longer wavelengths favored for deeper tissue penetration (Chung, 2012). Light
power must be low to avoid tissue heating and damage, and is typically used in the range of

1-1000mW (Chung, 2012). Optimal energy density and power density settings are much



more elusive. Energy density or fluence is defined as the amount of light energy deliv-
ered per unit area and is often thought of as the “dose” in PBM therapy. Power Density
or irradiance is the amount of power delivered per unit area. Multiplying the irradiance in
units of mW/cm?2 by the irradiation time in seconds yields the fluence with units of J/cm?2.
Therefore, increasing irradiation time while maintaining the same light power and spot
size, increases the fluence or “dose” of PBM. A fluence range of 3-10 J/cm?2 is generally
accepted as an adequate dose to stimulate metabolic activity (Zein et al., 2018). A search
of the literature reveals an overwhelming amount of different combinations of settings used
for the numerous parameters. A summary of these parameters for all known in vivo stroke
PBM studies are listed in the appendix. These uncertainties have limited progress in the

field.

1.2 Photobiomodulation in the Brain

PBM creates an optimal environment for healing by; stimulating blood flow, promoting
cell-survival and regeneration, and decreasing harmful inflammatory responses. These ef-
fects make the therapy well suited for treating neurological conditions. However, progress
has been somewhat limited due to inconsistent findings. For example, researchers demon-
strated that a single, 2-minute application of 808nm laser applied transcranially to rats,
24 hours after experimentally induced stroke, was able to improve neurological deficits
measured at 14, 21, and 28 days post-stroke (DeTaboada et al., 2006). A second study
with the same protocol demonstrated this improvement in neurological outcome as well,
and immunohistochemical staining revealed evidence of increased neurogenesis (Oron et
al., 2006). A third study of PBM in a rabbit model of embolic stroke, reported improved
behavioral outcome and increased cortical ATP content compared to sham-PBM and even
in healthy, untreated controls (Lapchak et al., 2007 and 2010). Large clinical trials were

then initiated, known as the “Neurothera Effectiveness and Safety Trials” (NEST-1, NEST-



2, and NEST-3), in which a single treatment of 810nm laser was applied to the head of
ischemic stroke patients within 24 hours post-stroke. NEST-1 and NEST-2, with 120 and
660 patients respectively, found significantly improved neurological outcome via the NIH
Stroke Severity Scale in laser treated patients compared to sham, and this improvement
was still evident at 90 days post-stroke in 70% of patients (Lampl et al., 2007; Zivin et al.,
2009). However, NEST-3, which was planned to involve 1000 patients, was halted midway
due to a lack of statistical significance (Hacke et al., 2014). The failure of NEST-3 may
have been due to variations in time between stroke and treatment application as well as a
lack of consideration for stroke location and depth. The failure of the NEST-3 trial has cast
some doubt on brain PBM, however a large body of behavioral and molecular evidence
shows that if light and treatment parameters are optimized, NIR light therapy can be quite
effective in treating a variety of neurological conditions.

One compelling indication of the value this therapy could have in neurological settings
is the finding that PBM application throughout the body improves blood flow (Frangez et
al., 2017; Podogrodzki et al., 2016). This is thought to be a direct result of the previously
discussed CCO absorption of NIR light. It is theorized that NIR light causes photodisso-
ciation of the powerful vasodilator NO from the binuclear center (a3/CuB) of CCO. The
dissociation of inhibitory NO from the ETC increases CCO activity and therefore oxygen
consumption. (Salehpour et al., 2018). The resulting increased need for oxygen as well as
vasodilation due to NO, stimulates increased blood flow. Several studies have provided sup-
port for these theories. In a 2016 study, researchers applied a 1065nm laser to the forearms
of healthy participants and used broadband near-infrared spectroscopy to measure signifi-
cant increases in CCO and oxygenated hemoglobin concentrations (A[CCO] and A[HbO],
respectively) in laser treated groups compared to placebo. This A[CCO] preceded and was
linearly related to A[HbO], indicating that NIR light stimulates CCO and increases oxygen

consumption. (Wang et al., 2016). In another study, researchers irradiated mouse primary



cortical neurons with an 810 nm laser and measured resulting increases in NO levels using
fluorescent probes. (Sharma et al., 2011). These findings provide molecular evidence for

the mechanism of PBM-induced blood flow increase.



Chapter 2

Quantification of Cerebral Blood Flow

2.1 Previous Studies of CBF during PBM

Since a common finding in nearly all neurological injuries and diseases is reduced cerebral
blood flow (CBF) (Sweeney et al., 2018), a demonstration of increased CBF resulting from
PBM would provide strong support for the value of this therapy. Many studies have demon-
strated improved behavioral outcomes of brain PBM in conditions like stroke, TBI, and de-
pression in both animals and humans (Salehour et al., 2018). Research has also examined
cellular and neurochemical changes resulting from PBM (Lee et al., 2016). However, few
have closely examined neurovascular changes that underlie this improved outcome.

A study by Uozumi et al. in 2010 irradiated the exposed skull of healthy, anesthetized
mice with an 810nm laser for 45 minutes with a 3mm diameter exposure field. They semi-
quantitatively measured CBF by using a laser Doppler blood perfusion imager to create
color images of blood perfusion in the area before and at 15, 30, and 45 minutes during
laser treatment. Using power densities of 0.8, 1.6, and 3.2 W/cm? they found that blood
flow increased by 9.1%, 30.4%, and 30.5% respectively compared to the sham group. They
concluded that this was not due to a heating effect by measuring temperature of the tissue
with a thermocouple near the irradiation area and finding it only increased by about 0.8°C
during 30 minutes of the 1.6W/cm? irradiation. However, they noted that for the 3.2W/cm?,
mean temperature rise during 45 minutes was 3.8°C. The group also used an amperometric
NO-selective electrode to measure nitric oxide in the brain during 1.6W/cm? and found an

immediate increase in NO concentration when the laser was turned on that returned to base-



line immediately after the laser was turned off. NO concentration in the sham control mice
remained unchanged. They further examined whether 30min of 1.6W/cm?, 810nm laser
before bilateral common carotid artery occlusion (BCCAO) would improve CBF, finding
that pretreatment suppressed the reduction in CBF from 30 seconds to 15 minutes after the
start of BCCAO (Uozumi et al., 2010). This study was an impressive example of changes
that occur in the brain during PBM, however the blood flow measurements were “semi-
qualitative” and researchers noted that the measurement technique used in the BCCAO
analysis was not reliable for distinguishing low blood flow. Furthermore, in their healthy
PBM study, CBF changes were only recorded at three time points, 15, 30, and 45 minutes,
after the start of irradiation.

There have also been a few studies measuring PBM-induced CBF changes in humans.
In 2014 Salgado et al. administered transcranial LED therapy to elderly women with a
627nm LED to four points on frontal and parietal regions for 30 seconds on each point,
twice per week for 4 weeks (0.2W power, 70mW/cm? power density, 10 J/cm? energy den-
sity, 13mm spot size). Blood flow velocities of the bilateral middle cerebral arteries (MCA)
and the basilar artery (BA) were measured via transcranial Doppler ultrasound once before
the first LED treatment and once four weeks later, after the last treatment. Increases in
systolic and diastolic velocity in the left MCA (25% and 30%, p<0.005) and BA (17% and
25%, p<0.03) were reported although the right MCA did not show a statistically significant
increase (Salgado et al., 2014). This finding that transcranial LED alters blood flow in el-
derly women substantiates the claim that PBM could be useful for treating a wide range of
neurological conditions exhibiting decreased blood flow as a symptom. However, this study
only examined blood flow changes at two time points four weeks apart and measurements

were limited to three main arteries.



2.2 Aims of this Study

Research on PBM-induced CBF changes have mainly examined broad, relative (not quan-
titative) blood flow changes. Furthermore, they only examined CBF at a few time points,
typically just two points, one before PBM and one after completion of the entire treatment
protocol (Salgado et al., 2014; Hipskind et al., 2019). No study has imaged the vascu-
lature, examined detailed neurovascular changes, or closely analyzed the time course of
these changes before, at many points during, and after photobiomodulation in the brain.
This study tests the hypothesis that brain PBM causes increased CBF, by imaging the cor-
tex of mice with Doppler Optical Coherence Tomography (DOCT) before, during, and after
PBM with 810nm LED. By employing DOCT, an absolute, quantitative measurement of
blood flow and visualization of vasculature can be obtained with high spatial resolution in
3-D. This will allow for a close analysis of blood flow in individual vessels throughout the
course of treatment. If CBF is increased, a visualization and absolute measure of this time
course would be compelling evidence of the value of PBM for the treatment of neurologi-
cal conditions involving reduced blood flow. Furthermore, examination of the time course
may point to an optimal energy density (dose) of light that most efficiently increases CBF
at this specific wavelength and power density. Since energy density increases with irra-
diation time for a given light power and spot size, analysis of blood flow over time may
indicate a minimum threshold energy density required to stimulate increased CBF. It may
also demonstrate a maximum energy density after which further CBF increase is not ob-
served. This would be a valuable insight given the previously discussed uncertainties in the

field over optimal PBM parameter settings.



Chapter 3

Methods

3.1 LED and PBM Parameter Selection Overview

Progress in brain photobiomodulation has been hindered by uncertainties over optimal ir-
radiation parameters. With many parameters to vary, a wide range of power and energy
densities investigated in different studies, occasionally incorrect or incomplete parameter
reporting, and sometimes seemingly arbitrary power or duration settings used, this is an
area that needs further investigation. See the appendix for insight into the complexity of
parameter selection. Table 3.1 lists the LED and irradiation settings used for this study,

procedures are described in depth in section 3.3.

Table 3.1: Relevant PBM Parameters used for Irradiation Procedures.

Procedure 810nm PBM to 810nm 25% 810nm to Back 730nm to
Brain Power to Brain Brain
(Section Number) (3.3.1) (3.3.2) (3.3.3) (3.3.4)
el 810 810 810 730
(nm)
Power 190 + 10 475425 190 + 10 150 + 7.9
(mW)
L gAY D A 0.785 0.785 0.785 0.785
(cm?)
Power Density 268 + 28.8 67472 268 + 28.8 2124225
(mW/cm?)
Irradiation Duration
P 1080 1080 1080 1080
Energy Density 289 + 31 72 +7.7 289 + 31 229 + 24

(J/em?)
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3.2 Irradiation Procedures

The Boston University Institutional Animal Care and Use Committee approved all exper-
imental procedures. Four wild type mice (male, C57BL/6J) were prepared with either a
double crystal skull (n = 2, aged 14 months at the time of measurements) or a full crystal
skull (n =2, aged 7 months). Mice were allowed at least one month to recover from surgery.
Since the mice would not be anesthetized during imaging, they were then trained daily for
two weeks to acclimate them to the experimental setup. During training each mouse was
placed in a fabric cradle with its head fixed in a head clamping device that attached to the
crystal skull, and placed beneath the OCT. Training duration increased by 5-10 minutes
each day until a full 60-minute training period (the same duration of experiments) was
reached. After two, 60-minute head-fixed training sessions the animals were acclimated

and ready for experiments.

3.3 Animal preparation

For all experimental (and training) procedures, mice were briefly anesthetized with isoflu-
rane (3% induction) so they could be fixed in the head clamp. Once awake, an OCTA
measurement was acquired of a 2mm x 2mm region and of the 600 x 600 um region of
interest (ROI). Care was taken to select an ROI with multiple penetrating vessels visible.
The trial then began with DOCT measurements acquired every 3 minutes for 21 minutes for
a total of 7 “Baseline” flow measurements. Immediately following the 7th baseline mea-
surement, the LED was turned on to the appropriate power for the experiment (described
below) and DOCT measurements continued every 3 minutes for 18 minutes (6 “PBM” flow
measurements total). The LED was then immediately turned off and another 18 minutes
of repeated DOCT measurements followed (6 “Recovery” flow measurements total). Al-
together, one trial consisted of 19 measurements over 57 minutes. A visual representation

of one trial is shown in Figure 3-1. Mice were then anesthetized again with isoflurane (3%
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induction), removed from the head clamp and placed back in their housing.

Baseline Recovery

0 21 39 57 min

Figure 3-1: Trial time course for all irradiation procedures (sections 3.3.1 — 3.3.4).

No more than one trial was performed each day for any given mouse to reduce the
likelihood of CBF effects from one trial of PBM carrying over to the next PBM trial. LED
power was measured immediately before the start of each trial by clamping a power sensor
(Standard Photodiode Power Sensor, Thorlabs Inc., S121C) in the same location that the
cranial window would be fixed in the head clamp, and then verified again after the trial

immediately following the removal of the mouse.

3.3.1 Brain Photobiomodulation with 810nm LED

An 810 nm LED (Thorlabs Inc., M810L3) was chosen for photobiomodulation and the
beam was collimated with a collimation adapter (Thorlabs Inc., SM2F32-B) to achieve a
spot size diameter of 1.0 cm (measured at a distance of 8 cm) which was equivalent in size
to the mouse cranial window. The 810 nm wavelength was selected as it corresponds to a
CCO absorption peak, and is within the tissue optical window (between 600-1100 nm). The
LED was angled towards the mouse cranial window such that the 0.785 cm? spot irradiated
the entirety of the 0.785 cm? cranial window from a distance of 8cm. The maximum power
achievable with this LED and irradiation geometry, 190 + 10mW, was used. Power density
was 268 + 28.8 mW/cm?. The mouse cortex was irradiated for 18 minutes (1080 seconds)

producing a total Energy Density of 289 + 31 J/cm?.
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3.3.2 Brain Photobiomodulation with 810nm LED at 25% Power

To test if CBF changes resulting from procedure 3.3.1 were due to NIR photons or simply a
result of other experimental conditions or physiological responses, the same procedure was
performed but with the LED power decreased to 25% of the 190mW power used in the first
procedure. Without adequate power delivered to the tissue, a PBM effect was not expected.
The 810 nm LED was again positioned at a distance of 8 cm from the cranial window and
angled to fully irradiate the window. Power was 47.5 £ 2.5 mW with an irradiated area of

0.785 cm?, a power density of 67 + 7.2mW/cm? and an energy density of 72 + 7.7)/cm?.

3.3.3 Irradiation of Mouse Back with 810nm LED

To further test if CBF changes were due to irradiation of the brain and not a sensory re-
sponse or natural physiological fluctuations, the 810nm LED was positioned to instead
irradiate the mouse’s back from a distance of 8 cm. Irradiation of tissue at a location away
from the brain was not expected to produce a PBM effect of increased blood flow in cortical
tissue. Power was 190 + 10 mW with an irradiated area of 0.785cm?, a power density of

268 + 28.8 mW/cm2 and an energy density of 289 + 31 J/cm?.

3.3.4 Investigation of Temperature Rise and Blood Flow Response

In order to assess if tissue temperature rise was a potential contributor to observed blood
flow changes, a 730 nm LED (Thorlabs Inc., M730L5) was acquired. 730 nm corresponds
to a dip in the absorption spectrum of CCO in which no PBM effect is expected. Therefore,
if any blood flow increase were to occur as a result of 730 nm irradiation, it may be due
to tissue heating effects. Again using the collimation adapter to collimate the light, the
maximum power achievable with the 730 nm LED was 150 mW. The LED spot size was
1 cm in diameter at the center focus with a wider diameter of 6 cm of significantly less

intense light.
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To ensure an equivalent tissue temperature rise with both LEDs, the absorption coeffi-

cient (u,) of each wavelength in cortical tissue was calculated according to:

ta = €0 [HDO] + ey [HD) (3.1)

Where €qpo and €, are the extinction coefficients of HbO and Hb, and [HbO] and
[Hb] are the concentrations of HbO and Hb in the brain (60uM and 40uM, respectively).

For the 730nm LED, 1, 730nm is calculated to be 0.1899cm-1 (given €ypo = 510 £ and

mol/L

EHb = 1296. ,;Z’l 7L While for the 810nm LED, u, 810nm is O. 1999cm ! (with eppo = 914.3

and egp = 798.7 <& o /L) This means there is a 0.01cm™! difference, or 5% increase

mol/L

in the absorption coefficient at 810 nm compared to 730 nm. To produce a comparable
temperature rise, the power of the 810 nm LED was decreased by 5% (i.e. 7.5 mW) from
the power used for the 730nm LED. So, while trials with the 730 nm LED used a power of
150 mW, trials with the 810 nm LED used a power of 142.5mW.

3.4 OCT measurement

Blood flow images were acquired via Doppler OCT measurements with a Spectral Domain
OCT system (1310nm center wavelength, Thorlabs Inc.). A 10x objective was used provid-
ing a lateral resolution of 3.5um. The axial resolution was 2.6um and imaging speed was
76,000 A-scans/s. The ROI imaged was 600um x 600um (400 x 400 pixels in X and Y). A
total of 20 A-scans were acquired at each spatial location. One complete ROI measurement

was acquired in approximately 156 seconds.

3.5 Image processing and analysis

The raw data was processed to generate a 3D dataset of blood velocity for each time point.
Penetrating vessels to later analyze across all time points were selected by examining the

velocity data at the first time point. For each penetrating vessel, the depth (z) at which that
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vessel was most visible in the en face (x, y) plane was identified. This depth would then
be used for calculating that blood vessel’s flow at all time points. Each vessel’s flow (in
mm?/s) was measured at each timepoint by calculating the sum of the axial velocity (vz)
of all pixels that comprise the vessel (with vz 0.1 mm/s), and then multiplying that sum
by the area of each pixel (2.25x10°°mm?/pixel for the 600um x 600um ROI with 400 x 400
pixels in x and y). The equation is below:

#of pixels

VesselFlow = Z Von X (2.25-100mm?)

n=1

One trial’s complete dataset consisted of a flow measurement at each of the 19 time-
points for every vessel visible in that trial’s imaged ROI. Each vessel’s baseline flow value
was calculated by taking the mean of the first seven blood flow measurements of the vessel.
Then, the blood flow change of the vessel was calculated for each timepoint (t = 1 to 19)
according to:

VesselFlow(t) — BaselineF low

RelativeChange(t) = BaselineFlow

x 100% (3.3)

This was repeated for every vessel in the ROI. The trial’s overall CBF change for each
timepoint was then calculated by taking the mean of all vessel’s relative change (calculated

in Eq 3.3) at that timepoint.
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Chapter 4

Results

4.1 Brain Photobiomodulation with 810nm LED at 190mW Increased
Cerebral Blood Flow

Irradiation with 810nm, 190mW light increased cerebral blood flow in all trials. As an ex-
ample, the results of a single trial of PBM are shown in Figure 4-1. A total of 13 penetrating
vessels (2 veins and 11 arteries) were visible in this trial’s ROI (labeled in ??(A)). Every
vessel exhibited increased blood flow during the 810nm irradiation. For the first 3 minutes
of PBM, this increase from mean baseline flow ranged from 47.1% (vessel 6) to 419.3%
(vessel 7). This trial’s overall CBF change at each timepoint (the mean blood flow change
across all vessels at each timepoint) is shown in Figure 4-1(C). There was an immediate
blood flow increase of 145.9% during the first PBM measurement. This initial spike in
blood flow then diminished slightly to a blood flow increase of 60.1% at the third PBM
measurement before remaining constant at an increase of 69% for the remainder of the 18-
minute irradiation. When the LED was turned off, flow immediately decreased (although
still elevated from baseline by 21.6% to 55.0% throughout the recovery period). The mean
blood flow increase during LED irradiation was 86.8% which was statistically significant
compared to baseline increase, t(24) = -6.3, p<0.001. Mean blood flow increase during
recovery was 41.9%, which was significant compared to baseline increase, t(24) = -2.3, p
=0.0329, but not compared to increase during LED irradiation, t(24) = -2.75, p = 0.0636.
The result of all trials of PBM with the 810nm LED at 190mW power (n=16) is shown

in Figure 4-2. Figure 4-2(A) was obtained by taking the mean across all trials of the blood
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Figure 4-1: (A) DOCT blood flow image of trial ROI, en face (x,y) plane at depth
z = 20. Penetrating vessels identified for blood flow analysis are labeled 1-13.
Color bar: axial blood flow speed (mm/s); Positive value: blood flow towards brain
surface; Negative value: blood flows into brain. (B) Blood flow change of each
vessel over time, relative to mean baseline flow of respective vessel. (C) Overall
blood flow change of all vessels in trial (average across all vessels at each time
point). (D) Mean CBF change of each time period (Baseline, PBM, and Recovery)
for trial. *p<0.05, **p<0.001. Pink shaded region in B and C indicates LED
irradiation period.

flow change at each time point. Mean blood flow increase during LED irradiation was
40% which was statistically significant compared to baseline, t(30) = -5.17, p < 0.001.

During recovery, mean blood flow increase was 20.7%, which was significant compared to

baseline increase (t(30) = -4.29, p < 0.001), and compared to LED increase (t(30) = 2.12,
p = 0.0425).
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4.2 Brain Irradiation with 810nm LED at 25% Power (47.5mW) did
not Increase CBF

When irradiation power was decreased to 25% of the power used for PBM (from 190mW
to 47.5mW) there was no evidence of significant blood flow change in any trial (n=3), as

seen in Figure 4-3.

4.3 Irradiation of Back with 810nm LED at 190mW Power did not
Increase CBF

When mice were irradiated with the 810nm LED at the same power settings as in section
4.1 but with the LED focused on their back instead of the brain, there was again no evidence
of significant blood flow change in any trial (n=3). Figure 4-3 shows the blood flow change

over time of these trials and the mean change across all trials.
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trol 1 trials. (C) CBF change of all Control 2 trials. Pink shaded region in graphs
indicates LED irradiation period. Control 1: 810nm, 25% power brain irradiation,
n=3; Control 2: 810nm, 190mW LED to back, n=3

4.4 Brain Irradiation with 730nm LED did not increase CBF while
810nm LED Irradiation with equivalent light absorption by tissue
did

To test whether the effect seen in section 4.1 could have been related to tissue tempera-
ture rise and not true CCO-mediated PBM, the brain was irradiated with a 730nm LED at
150mW. Since there is no significant action of CCO at 730nm, if a blood flow increase was
seen it could be attributed to temperature rise. Results are shown in Figure 4-4. There was
no increase in blood flow seen with the 730nm LED in any trial (n=6). Instead, during irra-
diation blood flow decreased slightly to -8.5% of baseline, t(10) = 3.38, p = 0.007. Blood
flow during recovery was also decreased to -9.39% of baseline, which was significant com-
pared to Baseline (t(10) = 2.89, p = 0.0168), but not compared to LED irradiation (t(10) =
0.224, p = 0.828).

To invoke a similar temperature rise with 810nm irradiation, the 810nm LED was set to
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142.5mW, a 5% lower power than the 730nm (because of a 5% increase in light absorption
by tissue at 810nm). In contrast to the 730nm LED, the 810nm LED did correlate with
significant increases in blood flow during irradiation (mean increase of 20% from baseline,
t(2) = -17.3, p = 0.0033), and during recovery (mean increase of 17.1%, t(2) = -7.42, p
= (0.0177 compared to baseline). Mean blood flow change during 810nm irradiation was
significantly increased compared to blood flow change during 730nm irradiation, t(6) =

-6.16, p < 0.001.
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Figure 4-4: (A) CBF change of 730nm, 150mW trials (n = 6) and 810nm,
142.5mW trials (n = 2). (B) CBF change of all 730nm, 150mW trials. (C) CBF
change of all 810nm, 142.5mW trials. Pink shaded region in graphs indicates LED
irradiation period.
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Chapter 5

Discussion

5.1 PBM with 810nm, 190mW light Increased CBF

Irradiation of the brain with an 810nm LED at a power density of 268 + 28.8mW/cm?2
correlated with an increase in blood flow in all trials (n=16), with a mean increase across
trials of 40% compared to baseline, t(30) = -5.17, p < 0.001. This blood flow increase
was immediate, occurring within the first 3-minute OCT measurement, and continuous,
remaining elevated throughout irradiation. After the LED was turned off, the blood flow
increase gradually diminished, yet still remained elevated above baseline for the rest of the
trial.

The beneficial effects of brain PBM on functional outcome are well documented in the
literature, for example improved neurological severity score after stroke or TBI in mice
(Oron et al., 2006; Oron et al. 2007) and rabbits (Meyer et al., 2016), and improved ex-
ecutive functioning and neurological outcome in humans after Stroke (Lampl et al., 2007)
or TBI (Naeser et al., 2011). Similarly, many studies have shown beneficial molecular
changes resulting from brain PBM, for example suppression of neurotoxins and upregu-
lation of growth factors in post-stroke rats (Leung et al., 2002), increased cortical ATP
content in post-stroke rabbits (Lapchak et al., 2010), and decreased A plaques, amyloid
load, and inflammatory markers in a mouse model of Alzheimer’s Disease (DeTaboada et
al., 2011). However there have been very few studies examining the effect of PBM on
cerebral blood flow, this despite the fact that a decrease in CBF is an indication of nearly

all neurological disorders.
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The most widely cited evidence of increased CBF due to PBM is a 2010 study in which
researchers used an 808nm laser to irradiate the brains of anesthetized mice for 45 min-
utes. CBF was measured semi-quantitatively using a laser Doppler blood perfusion imager
before irradiation and at 15, 30, and 45 minutes during laser application. They found that
at power densities of 800, 1600, and 3200 mW/cm2, CBF increased by 9.1%, 30.4%, and
30.5% respectively (Uozumi et. al., 2010). Our study built on this previous work by quan-
tifying absolute blood flow in individual penetrating vessels and calculating a 40% increase
in CBF beginning in just the first 3 minutes of PBM. Further, this increase was achieved
using a significantly lower power density of 268 + 28.8mW/cm?.

The finding that blood flow is significantly increased within just 3 minutes of irradiation
has implications for the usage of PBM in emergency care settings when time to treatment is
crucial. For example, after ischemic stroke, PBM-induced CBF increase has the potential
to preserve otherwise oxygen-deprived neurons and diminish neuronal death. NIR light
therapy could also be valuable in the treatment of chronic neurological disorders that ex-
hibit harmful CBF reduction; from conditions like Alzheimer’s Disease and chronic TBI,
to cognitive decline associated with normal aging.

While these findings add to the growing evidence of the value of PBM therapy for
neurological disorders, a major question remains regarding the optimal parameters to use.
The table in the appendix provides a glimpse into the complexities of establishing a single
treatment protocol. In just stroke animal studies alone, researchers have measured positive
neurological outcomes using power densities on the cortex ranging from 7.5mW/cm? (2
minutes, energy density 0.9 J/cm?) (Lapchak et al., 2004) to 1100mW/cm? (30 minutes,
energy density 19800 J/ cm?) (Uozumi et al., 2010). The key to progressing the field of
PBM may be understanding what causes one PBM protocol to be less effective or fail
when seemingly very similar PBM protocols have impressive success. When comparing

our study to the previous study of CBF in mice, it seems that the significantly higher power
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used previously is unnecessary to produce an equivalent or even slightly larger effect in
CBF.

It seems counterintuitive that a lower power treatment would have a larger effect on
tissue, however it has been shown that the Bunsen-Roscoe law of reciprocity does not hold
true for PBM outside of a certain (ill-defined) range of power densities. This law asserts
that for photochemical reactions, the important parameter is only the number of photons
absorbed. This would mean that two irradiation procedures with equal energy densities
would have the same effect on tissue, even if one was a very low-power density for a
long duration and the other a high-power density for a short duration. (Zein et al., 2018)
This is not what is seen in PBM. Under a certain threshold power density, irradiation could
continue for an infinite amount of time and no effect would be seen. Similarly, there is some
upper limit of power density after which damaging photothermal effects occur. Instead,
PBM seems to display a hormetic, or a biphasic dose response, in which there is some
region where small to moderate doses of light elicit a beneficial effect, above this range
larger doses inhibit the beneficial effects, and at some even higher dose threshold harmful
effects are seen. This could explain why our study measured a slightly larger blood flow
effect using a significantly lower power density than the study by Uozumi et al. There
are a few other differences between this study and the previously described PBM study of
CBF in mice. Uozumi et al irradiated the brain transcranially through the exposed skull
(after a scalp incision) which would cause an attenuation of light reaching the brain and
potentially decrease the effect of PBM. However, they estimated the power density of light
transmitted to the brain to be 1100 and 2200 mW/cm?2? for the 1600 and 3200 mW/cm?
transcranial irradiation respectively. This is still a significantly higher power density than
that used in our study. Another difference is the size of the irradiated area. Uozumi et
al used a 3mm diameter exposure field on one hemisphere while our study irradiated the

entirety of the 0.785cm? cranial window and therefore both hemispheres of the cortex. It
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remains unclear to what extent these types of study-to-study differences in PBM parameters
impact neurological outcomes. Establishing reliable, standard guidelines for each PBM
parameter for a given health condition is of the utmost importance for progression and

scientific acceptance of PBM therapy.

5.2 The Increased Blood Flow Effect is not due to other experimental

conditions

Every effort was taken in each trial to eliminate any sensory stimuli that might cause func-
tional activation and a blood flow response in the awake mice. Outside light and movement
near the mouse was kept to a minimum throughout each trial and the only action taken
during each trial was turning the dial of the power source to turn the LED on and off.
The findings of Figure 4.3 strengthen the claim that the increased blood flow response was
solely due to NIR irradiation and not other experimental conditions like fear-invoking stim-
uli, or residual effects of the anesthesia used briefly to place the mouse in the head clamp.
When all experimental conditions remained constant but the LED illuminated a spot on the
mouse’s back rather than the cranial window, there was no blood flow change seen in any
trial (n=3, Figure 4.4). Similarly, when the cranial window was illuminated with just 25%
of the power used for PBM, 47.5mW (power density 72 + 7.7mW/cm?), no blood flow
increase was evident.

It was hypothesized that a decreased power density would not provide the energy nec-
essary to elicit a PBM response, however the choice of 25% of the original power was a
slightly arbitrary decision. Interestingly, several studies, some of which are listed in the
appendix, did report a response to PBM with power densities lower than the 72mW/cm?
used here. There could be several reasons for this discrepancy including differences in an-
imal models, outcome measures, and irradiation areas. Most notably, all of the studies in

the appendix were in stroke models. It is possible that a lower dose of PBM is necessary to
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see a response in a damaged brain than in a healthy brain. This is another demonstration of

the need for further research on optimal parameters in different health conditions.

5.3 The Increased Blood Flow Effect is not due to tissue heating

Cortical tissue temperature rise due to photon absorption from 730nm, 150mW light was
estimated to be equivalent to temperature increase from 810nm,142.5mW light. However,
there is no CCO absorption band nor experimental evidence of CCO stimulation at 730nm,
while stimulation by 810nm light has repeatedly been shown in the literature. Therefore,
the significant increase in blood flow observed during 810nm, 142.5mW irradiation and
recovery (20% and 17% respectively), combined with the complete lack of blood flow
increase during 730nm, 150mW irradiation, indicates that CBF increases recorded in this

study are likely a result of PBM and not due to a tissue heating effect.
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Chapter 6

Conclusion

This study evaluated whether cortical irradiation with NIR light has an impact on cerebral
blood flow in mice. Results from 16 trials of 810nm LED irradiation demonstrated a signifi-
cant increase in CBF during both the treatment and recovery period. This CBF increase was
not observed during control trials in which 810nm irradiation was applied sub-optimally for
brain PBM, including; to the mouse’s back instead of the brain (n = 3), or to the brain at
75% reduced power (n=3). Furthermore, 730nm LED irradiation showed entirely different
results from the 810nm PBM trials, with mean blood flow actually decreasing throughout
the trials (n=6). These results provide support for the potential value of NIR light therapy in
the treatment of neurological conditions. Future work should further investigate the effect
of NIR light on blood flow in diseased states, with a focus on unraveling the complexities
of optimal PBM parameters. Photobiomodulation therapy has the potential to safely and
non-invasively improve many devastating neurological and psychological conditions that

currently have few effective treatments.
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Appendix A

Previous PBM Stroke Studies

Table A.1 below lists a summary of parameters used in all known in vivo stroke studies
of PBM. Parameters that were varied in each study are shaded either green, representing
success, or red, representing failure, of that parameter in inducing beneficial effects. Bright
green indicates the setting that performed the best of all successful settings in that study.
The results column is shaded in cases where no parameters were varied. Empty table entries
indicate the parameters were not listed in publication. An asterisk (*) indicates parameters
that were not listed in the publication but were calculated for this study based on available
data. Abbreviations: PW = pulsed wave, CW = continuous wave, MCAO = middle cerebral
artery occlusion, RSCEM = Rabbit small clot embolic stroke, BCCAO = bilateral common

carotid artery occlusion.
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