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ABSTRACT

INVESTIGATION OF 1064-NM LASER FLUENCE WITHIN TISSUE PHANTOMS
AND ITS IN VIVO EFFECTS ON HUMAN BRAIN NETWORKS

Hasan Parvez, M.S.

The University of Texas at Arlington, 2018

Supervising Professor: Dr. Hanli Liu

For the past few decades there has been an increasing interest in the usage of near
infrared (NIR) laser in the medical optics field. This is due to a number of studies conducted on
different animal models utilizing NIR laser, which was reported to provide improvement in such
cognitive functions as memory, decision making, and executive functions. The NIR laser
produces no adverse effects in the human tissue, having a potential for treating different
neurological disorders. However, there is limited knowledge related to the underlying
mechanism of photon interaction with the human tissue. In this thesis, | tried to address this
issue by conducting two separate studies.

For the first study, a series of different experimental protocols were performed utilizing
laboratory tissue phantoms along with the 1064-nm laser. The goal of this part was to
determine the dependence of optical fluence within the tissue phantom on (a) the power, (b)
the beam size, and (c) the penetration depth of the laser. The results of the phantom study
showed that optical fluence (1) had a linear relationship with the power of 1064-nm laser, (2)
decreased with an increase in penetration depth. Also, an analytical expression was derived and

proved to match well with the experimental results.



For the second part of study, | was interested in observing the modulation of
electrophysiological signals in the human by the administration of 1064-nm laser. The
experimental protocol included two different treatment groups, namely, the placebo treatment
group and laser treatment group. In both treatment groups, right forehead of each subject was
stimulated with different laser doses of the 1064-nm laser source. Electrophysiological data was
recorded through the 64-channel EEG from 20 human subjects, and the functional connectivity
was estimated using Pearson correlation coefficient (r). Statistically significant changes across
different regions of the brain network were determined by comparing the two treatment
groups. The results reported significant changes by the 1064-nm laser in the low-frequency
oscillation bands, namely, the theta (4-7 Hz) and alpha (8-13 Hz) band. Both bands showed
significantly enhanced connectivity in the frontal and occipito-parietal region. The total number
of significant connections were increased during the treatment of laser. This study provided the
first demonstration that transcranial infrared laser stimulation caused the modulation of lower-

frequency oscillation bands in the human brain.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to optical imaging

Optical imaging is utilized to study different characteristics of human tissue, non-invasively
without any exposure to harmful radiations. It has many applications ranging from the
functional study of the human brain to detecting the different types of cancer, as it provides
functional information of different tissue types [1, 2]. In tissue optics, the wavelength of a light
source is significant as photons are absorbed and scattered by tissue differently in each

wavelength range [3].

A particular optical window is generally selected where light absorption is minimal by
different tissue chromophores [3]. It is often in the electromagnetic spectrum where light is
almost transparent to the tissue or less absorbed. When light interacts with human tissue, it
depends on the intrinsic property of light scattering and absorption of photons [4]. Such optical
characteristics of human tissue can be used to determine various clinical conditions, as well as

to differentiate healthy tissue from diseased tissue [2].

1.2 Introduction to Transcranial Photo Bio-Modulation
The light in the red to the infrared region from 700nm to 1100nm penetrates deep into
most of tissue types [5]. Photo-Biomodulation(PBM) has been used a light therapy for healing

wounds, relieving pain, rejuvenating human skin, and treating different types of injuries [6-9].



CELLULAR MECHANISMS

NEAR INFRARED LIGHT

Figure 1.1: Cellular mechanism of Photo-biomodulation
[Reference: https://vielight.com/photobiomodulation/]

The cellular mechanism of photo-biomodulation is illustrated in figure 1.1. A neuron is
the major cell type within the brain, and all neurons contain mitochondria. When a cell is
irradiated by the red to near-infrared light, many of the photons are absorbed by mitochondria
and converted into energy and produces ATP. This process leads to the formation of reactive
oxygen species (ROS), which helps in cell healing and repair. In addition, the absorption of
photons also leads to release of nitric oxide from the cell, which is a vasodilator and helps in

regulating the blood circulation [10].

The effects of PBM were first observed on the animal model by Endre Mester in 1968.
He used a laser with a fraction of the power of the ruby laser. He was unable to cure cancer, but

it promoted the growth of hair in an animal model at the site of the tumor [11].

For the past several years, there has been an increasing interest in the application of

photobiomodulation by near infrared (NIR) or infrared laser or light emitting diodes (LEDs),
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which are being successfully implemented for the treatment of different kinds of pain and
injuries [4, 12]. Photo biomodulation through low level laser stimulation reduces harmful
effects of toxins, increases longevity of neurons, and prevents neuron damage by playing a

crucial role in neuroprotection [13].

Neuro-degenerative diseases primarily affect the neurons of the human brain. Photo
biomodulation has also shown promising results in cell proliferation. In one of the studies, it
was observed that mesenchymal stem cells (MSCs) and cardiac stem cells (CSCs) exhibited
increased proliferation of cells when being irradiated by PBM in vitro [14]. In addition, PBM is
beneficial in the enhancement of liver regeneration after hepatectomy and liver angiogenesis
during liver regeneration [15]. The growth of cells is significantly increased by PBM and it can be

used in improving neurogenesis [16].

Multiple in vivo studies are carried out in animal models to investigate effects of
Transcranial photo-biomodulation. One study reported the improvement of memory function
and visual discrimination in rats by transcranial photobiomodulation (TPBM) [17, 18]. Learning,
spatial memory, and cognitive perception were improved by the application of TPBM in mice

which had Traumatic Brain Injury (TBI) [19].

Many neurological disorders are due to the imbalance of neurotransmitter and
dysfunction of mitochondria. TPBM increases the energy of mitochondria and it is examined to
treat many psychological disorders [20]. The single session of TPBM can cause the increase of
regional cerebral blood flow [21]. Stroke patients, who had less than 50% lesions in the motor

pathway, showed improvement with the use of photo-biomodulation [22]. Moreover, one



study on Alzheimer’s disease reported that there was an improvement of cerebral
microcirculation, a decrease in dementia, and reduction of cognitive impairment by utilizing

TPBM [23].

TPBM protects neurons from cell death and promotes neurogenesis [24]. The human
brain can heal itself by the administration of TPBM [19]. It may have a potential in the near
future for the treatment of certain neurological disorders, such as depression, psychiatric
disorders, Alzheimer’s disease, Parkinson’s disease, and traumatic brain injury [13, 25]. This

implies that TPBM has a wide range of applications in neuroscience than previously thought.

1.3 The human brain and EEG
The Human brain is a major part of the central nervous system and plays a significant
role in coordinating different systems of the human body. It is divided into four different lobes:

the frontal lobe, temporal lobe, parietal lobe, and occipital lobe.

Frontal
Lobe

Figure 1.2: Different lobes of the human brain
[Reference: https://blog.cognifit.com/frontal-lobe/]



https://blog.cognifit.com/frontal-lobe/

The different lobes of the brain are illustrated in figure 1.2. Each lobe of the human
brain is responsible for the execution of specific tasks. The frontal lobe of the brain is
responsible for cognitive and higher executive functions, which are involved in planning and
problem-solving. The temporal lobe is responsible for the processing of auditory information,
which includes the language recognition. It is also responsible for the higher visual processing.
The parietal lobe is involved in the processing of sensory information and helps us to navigate
and locate our body in space. The occipital lobe is located at the posterior side of the human

brain; it is responsible for processing and interpreting the visual information.

A neuron is the fundamental unit of the central nervous system and the human brain is
composed of 100 billion neurons. On the basis of neuron anatomy, there are classified into

three different types: unipolar, bipolar and multipolar.

Dendrites

Axon Terminal

d Cell Body (soma)

D

Nucleus

Figure 1.3: Structure of a neuron
[Reference: https://en.wikipedia.org/wiki/Neuron]
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Structure of a typical neuron is illustrated in figure 1.3. A neuron is composed of
different parts: dendrites, cell body or soma, nucleus, and an axon. The connection of one
neuron to another is called synapse. Synapse can be between postsynaptic dendrites or soma
of a neuron and a pre-synaptic neuron axon. Depending on the type of task response, neurons
can communicate either in the form of electrical signals or chemical signals at synapses. Since a
neuron can be excited by electrical activity, we can utilize this property of the brain to record

and study the brain activity.
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Figure 1.4: Propagation of action potential across the neuron
[Reference: http://stepl.medbullets.com/neurology/113052/action-potential-basics]

The propagation of action potential across a neuron is illustrated in figure 1.4. The
resting potential of a neuron is -70mv; as soon as it receives a stimulus it depolarizes. This is

due to sodium ions influx that makes the membrane potential positive. At +40 mv, sodium
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channels close; in the meantime, there is an opening of potassium channels, which cause the
efflux of potassium ions. As a result, there is a repolarization of the membrane towards the
resting potential. However, cell membranes hyperpolarize to -90 mv before it reaches the
resting cell membrane potential of -70 mv.

EEG stands for Electroencephalography. Electrical activity of the human brain can be
recorded non invasively and without any exposure to radiations using EEG. It involves the use of
electrodes which are sensitive in detecting weak electrical signals in the milli-volts range from
the human scalp. An EEG system has different standards of electrode mortgages, such as 10/20
system, 10/10 system, and 10/5 system. The 10/20 system has only 21 electrodes, 10/10
system has 81 electrodes, and 10/5 system has 128 electrodes or more, for recording data
precisely from different locations on the human scalp [26]. Moreover, EEG has a high temporal

resolution; its signals can be analyzed in different frequency bands [27].

Figure 1.5: An example of acquired EEG Data by a 64-channel EEG system. The x-axis represents time in
seconds and Y-axis represents voltage in millivolts.



Data acquired through a 64-channel EEG system is illustrated in figure 1.5. In general,
EEG signals are prone to many different noises, such as mainline noise from the electric supply,
muscle movement, heartbeat, and etc. We need to remove these noises from raw EEG data.
Power spectral density (PSD) is the distribution of power into frequency components [28].
Comparison of PSD before and after the application of a notch filter on EEG data is illustrated in
figure 1.6. It is shown in figure 1.6(a) that EEG signal is prone to the mainline frequency at 60 Hz
and its harmonic 120 Hz. After the application of the notch filter at 60 Hz and 120 Hz, the

mainline frequencies are removed as depicted in 1.6(b).

0.00 e

1.6 (a) 1.6 (b)

Figure 1.6: Power spectral density (PSD) of EEG data. PSD, before a notch filter is applied on the EEG
data, is illustrated in figure 1.5 (a). Moreover, PSD after the notch filter is applied at 60 Hz and 120 Hz on
EEG data is illustrated in figure 1.5 (b). The x-axis represents frequency in Hz and Y-axis represents log-
power in dB/Hz.
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Figure 1.7: PSD after the application of Band Pass Filter on EEG data. The x-axis represents frequency in
Hz and Y-axis represents log-power in dB/Hz.

Moreover, for the analysis of EEG signals, we need to reduce the frequency range by
applying a bandpass filter. Figure 1.7 illustrates the PSD after the application of a bandpass
filter from 0.5 Hz to 80 Hz on EEG data. However, in general, EEG data are not completely
cleaned from various noises even after applying different filters. It is necessary to utilize more
advanced techniques to remove other artifacts, which are identified from different noise

sources.
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Figure 1.8: Independent Component Analysis for identifying different signal generating sources in the
EEG data

The different signal generating sources in our data are analyzed and plotted by
Independent Component Analysis (ICA) method in figure 1.8. An independent component from
artifacts has a particular topography and frequency response. We need to identify those
independent components and remove them. Once all the noises are eliminated from the data,

we then segment the time series into different frequency bands for further analysis.
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1.9 (b)

Figure 1.9: PSD of lower frequency bands. The PSD of the alpha band is illustrated in figure 1.9(a) and
PSD of the theta band is illustrated in figure 1.9(b). The x-axis represents frequency in Hz and Y-axis
represents log-power in dB/Hz

In general, a time series of EEG data has a broadband range of frequencies from 0.5 Hz to 80 Hz.
The bandpass filter is applied to separate the EEG data into different frequency bands. Different
frequency ranges are delta band (0.5 Hz to 4 Hz), theta band (4 Hz to 8 Hz), alpha band (8 Hz to

13 Hz), beta band (13 Hz to 30 Hz), and gamma band (30 Hz to 80 Hz).

1.4 Goal of this study

TPBM has shown its potential in recent studies as a potential therapeutic modality. It
can improve the synaptogenesis and neurogenesis in the brain [16]. Moreover, no drug has
been used to date to benefit neurodegenerative disorders [29]. Many studies have reported the

improvement of cognition and memory in the animal models by the use of TPBM [15, 16]

There are a fewer number of studies performed to understand the underlying
mechanism of photon propagation in the human tissue. | wanted to address these loopholes
and bridge the gap by finding a solution experimentally. In the first aim, | analyzed the

dependence of fluence of 1064-nm laser within brain tissue phantoms on several setup

11



parameters. These parameters included the power, aperture size, and detector distance, of the

laser.

My second aim of this study was to investigate the changes in the human brain network
caused by TPBM, measured by 64-channel EEG. To the best of our knowledge, no study has
been done to investigate this phenomenon. The EEG device recorded the electrophysiological
activity of the human brain with high temporal resolution and allowed the signals to be
analyzed in different frequency bands. Understanding the underlying mechanism of the human
brain network can enable us to detect early onset/stage of the neurodegenerative diseases
[30]. This study helped me determine the statistically significant changes in the lower-frequency

oscillation bands of the brain network caused by TPBM.
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CHAPTER 2

INTERACTION BETWEEN THE 1064NM LASER AND HUMAN TISSUE

2.1 Introduction

PHANTOM

There are many studies which have utilized different wavelengths of NIR laser [19, 31-35].

However, from an engineering and technical standpoint, there has been a very limited number

of studies, regarding the light fluence at different penetration depth from a large-sized light or

laser source. In this chapter, my focus was on the investigation of the relationship between

1064-nm laser energy delivered with different parameters and optical fluence at different

penetration depth. These parameters included: (a) optical fluence as a function of laser beam

size, (b) optical fluence as a function of laser power, and (c) optical fluence as a function of

change in detector distance. For your convenience, | list the overall experimental setup

parameters, as follows:

Experiment Light Power (W) | Aperture radius (cm) Depth (cm) Absorber
1 Laser; Ig'asﬁ':p 0.5,1.0,1.5, 2.0, 17 Ink;
1064 nm of 0.5 and 2.1 (no cap) blood
Laser- 0.5,0.75, 1.0, 1.25, ke
2 1064 nm 3.4 1.5,1.75, 2.0, 1.6t04.0 blood
and 2.1 (no cap)
Laser; 0.75, 1.0, 1.25, 1.5, Ink;
3 1064 nm 3.4 1.75,and 2.0 1.6t04.0 blood

Table 1: Different sets of laboratory experiments performed using the tissue phantom.

Specifically, tissue phantoms were used to perform several laboratory experiments

where the optical fluence was measured and analyzed accordingly. In table 1, three types of

13




experimental results were obtained, namely, optical fluence as a function of (a) laser power, (b)

laser beam size, and (c) penetration depth.

2.2 Materials and Methods
2.2.1 Instrumentation and setup

My aim was to study 1064 nm laser using different tissue phantoms that consisted of
intralipid with either ink or horse blood to be used with 1064-nm laser. Intralipid was chosen to
mimic light scattering in the human tissue, and ink or horse blood was used to act as absorbers
in the tissue. Preference to choose two different light absorbers was dependent on the type of
study. At different wavelengths, the horse blood had variable photon absorption, which is in
contrast with ink’s relative flat spectral response. After having made a liquid phantom solution
with certain absorption and scattering properties, | measured the reduced scattering

coefficient, us’, and the absorption coefficient, pa, using an ISS oximeter at 750 nm.

14
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Figure 2.1: Basic setup of instrumentation and laboratory experiments. The laser source delivers an optical
dose above the tissue phantom. An optical fiber Immersed within the liquid phantom serves as a detector
right below the laser aperture and can be vertically translated in one-dimensional direction through a
translation stage. For signal acquisition, the detector fiber is connected to a QE-Pro spectrometer, which
is linked to a computer through the USB port.

Detailed setup for instrumentation and laboratory experiments is illustrated in figure 2.1.
The laser source was placed and administered above the tissue phantom solution. To detect the
light energy density or fluence, a 400-um optical fiber was attached to a one-dimensional
translation stage and placed within the intralipid solution. Other parts of instrumentation in the
setup included a CCD spectrometer (QE pro, Ocean Optics, FL), with an input and output port.
The input port received optical signals from the detector fiber; the output port of the QE Pro

sent the converted electrical signals to the computer through a USB port. For data aqucision

15



and visulization, Ocean View software was used for real time display and for continous data

recording of measured photons.

2.2.2 Experiment for phantom study

2.2.2.1 Setup to investigate effects of laser power density on optical fluence

From this set of study, | wanted to investigate the relationship of measured laser fluence
within the phantom as a function of delivered optical power and aperture size in two separate
solutions (i.e., with ink and horse blood). The first phantom solution was made with intralipid
and ink having the reduced scattering coefficient of ps’ = 10 cm™?! and the absorbance

coefficient of pa=0.10 cm™1!

, Which were measured at 750 nm by the ISS oximeter. The second
solution was made with intralipid and the horse blood having the same reduced scattering

coefficient of pus’ = 10 cm ™! and the absorbance coefficient of pa =0.10 cm™? at 750 nm. Other

setup or experiment conditions are listed below.

Experiment Light Power (W) | Aperture radius (cm) Depth (cm) Absorber
1 Laser; Igjies 0.5,1.0, 1.5, 2.0, 17 Ink;
1064 nm of 0 5p and 2.1 (no cap) ' blood

Table 2: Experiment protocol for investigating the effects of laser power density on optical fluence.
(Taken from table 1)
In this experiment, with the first solution, the detector fiber and 1064-nm laser were held
at a fixed distance. To determine the linearity of detected optical fluence at a given depth or
with different aperture size, the original 1064-nm laser aperture was covered by masks having

different radius. The mask sizes ranged from 0.5 cm to 2.1 cm in radius, with a step size of 0.25

16



cm. Moreover, for every single aperture size, the optical fluence was measured when the laser

power at the phantom surface was varied from 0.5 watts up to 4.5 watts with a step size of 0.5

watts.
Power=0.5W Power=2.0 W Power=3.4W
Area = 13.6 cm? Area = 13.6 cm? Area = 13.6 cm?
Power density = 0.5 W/ 13.6cm? Power density = 2.0 W/ 13.6cm? Power density = 3.4 W/ 13.6cm?
= 0.036 W/cm? = 0.147 W/cm? = 0.25 W/cm?
1064nm Laser source
/ /J \ S
(a) (b) (c)
Power density )

Power density of of 0.147/cm"2 Power densntX of
0.036 watts/cm a 0.250 w/cm”2

\ "H ]’ Detector fiber

One dimensional \
translation stage

Scattering solution with absorber

m

Figure 2.2: Experimental setup for 1064-nm laser with different light power densities. The increased
number of lines with arrows from left to right represent increased optical power densities. The laser
power density was calculated by the chosen laser power divided by the aperture area. The power densities
in cases from the left to right panel are: (a) 0.036 w/cm?, (b) 0.147 w/cm?, and (c) 0.250 w/cm?.

The setup using the 1064-nm laser with different laser power densities is illustrated in
figure 2.2. The laser power was set through the laser setup unit with a range of 0-5 W, which
was an upper limit for human studies, as reported by previous publications [36-39]. In this set

of experiments, the laser aperture was fixed to be 13.6 cm?, which allowed us to quantify laser
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power density, as marked in Fig. 2.2. Accordingly, the power density given in Fig. 2.2(a) was
0.036 w/cm2 with less dose delivered to the phantom solution, as indicated by a fewer
number of arrows. In Fig. 2.2(b), the power density was increased to 0.147w/cm?, depicted by

more arrows. In Fig. 2.2(c), the power density of laser was 0.250 w/cm?.

2.2.2.2 Setup to investigate effects of laser beam size on light fluence

| was interested in investigating the effects of different aperture sizes on the optical
fluence received within the tissue phantom at different depths. For this study, the power of 1064-
nm laser was fixed at 3.4 watt; the laser aperture was placed at a fixed distance of 2 cm above
the tissue phantom surface. For each set of readings at a particular aperture size, detector fiber
was displaced vertically inside the tissue phantom solution. It was translated vertically through a

one-dimensional translation stage, to detect the fluence of signal at different depths.

Experiment Light Power (W) | Aperture radius (cm) Depth (cm) Absorber
Laser: 0.5,0.75, 1.0, 1.25, ke

and 2.1 (no cap)

Table 3: Experiment protocol for investigating the effects of laser beam size on optical fluence. (Taken
from table 1)

The first set of experiment was taken with a cap having a 0.5 cm radius aperture in the
middle. Gradually for each set of reading, the aperture size using different mask caps was
increased by a step size of 0.25 cm until the largest cap having an aperture of 2.1 cm. The tissue
phantom solution had ps’ = 10 cm™! and pa =0.10 cm ™! made of intralipid and ink. The second
solution with the same ps’ = 10 cm ™! and pa =0.10 cm ™! was prepared using intralipid and horse

blood.
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1064nm Laser source

Area = 13.6 cm?
l l l N Power density = 3.4 watts/

| ] i Power = 3.4 watts

N\ 13.6cm?

\, = 0.250 watts/cm?
N

One dimensional

. Detector fiber Caps of different aperture
translation stage

sizes

Figure 2.3: 1064 nm laser is shown delivering laser dose to the tissue phantom solution with a fix
power of 3.4 watts. Different caps having variable aperture sizes in the middle are shown on the
right-hand side, which are: (a) 0.25 cm aperture, (b) 0.50 cm aperture, (c) 0.75 cm aperture, (d) 1.0
cm aperture, (e) 1.25 cm aperture, (f) 1.50 cm aperture, (g) 1.75 cm aperture, and (h) 2.0 cm
aperture. These caps are placed on the 1064 nm laser source head for each set of experiment.

Setup for analyzing the relationship between optical fluence and the laser beam size is
illustrated in Figure 2.3. Caps of different aperture sizes were placed on the laser head to
change fluence at the output. Starting from the smallest cap with an aperture size of 0.25 cm,
the cap was increased size by a step size of 0.25 cm, until the largest aperture size of 2.1 cm

was used. Different aperture size caps are illustrated from (a) to (h).
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2.2.2.3 Analytical solution from Green’s Equation
For comparison between the experimental results and mathematical expression to estimate
the laser beam size effects on the optical fluence, | performed diffusion-based calculation using

Green’s equation on MATLAB.

Lu L]
B

Figure 2.4: Optical signal received by the point detector ‘B’ from the 1064nm laser source center at
point ‘O’.

Mathematical equation for calculating the optical fluence at ‘B’ from a point source center

‘O’ is given by:

W) = T« [o~hes ) g, 2.4

Equation 2.1, represents the Greens function to diffusion equation for an infinite scattering

medium. pef f is the combined effect of absorption and scattering of the tissue phantom, which

is «/3 * us’ * ua. The distance between source center point ‘O’ and the point detector ‘B is

represented by d.
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Specifically, the actual reduced scattering coefficient and the absorption coefficient
observed in the experiments were the input parameters for numerical calculations for
comparison. Our experiment had a wider aperture or area of laser source, and detector cable

was considered as a point source.

w ¢
B

Figure 2.5: Optical signal or fluence received by the point detector from the point source at ‘C’ on
the 1064 nm laser source.

In figure 2.5, the point source is now at point ‘C’. Mathematical equation for calculating the

optical fluence at ‘B’ from ‘C’ will be:

3 st ~(ueffs)
W(r) = ==« (e — )rdr de, (2.2)

Equation 2.2, represents the mathematical expression of optical signal received by the

detector at ‘B’ from a particular point ‘C’ on the source. ‘I’ is the distance from ‘C’ to ‘B’ which is

equivalentto | =vr? + d?2.

Theoretically, the solution of diffusion equation at distance ‘B’ from the source ‘C’, with

optical properties of us’ and pa, and a radius, r, of the light source aperture, can be obtained by

21



integrating the area of the laser aperture over the Green’s equation with respect to the radius of

laser source. Mathematically it is represented as:

o~ (nefrr?+az)
N

K5« fozn ae (

W(l,A) = 3“ Yrdr, (2.3)

area

The final expression after integration over the aperture is given below:

_ 3 usr/ —(neff*d) _ —<Heff*—1 )
Wg 2ner [e e ]. (2.4)

For estimating the effect of illumination area on the optical fluence, the analytical

solution, equation 2.4, can be compared.

2.2.2.4 Setup to investigate effects of penetration depth on optical fluence
In this experiment, | wanted to analyze the effect of penetration depth on the optical

fluence under similar conditions using 1064-nm laser.

Experiment Light Power (W) | Aperture radius (cm) Depth (cm) Absorber
Laser; 0.75,1.0, 1.25, 1.5, Ink;
3 1064 nm 3.4 1.75,and 2.0 1.6t04.0 blood

Table 4: experimental protocol for analyzing the effect of penetration depth on the optical
fluence. (Taken from table 1)

Different tissue phantom solutions, which had identical ps’ and pa at 750 nm for both,

were used. The first solution was made using intralipid and ink, which had ps’ = 10 cm™ and pa
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=0.10 cm™. The second solution was made from intralipid and the horse blood, which also had

us’=10cm?and pa=0.10 cm™.

As represented in table 4, the experimental protocol included the displacement of
detector fiber with each aperture size. The 1064-nm laser source was masked with caps having
different aperture sizes. Starting from r=0.75 cm aperture, the distance of detector was varied
in order to observe the effect of photon penetration on the optical signal/fluence. The distance
of detector fiber was varied using a one dimensional translation stage. Each time the aperture
was increased by a step radius size of 0.25 cm for different set of experiments, until the largest

aperture radius size of 2.0 cm was used.

2.2.3 Data analysis

For each set of experiments, the intensity of photon count at each wavelength was
acquired utilizing an ocean view software. To estimate the optical fluence for different sets of
experiments, all the intensities under the spectral bandwidth from 1034 nm to 1094 nm were

integrated to obtain the optical fluence.

2.3 Results
2.3.1 Power-dependent optical fluence (Experiment 1)

This set of experiment helped understand the effect of 1064-nm laser power on the
optical fluence, at a fixed depth. Experiment results are presented in Fig. 2.6(a) with ink

solution, and Fig. 2.6(b) with horse blood.
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Optical fluence at different power (using ink)
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Figure 2.6: The relationship of optical fluence and 1064-nm laser power, utilizing different aperture sizes.
The x-axis represents irradiance or laser power in watts and y-axis represents optical fluence. Readings
were taken from two different tissue phantom solutions, that are composed of different absorbers: (a)
ink and (b) blood.
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For this study, first set of experiments were performed using a 0.5 cm radius mask cap.
The power of 1064-nm laser was varied; optical fluence at a penetration depth of 1.7cm was
determined. At a fixed aperture size, the relationship between the optical fluence and power of

1064-nm laser was found to be very linear.

For the reproducibility of results, a series of experiments were performed utilizing
different mask caps with an aperture of 1.0 cm, 1.5 cm, and 2.0 cm. From each set of
experiment, a perfect linear relationship between the laser power and optical fluence was

found to be consistent.

2.3.2 Aperture-dependent optical fluence (Experiment 2)
From this set of study, | wanted to observe the effect of the laser beam size on the
optical fluence. The mathematical solution with experimental data under similar conditions

were compared at a fix penetration depth.

To determine the optical fluence (OF) at a fixed distance numerically, Green’s equation
for a sized light source (eq 2.4) was used. The experimental portion included the tissue

phantom solutions that were made using different absorbers.
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Beam size effect on optical fluence at 3.2cm
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Figure 2.7: Relationship between the beam size of 1064-nm laser and normalized optical fluence at a fix
depth. The x-axis represents the radius in cm and y-axis represents normalized optical fluence. The
analytical solution is obtained from eq 2.4. The experimental data is acquired from two different tissue
phantom made with (a) ink and (b) blood at pa = 0.10 cm™. The experimental readings are taken at a
penetration depth of (a) 2.2cm and (b) 3.2cm.
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In this study, the optical fluence was analyzed at different penetration depths, namely
at 2.2 cm and at 3.2 cm. It is clear that optical fluence received with different aperture size of
1064-nm laser illumination was very consistent with the analytical solution for both blood and

ink experiments.

2.3.3 Depth-dependent optical fluence (experiment 3)
For this study, | wanted to observe optical fluence at different penetration depths,
utilizing different aperture sizes. The experimental results were compared with the analytical

solution obtained from eq 2.4, at different penetration depths.

Penetration depth affect on optical fluence
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Penetration depth affect on optical fluence
(ink having pa = 0.10 cm-1 at 750nm)
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Penetration depth affect on optical fluence
(blood having pa =0.10 cmat 750 nm)
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Figure 2.8: Relationship between the penetration depth and normalized optical fluence utilizing different
beam sizes. The x-axis represents the distance in cm and y-axis represents normalized optical fluence.
Analytical solution is determine using eq. 2.4, and it is plot with experimental results: (a, b) tissue phantom
with ink and (c, d) tissue phantom with blood, at 0.10 cm™.

From figure 2.8, The measured fluence is decaying for all three conditions. Overall, the
experimental data are matched well with the analytical solution for different set of aperture
sizes. Note that the pa value at 1064 nm for blood was estimated based on that of HbO
concentration at 750 nm. A standard spectrum of extinction coefficients of HbO was used for this

estimation.

2.4 Discussion
For many decades, PBM has been extensively used for the treatment of pain and wound
healing [4, 12, 13, 15, 16, 19-21]. However, there are only fewer studies done to understand the

underlying mechanism of photon propagation with sized beams at different power in the
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human tissue. In order to bridge this gap and propose a solution, three different sets of

experiments were performed on tissue phantoms utilizing the 1064-nm laser source.

2.4.1 Optical fluence as a function of power

Effectiveness of PBM is dependent on the power density and laser dose [39]. From the
first set of experiments, my aim was to study the relationship of laser power versus optical
fluence. It has been observed that the optical fluence at a fixed depth is linearly proportional to
the power of illumination. The linearity between the optical fluence and power for the 1064-nm
laser source is independent of the beam size and type of absorber used, at a fix penetration

depth.

Two important findings can be reported from this study:

1. Optimal power of 1064-nm laser required for photon propagation in different
applications can be evaluated from the linear relationship.
2. Deep regions of the brain tissue phantoms can be reached by estimating the required

power for each beam size of the laser source.

2.4.2 Optical fluence as a function of laser beam size

Many studies involving PBM do not report the area of laser beam [40-42]. It is a very
important parameter that determines its stimulation efficiency [39]. My aim was to study the
relationship of the optical fluence and area of illumination. It has been observed from fig 2.9
that an increase in the area of illumination of laser results in a significant increase in the optical
fluence, as shown in analytical and experimental data at a given depth.
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Two important findings can be reported from this study:

1. Alarger radius of 1064-nm laser should be used for more optical fluence at a fix
penetration depth.
2. Effective stimulation requires a larger radius of the laser source to deliver more photons

at a fix power.

2.4.3 Optical fluence as a function of penetration depth
For my third set of study, | investigated the effect different penetration depths on
optical fluence. It has been observed that the optical fluence, from both analytical and

experimental data, decreases with the increase in penetration depth.

Two important findings can be reported from this study:

1. The decay curves from both ink and blood phantoms match well with the analytical
solution (eq 2.4), which can be utilized for estimating the peff.
2. By estimating the optical fluence at different penetration depths, laser dose can be

delivered to the different regions of the brain with precision.
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CHAPTER 3

INVESTIGATION OF BRAIN NETWORK CONNECTIVITY INDUCED BY
TRANSCRANIAL PHOTO BIOMODULATION IN HUMAN SUBJECTS

3.1 Introduction
The analysis of brain networks can identify the early onset of many neurological

disorders [30]. For this aim, | am going to investigate the changes in brain network caused by
transcranial photo biomodulation (TPBM) using 1064-nm laser. My focus will be analyzing the
lower frequency bands of the brain network to determine the significant changes caused by

TPBM.

3.1.1 Functional connectivity estimation on EEG Data:
Based on the previous studies [37, 43], CCO activity was increased with an increase in
the PBM dose. It could lead to a hypothesis that neuronal activity and network could be

modulated and activated by TPBM.

In this study, electrophysiological brain signals are recorded using 64 channel EEG
system by my colleagues, Dr. Xinlong Wang, Mr. Sahil S Nalawade , and Ms. Divya D Reddy. This
modality has a high temporal resolution and it gives the flexibility to perform analysis on
different frequency bands [27]. Each frequency band of EEG signal has its own importance and

significance when it comes to analyzing and interpreting the signals [27].

There are multiple methods to process and analyze pre-processed EEG signals to study

functional connectivity of the brain networks [27, 44]. It can be very difficult to select an
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appropriate functional connectivity method for EEG signals and there is no ideal method to

calculate functional connectivity of brain networks through EEG signals [44, 45].

| have opted to calculate functional connectivity through Pearson correlation
coefficient(r) obtained from the amplitude between 2 signals in the time domain. It is the most
common and straight forward method to calculate functional connectivity parameter [27, 44].
Recent studies have used Pearson Correlation coefficient (r) method for calculating functional
connectivity over a longer interval of time for the same frequency band [45-47]. This correlation
technique has a higher sensitivity to the coupling parameter resulting in better performance
[45]. For this study, | wanted to calculate functional connectivity over long interval time

window and observe changes induced by TPBM on the brain networks.

3.2 Materials and Methodology:

3.2.1 Participants

Healthy Subjects with no serious medical conditions and having an average age of 31
with standard deviation of (+- 13 years), were recruited from the general population of
students at the University of Texas at Arlington. Each subject underwent 2 days of experiments,

placebo on the first day and laser stimulation on the second day.

This study was reviewed and approved by the Institutional Review Board (IRB) of the
University of Texas at Arlington (UTA). Experiments were carried out following the framework
set by NIH, and other federal agencies. Ethical guidelines and protocols were according to the
guidelines set by IRB UTA for conducting experiments on human subjects. Written consent from

each subject was obtained prior to this study.
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3.2.2 Instrumentation

NIR laser used in this study had a 1064-nm wavelength and approved for safe usage by
the FDA. The beam of laser was collimated to avoid any undesired artifacts from the artificial
noise and the laser area was consistent approximately around 13.6 cm?. The laser dose was

administered on subject’s right forehead from a 2 cm distance.

In the placebo treatment group, laser had a reduced power of 0.1 W and aperture of
1064 nm laser was covered with a black cover. For the laser treatment group, the laser power
and the power density were set to 2.2 W and 0.25 W/cm?, respectively. Moreover, safe laser

stimulation parameters were calculated as follows:

Total laser power =2.2 W,

Area of laser beam radiation = 13.6 cm?;

Power density was calculated to be =2.2 W /13.6 cm? = 0.161 W/cm?;

Each cycle radiated for 60 seconds, each cycle had total laser energy of = 2.2W x 60s = 132
J/cycle;

Each cycle had total laser energy density = 0.161W/cm? x 60 s = 9.66 J/cm?/cycle.

Data was recorded at 256Hz sampling frequency using the 10-10 system arrangement

utilizing 64-electrode Biosemi. This system had a higher channel density as compared to the

traditional 10-20 system.
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Figure 3.1: Schematic diagram of the experimental setup.

The experimental setup for this study is shown in fig. 3.1. The Instrumentation consists of
a 1064-nm laser, biosemi system for eeg data acquisition, and the computer system. EEG cap
having 64 electrodes was used to record electrophysiological acitivity from different locations
of the human brain. Bio-semi module had 2 ports: input and output port. Input port was
connected to 64 electrodes and output port had a direct interface with the computer system
using the USB port. 1064-nm laser was administered on the right forehead of the subject and
the electrophysiological signal was shown on the computer screen in real time. Furthermore,
for safety purpose subject were given to wear protective goggles to protect eyes from the

exposure of laser during the experiment.
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3.2.3 Experiments
After each participant was comfortably seated, the EEG cap was placed on the subjects
head and electrodes were attached. To decrease the resistance of electrical signals detected by

the electrodes, EEG gel was used.

Experiment for two treatment groups were conducted on separate days. The block design
of placebo and laser stimulation group is illustrated in figure 3.2. Each treatment group had 2
minutes of baseline at the resting state. Following baseline, laser treatment was adminsitered

for 11 minutes which is followed by 3 minutes of recovery period.

It was a single blinded study, where subjects were unaware of the type of treatment they
were receiving. Experiment was carried out on both treatment groups in a similar manner.
Moreover, even in the placebo group the TILS laser unit was turned on, so the participants can
hear the sound of the machine. However, the power was 0.1W and 1064nm laser source
aperture was covered by a black cap. In laser stimulation group, total power of laser was 2.2W,

which produced minimal amount of heat.

Experiment lab was specially designed to carry out laser study and only trained students
were allowed to access it. Moreover, lab windows were covered with black cloths to minimize
the exposure to external light. Experiment was carried out in a dark room to avoid any

inteference with stray room light.
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The experimental protocol is illustrated in figure 3.2. Starting two minutes is the baseline,

Figure 3.2: Block diagram of the experimental protocol

which is indicated by flat region spanning from B1 till B2. At the start of L1 segment, the

treatment was administered with precise timing and it was administered for 11 minutes up to
L11. Recovery phase was the post stimulation period that lasted for 3 minutes, starting from R1

till R3. EEG data acquisition was turned on for the entire duration of experiment starting from

B1 till R3.

3.2.4 Data processing and statistical analysis

The entire data processing steps are outlined in Fig. 3.3. Raw eeg data had artifacts and it

needed filtering before the actual statstical analysis could be performed. For post pre-

37




processing, | used Brainstorm software which is a matlab based toolbox. EEG signal was prone
to different types of noises and it needed filtering. Notch filter was applied at 60 Hz and 120 Hz
to remove the main line noise from the EEG data, and then band pass filter was applied from
0.5 Hz to 80 Hz for the removal of different unwanted signals, such as DC offset, system slow

drifts, and any higher frequencies.

Noises due to eye blinks, muscle movement, and heart pulsation signals had been
removed using Independent Component Analysis (ICA). Following ICA analysis, data was
epoched into different time segments. Due to settling time, the first minute data were
excluded; namely, data within segment B1 were not used for further analysis. Starting from B2
up til R3, | segemented the 15 minutes data into fifteen 1-minute blocks. Moreover, in each
block the broadband EEG signals (0.5-80 Hz) were filtered into 5 time series with 5 distinct
frequency ranges: delta band (0.5-4 Hz), theta Band (4-7 Hz), alpha band ( 8-13 Hz), beta band
(13-30 Hz), and gamma band (30- 80 Hz), using corresponding band pass filters. Next, temporal
data acquired by each EEG channel under the laser/placebo stimulation were calibrated or

normalized with respect to their averaged baselines, respectively.

Pearson correlation coefficient(r) was used to estimate the functional connectivity. |
opted to use this techngiue due to its multiple advantages [27, 44-47]. The correlation
coefficient for each of 15 blocks was calculated for each EEG channel in each individual
frequency band using the Brainstorm software. Statistical analysis could not be performed on
Pearson correlation coefficient(r), as it does not follow normal distrbution. Fisher transform
technique was used to convert each set of data into normal distribution. Next, | carried out 2

sample T-Test across 20 subjects in both laser and placebo groups. To find regions or locations
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on the scalp that exhibit significant differences in correlation coefficient (i.e., r) between the
two cases, T-value of 2.03 was selected (corresponding to 95% confidence level) as the
threshold to define the connectivity between the two scalp locations. All the T values which
were smaller than 2.03 were threshold to be zero, meaning no connectivity between those

locations.
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1. Raw EEG Broadband signal

|

2. Apply Notch Filter to remove main line frequency at 60Hz and 120Hz

.

3. Apply Band Pass Filter from 0.5Hz to 80 Hz

(=

4. Independent Component Analysis(ICA) to remove bad ICs

P

5. Segmenting 15 minutes of data into events of 1 minute each for each
subject individually in both treatment groups

&

6. Separation of broadband signal into different frequency bands
(Delta Band, Theta Band, Alpha Band, Beta Band, Gamma Band)

pu—

7. Calculating functional connectivity by Pearson correlation
coefficient(r)

o

8. Converting Pearson correlation coefficient(r) to normal distribution using fisher
transform

{

9. Calculating T values across 20 subjects in both treatment groups

.

10. Plotting of the T-values which are greater than 2.03 using 2D topography

Figure 3.3: Flow chart describing detailed procedures of EEG Data post-processing.
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3.3 Results

Two dimensional topographies of T-maps were plotted to observe overall connectivity patterns
across regions over the entire scalp in theta band and alpha band, as shown in Fig. 3.4(a) and
3.4(b), respectively. These figures present T-maps throughout temporal segments of
experiments in a step of 2 minutes: 15t min, 3™ min, 5% min, 7" min, 9t min, 11 min, and

recovery :15t min, 2" min and 3" min.
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Figure 3.4: Significant connections between different regions on the scalp. Two different bands are
represented: (a) theta band and (b) alpha band. In each subplot, grey color bar on the right side represents
the T value, which also reflects the strength of connection between two nodes. The color bar on the left
side represents the number of connections at each node, which indicates the strength of connection at
specific nodes.

From figure 3.4(a), it can be observed that the right frontal region had relativly more
number of significant connections as compared to the left frontal region in the theta band. This
is illustrated by the size and color of the nodes in that region. However, occipital region did not

follow the same trend. The left occipital region had more number of significant connections as
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compared to the right occipital region. Furthermore, dense connections were formed between
the right frontal region and left occipital region of the brain in the theta band. This
phenomenon was clearly demonstrated from the 5™ minute until 11™ minute of laser
treatment. However, as soon as the recovery phase began, the overall significant connections

were reduced.

The results from the alpha band were in contrast with the theta band, as depicted in fig
3.4(b). It can be observed that in alpha band the left frontal region had relativly more number
of significant connections as compared to the right frontal region. This is illustrated by the size
and color of the nodes in that region. However, occipital region did not follow the same trend
for alpha band as well. The right occipital region had more number of significant connections as
compared to the left occipital region. Dense connections were formed between the left frontal
region and right occipital region of the brain in the alpha band. This phenomenon was clearly
demonstrated from the 5™ minute uptil 11™ minute during laser treatment. However, as soon

as the recovery phase began, the overall significant connections were also much reduced.

| also wanted to observe percentage of significant connections (PSC) in each time segment
of alpha band and theta band. Total number of connections of one electrode with other 63
electrodes was 1 x 63 = 63. So, there were 63 possible connections of one electrode to the
other electrodes. To calculate the total number of connections for 64 electrodes system, |

would have 64 x 63 = 4032, so there were total a number of 4032 possible connections.
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Figure 3.5: Percentage of significant connection for each treatment duration in: (a) Theta Band and
(b) Alpha band. The x-axis represents time duration of treatment, which is in minutes; y-axis
represents Percentage of Significant Connections (PSC). Each bar is representing the percentage of
significant connections out of total number of connections per minute.

In figure 3.5, it has been observed that during laser treatment both theta and alpha band
were significantly affected. A gradual increase in the number of significant connections were

noticed until the recovery phase. Theta band and alpha band had the most significant number
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of connections in the 9t minute of treatment, resulting in the maximum brain network change
administered by the laser dose. After the treatment ends, number of significant connections
were reduced, illustrated by downward trend in the recovery phase. From figure 3.5, overall

trend is consistent for the theta band and alpha band.

3.4 Discussion:

From this study my aim was to investigate the changes in the brain network caused by
TPBM in the lower fregeuncy bands. To the best of my knowledge, this is one of the first studies
observing the changes in electrophysiological signals of the brain network with the application

of 1064-nm laser.

3.4.1 Potential improvement in memory by TPBM

Low oscillations synchronization has been extensively studied in different aspects of
memory, which are: memory speed effect, frequency rhythm, and memory processes. These
aspects can be explained in terms of brain oscillations [48]. Low oscillation signals are
associated with high synaptic strength that makes the memory retrieval very easy [49].
Moreover, memory-related oscillations are confined to alpha and theta bands [48, 50].
Particularly, theta activity is high during the encoding phase of the memory and plays a vital
role in episodic long term memory [51, 52]. In numerous studies, theta band is found to have
high oscillation activity in different memory retention tasks [53, 54]. From the litreature review,
it has been observed that activity of low frequency bands are very important for different

aspects of the memory; that are retention, encoding and retreival.
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The frontal part of the brain is responsible for multiple cognitive and executive functions,
such as decision making, working memory, and cognitive tasks [53], whereas the posterior and
parietal areas are responsible for short term memory [53]. Increase of memory retention leads
to an increase in the activity of theta synchronization in the temporal and frontal region [55,
56]. From this study, it has been observed that significant connections are formed between the
frontal/anterior and parietal/posterior region of the brain by the administration of TPBM. Thus,
| have Speculation 1: The adminsitration of TPBM on the right forehead enhances the cognitive

functions and learning activity.

3.4.2 Modulation of neuronal activity by TPBM

The increase in the tissue oxygenation and ATP synthesis takes place due to photo-
biomodulation, by the upregulation of CCO [37, 43], as reported by our group. Specifically, the
first study reported the upregulation of oxidized CCO and increase in hemoglobin concentration
of the human forearm by the stimulation using 1064nm laser [37]. The second study reported
the upregulation of oxidized [CCO] and increases of [HbO] and [HbT] in the human brain, also

induced by the 1064 nm laser [43].

Based on those two studies, | have Speculation 2: Neurons can be activated by the
energy provided from the ATP synthesis, which will promote or release neurotransmitters for
conducting or propagating electrophysiological signals through theta and alpha frequencies.
Subsequently, Information will be exchanged or passed effectively with different parts of the

brain in low frequency oscillations.
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3.4.3 Validation for treating neurodegenerative diseases by TPBM

Multiple studies have shown that TPBM produces cognition or memory improvements in
patients with different nuerodegenrative diseases [16, 23]. Other studies have also
demonstrated thatcertain brain diseases decrease the alpha waves [48, 57, 58]. From my
research, it is observed increases in the activity of alpha band during the laser treatmentas
shown in fig 3.4. So, | have Speculation 3: Both alpha and theta waves are enhanced by TPBM,
which could potentially be the mechanistic reason for improving different brain disorders by

TPBM. However, this speculation needs much validation in future studies.

3.4.4 Interaction between different oscillation bands by TPBM

Low frequency bands, particularly theta band, interact with other frequency bands for
cognitive functions. It is extensively found in literature that theta oscillations are involved in
interaction with higher frequency oscillations for improving memory performance [55, 59].
During a working memory task, there is a synchronization between frontal midline theta and
gamma oscillations [51]. Furthermore, working memory retention has a strong theta
synchronization between frontal region and parietal region [60, 61]. TPBM is increasing the
number of connections in lower frequency band, as observed in fig 3.5. But, in my study, | did

not perform any analysis in this direction, which can carried out in future studies.

3.5 Limitation of the study

| used the Pearson correlation analysis in this study to calculate functional connectivity.
[27, 44-47]. | could have used more robust EEG analysis tehniques to overcome volume
conduction problem by utilizing the phase locking value (PLV) or phase lag index (PLI) methods

which can also lead to quantifications of casual relations and directionality of information flow
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among different scalp locations. In addition, in this study, | analyzed the functional connectivity

over 20 subjects. To make results more reliable, more subjects could be studied.

3.6 Conclusion

My aim in this Chapter was to investigate the functional connectivity of the human
brain network under TPBM using 64-channel EEG. The results showed that TPBM improved a
significant number of connections in two lower oscialltion bands across the human brain. Such
enhancement of brain network by 1064-nm laser stimulation may be associated with the
underlying principle/mechanism on why TPBM can improve human cognition and memory

functions.

48



CHAPTER 4

SUMMARY AND FUTURE WORK

4.1 Summary

Previously, very few experiments have been performed to quantify light fluence within the
human tissue or tissue phantoms from a large-sized laser source (having diameters of 2, 3, or 4
cm) at different wavelengths. My primary aim was to address this issue by perfoming different
experiments in the tissue phantom. These experiments included the estimation of optical fluence

as a function of: laser power or irradiance, area of beam size, and penetration depth.

The experiments were performed and described in details in Chapter 2, and the results
were analyzed and reported thoroughly also in Chapter 2. From this first set of experiment, it was
observed that the laser fluence at a given depth with a fixed aperture size had a linear
relationship with the optical irradiance or laser power. Two separate studies were performed for
the comparision with the analytical solution with different beam size areas and at different
penetration depths. In both cases, the results showed simliar or consistent trends between the
experimental results and analytical solution. Furthermore, the absorption coefficient of the

tissue phantom solution at 1064 nm can be estimated using the analytical solution.

My second aim targeted the investigation of electrophysiological study of the brain EEG
signals altered under TPBM. From this study, it was observed that TPBM is able to modulate the
brain signals at lower frequency bands, i.e., theta and alph bands. There was a gradual increase
in the number of significant connections in lower oscialltion bands as the laser was administered

before the recovery period. In principle, slower oscialltions are generally involved in many
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cognitive functions, and therefore the increase of significant connections in those bands may

potentially be explained as a result of TPBM.

4.2 Future Work

4.2.1 Future work for Aim 1

The importance of this study lies in the investigation of optical fluence of 1064-nm laser
within biological tissue for the effective treatment of different neurological disorders. According
to literature, several studies on animal models have utilized wavelength light sources in the range
of 810 nm to 840 nm [16]. For future studies, it is necessary to investigate and compare the
optical fleunce of 810-nm laser and 850-nm LED with that of the 1064-nm laser, under similar
conditions. This compairison will help identify the optimized wavelength for TPBM to be used in

future for treating different neurological disorders.

4.2.2 Future work for Aim 2

The approach of combining PBM with electrophysiology has a lot of potential for further
research in neuroscience. There are only a few studies carried out on TPBM with the application
of electrophysiology. For aim 2, | studied the functional connectivity in the human brain at lower

frequency bands during the TPBM using 1064nm laser.

In future, | suggest to add more parameters to the current experimental protocol in order
to observe and compare changes in the brain network. A few other interests for future studies

will be:

1. To investigate effects of laser power densities on the brain network by measuring scalp

electrophysiological signals from the human brain utilizing the 1064-nm laser.
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2. To administer the laser dose on the left forehead and compare the results with the

current study.

For data analysis, | suggest to normalize the data from baseline before calculating the
functional connectivity. Moreover, EEG data can be analyzed by graph theory method for
calculating different network parameters, including small world, efficiency, rich club, and
assortavity [62]. Also, the information flow estimation and modelling causal relationship
between different brain regions using a multivariate model [63] can be other possible

alternatives.
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