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Abstract
METABOLIC, HEMODYNAMIC, AND ELECTROPHYSIOLOGICAL EFFECTS

OF TRANSCRANIAL PHOTOBIOMODULATION (tPBM) ON THE HUMAN BRAIN

Xinlong Wang, PhD

The University of Texas at Arlington, 2017

Supervising Professor: Hanli Liu
Photobiomodulation (PBM) refers to the use of red-to-near-infrared light to stimulate cellular
functions for physiological or clinical benefits. Transcranial photobiomodulation (tPBM) is a
noninvasive form of cerebral photobiomodulation that has been observed with various
improvements in human cognitive functions. The mechanism of tPBM is assumed to rely on
photon absorption by cytochrome ¢ oxidase (CCO), the terminal enzyme in the mitochondrial
respiratory chain that catalyzes the reduction of oxygen for energy metabolism. However, few
studies have objectively investigated hemodynamic, metabolic and electrophysiological
response of the human brain to tPBM. To address this gap, my dissertation research has
focused on objective measures of metabolic, hemodynamic, and electrophysiological effects of
tPBM on the human brain, for the first time, by implementing broadband near infrared
spectroscopy (bb-NIRS) hardware, designing novel methodology and experiments, developing
new data analysis algorithms, and validating the overall development with computer simulations.
Specifically, my dissertation in Chap. 2 validated the bb-NIRS methodology and
demonstrated the interplay between increases in [CCO] and hemoglobin concentrations for the
first time during PBM, indicating that a hemodynamic response of oxygen supply and blood
volume closely coupled to the up-regulation of CCO induced by PBM. In Chap. 3, my research
work further confirmed that tPBM can (1) significantly increase cerebral concentrations of
oxidized CCO (A[CCO]; >0.08 uM; p<0.01), oxygenated hemoglobin (A[HbO]; >0.8 uM; p<0.01),
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and total hemoglobin (A[HbT]; >0.5 uM; p<0.01) during and after the laser stimulation, and (2)
also introduce a linear interplay between A[CCO] versus A[HbO] and between A[CCO] versus
A[HDbT]. This study provided the first demonstration that tPBM causes up-regulation of oxidized
CCO in the human brain, and contributes important insight into the physiological mechanisms.
To discriminate thermal confounding effects of tPBM on the above results, | with my research
colleagues conducted human thermal experiments and confirmed, as reported in Chap. 4, that
heat-based stimulation would give rise to AJ[CCO] and A[HbO] changes opposite to those by
tPBM. Furthermore, in Chap 5 | reported a novel algorithm/methodology to quantify absolute
concentrations of cytochrome c oxidase (CCO) and other tissue components including
oxygenated hemoglobin (HbO), deoxygenated hemoglobin (HHb), water fraction (water%), fat
fraction (fat%) and reduced light scattering coefficient by utilizing an Ant colony optimization
model. The algorithm utilized characteristic spectral features of the 1st and 2nd derivatives of
wavelength-dependent extinction coefficients based on Diffusion Approximation. Computational
simulation was performed to verify proper estimation accuracy. Finally, in Chap. 6, | explored
the electrophysiological effect of tPBM by collecting 64-channel electroencephalogram (EEG)
from each human subject’ head during and after tPBM in a placebo-controlled experiment.
Dose-dependent increases of EEG power were observed during and after tPBM at five
frequency bands. An EEG source-reconstruction algorithm and the Phase Transfer Entropy
(PTE) analysis were used to analyze tPBM-induced changes in neural electrophysiology. The
results demonstrated strong enhancement of cerebral information flow from selected regions

and potential benefit of tPBM to human global cerebral activation and cognitive functions.
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Chapter 1
Introduction
1.1 History of PBM

Photobiomodulation (PBM) uses red to infrared light to stimulate human tissue functions.
The initiation of this technique originated back in year 1967, when Endre Mester in Semmelweis
University, Budapest, Hungary was planning to use a 694nm laser to induce cancer on mice[1].
He divided the mice into control and treatment groups respectively. Mice hair in both groups
were shaved. Then he started to conduct the 694nm laser on the shaved area of mice tissue
with an expectation of generating cancer. However, eventually instead of getting cancer, the
mice in the treatment group were observed with faster hair regeneration speed than the control
group. This accidental finding marked the first definition of "Photobiomodulation" and the
initiation of its revolutionary development in biomedical stimulation. Nowadays, PBM has been
used to improve wound healing [2, 3], reduce pain [4, 5], and many other human applications.
The light can be supplied by lasers or light-emitting diodes (LEDs). In recent years, transcranial
PBM has gained increased recognition for its therapeutic use in various neurological and
psychological conditions, including ischemic stroke [6, 7], chronic traumatic brain injuries [8, 9],

and depression [10, 11].

1.2 Rationale of This Thesis
The behavioral effects of tPBM were observed in many research and clinical studies.
The mechanism of photobiomodulation on cognitive function was proposed to rest on high
photon absorption by cytochrome c oxidase (CCO)[12, 13], the terminal enzyme in the
mitochondrial respiratory chain that catalyzes 90% of oxygen and energy metabolism[14].
Increases in CCO activity results in greater oxygen consumption and metabolic energy

production via mitochondrial oxidative phosphorylation[15]. The dendrite of a neuron contains a



large number of mitochondria, which makes it more sensitive to tPBM[14]. As a result of optical
absorption, the photobiomodulation of CCO in neuron cells results in a vast production of
ATP[16]. Thus, neuronal activity is then activated in cerebral neuron network, which is proposed
as the essential mechanism of human cognitive function improvement. However, there is lack of
objective physiology evidences to support the theory. Overall, this dissertation focuses on (1)
the establishment of a broadband near-infrared spectroscopy system for detecting the change
of chromophore concentrations. (2) Designing and developing of a feasible placebo controlled
experimental protocol to perform PBM on human tissue (forearms and foreheads). (3)
Measuring and understanding the hemodynamic and metabolic response of tPBM on human
forearms and foreheads. (4) Measuring and separating the physiological effect of heat from
tPBM. (5) Developing and validating a novel absolute value quantification algorithm for human
hemoglobin and cytochrome c¢ oxidase detection. (6) Measuring and understanding the

electrophysiological response of human brain to tPBM by EEG.

1.3 Organization of This Thesis

As it is shown in Figure 1-1, this dissertation has 7 chapters, which consist of two peer
reviewed publications (Chapter 2 and Chapter 3), one submitted manuscripts (Chapter 4) and
two manuscripts that are ready to submit (Chapter 5 and 6). Chapter 1 is a brief introduction of
the history of tPBM and the current problems in verifying its physiological mechanism. In
Chapter 2, a broadband near-infrared spectroscopy system was established for measuring
concentration change of hemoglobin and cytochrome ¢ oxidase. In the meantime, the initial
observation of PBM effect on human forearms were reported. In Chapter 3, the physiological
effect of tPBM on human brain was explored, the oxygen utilization rate were compared
between human arm and brain. In Chapter 4, potential thermal effects were investigated and
excluded to purify the tPBM function. To further develop the algorithm in concentration

estimation, a novel absolute value calculation algorithm was established and validated by
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computational simulation and in vivo human measurements in Chapter 5.In  Chapter6,
electrophysiological response including cortical power and information flow during and after
tPBM were measured and imaged. Finally, Chapter 7 concludes the dissertation and provides
directions for future work.

The appendix contains the NIRS and broadband spectroscopy related research topics
that | was involved in the first 1.5 years of my research at UT Arlington. It can be divided into
three sections. The first section (i.e. Section A) demonstrates the establishment of a laboratory
customized diffuse correlation spectroscopy (DCS) system with its preliminary application for
monitoring PBM effect on human arms. The second section (i.e. Section B) is about the
applications of broadband spectroscopy in prostate cancer identification, which consist two peer
reviewed publications. The third section (i.e. Section C) reports the frequency resolved
measurements for prostate cancer detection and imaging, which includes one manuscript that is

ready for submission.

l
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Figure 1-1 Flowchart of the dissertation organization
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All'in all, Chapter 2 to Chapter 7 demonstrate my major PhD research work from June
2015 to July 2017. And the appendix illustrates the research work from Jan 2013 to May 2015

prior to my conversion to PhD track.



Chapter 2
Interplay between up-regulation of cytochrome c oxidase and hemoglobin

oxygenation induced by Photobiomodulation

This chapter is a publication at the journal of Scientific Report on 03 August 2016.(Scientific Reports, vol.

6. p. 30540, 2016.)

Authorship: Xinlong Wang*, Fenghua Tian*, Sagar S. Soni, F. Gonzalez-Lima & Hanli Liu

2.1 Introduction

Low-level laser/light therapy (PBM), also known as photobiomodulation (PBM), refers to
the use of low-level light in the red-to-near-infrared range (620-1100 nm) to stimulate cellular
functions for physiological or clinical benefits. Photobiomodulation has been used to improve
wound healing [2, 3], reduce pain [4, 5], and many other human applications. The light can be
supplied by lasers or light-emitting diodes (LEDSs). In recent years, PBM has gained increased
recognition for its therapeutic use in various neurological and psychological conditions, including
ischemic stroke [6, 7], chronic traumatic brain injuries [8, 9], and depression [10, 11].
Furthermore, using a 1064-nm laser, Barrett and Gonzalez-Lima conducted the first placebo-
controlled studies demonstrating that PBM to the forehead benefits cognition in healthy humans,
including enhanced attention, working memory, and executive functions [17-19].

The mechanism of photobiomodulation is proposed to rest on photon absorption by
cytochrome ¢ oxidase (CCO) [12], the terminal enzyme in the mitochondrial respiratory chain
that catalyzes the reduction of oxygen for energy metabolism [2, 3, 20, 21]. The more the
activity of CCO increases, the more oxygen consumption and metabolic energy is produced via
mitochondrial oxidative phosphorylation [15]. Since CCO is an inducible enzyme, a longer-
lasting metabolic effect is achieved by PBM's up-regulating CCO concentration, which in turn

enhances the capacity for cellular oxygen metabolism [13]. Because neurons are cells highly



dependent on oxygen metabolism, this photonics-bioenergetics mechanism results in metabolic
and hemodynamic alterations that facilitate neuronal functioning [20, 22]. To date, most
research into effects of PBM on mitochondrial enzymes has been conducted in cultured neurons
[2, 3] and animal brains [23] with invasive means. There is lack of experimental or direct
observation on how PBM modulates CCO levels and how the up-regulated enzyme affects or
interplays with hemodynamic oxygenation in human tissues in vivo. The primary goal of this
study was to utilize an experimental optical imaging approach to observe PBM-induced up-
regulation of CCO and its relationship with hemoglobin oxygenation in human forearms for
better understanding and validation of photobiomodulation in vivo effects.

Near-infrared spectroscopy (NIRS) [24] is a non-invasive and portable technology that
can be used to probe biological and physiological states of living tissues based on the level of
absorption and scattering of near-infrared light. In the past two decades, NIRS has been broadly
investigated for quantification of oxygenated and deoxygenated hemoglobin concentrations (i.e.,
[HbO] and [HHb], respectively) in a variety of tissues[25], such as the human breast [26-28], the
human prostate [29, 30], and the human brain [28, 31], in order to diagnose cancers or to
map/image functional brain activities in vivo. In conventional NIRS, two or three wavelengths
are adequately employed for characterizing cerebral or tissue HbO and HHb concentrations
under different stimulations or psychological conditions. Based on the same working principle, |
have recently utilized dual-wavelength NIRS to assess the hemodynamic effects of transcranial
PBM (tPBM) in the human brain in vivo. | found that transcranial 1064-nm laser improved
cerebral oxygenation, indicated by an increase of [HbO] and a decrease of [HHDb] in a dose-
dependent manner [32]. However, because of the limited number of measuring wavelengths in
dual-wavelength NIRS, | was not able to reliably quantify any change or elevation of CCO. As
the mechanistic action of PBM relies on direct photo-activation of CCO, it is crucial to quantify
the PBM-induced CCO changes as well. Thus, further improvement in my methodology was

sought in order to address this critical need.



Since the initial development of NIRS technology, a significant amount of research effort
has been persistently made to utilize broadband NIRS (bb-NIRS) for calculating the redox state
of CCO based on its absorption band at 820-840 nm [33]. While the actual implementation of
this approach started more than 20 years ago [34, 35], it had uncertainty on the accuracy of the
methodology [33, 36, 37]. It is only in recent years when bb-NIRS has been reported by
numerous publications to be a reliable means for computing both cerebral hemoglobin and CCO
concentration changes during brain activations [38-40] and/or brain injury [41, 42]. Therefore,
bb-NIRS has become a unique and valid tool to facilitate my measurement of PBM-induced up-
regulation of CCO and its relationship to the alteration of hemoglobin oxygenation in treated
tissues. | investigated human forearms as a model to reduce tissue heterogeneity during
photobiomodulation and to avoid the complication of extra-cerebral layers (i.e., the human scalp
and skull). The current study applied PBM on human forearms using a 1064-nm laser and
interleaved the bb-NIRS data acquisition in vivo for simultaneous assessment of interplay
between photoactivation/up-regulation of CCO and alteration of hemoglobin oxygenation of the

treated tissue.

2.2 Material and Methods

2.2.1 Participants

Eleven healthy human participants were recruited from the local community of The
University of Texas at Arlington. Interested individuals were screened by one of the
investigators to determine whether they were eligible for the study. The inclusion criteria
included: either sex, any ethnic background, and in an age range of 18—40 years old. The
exclusion criteria included: (1) diagnosed with a psychiatric disorder, (2) history of a neurological
condition, or severe brain injury, or violent behavior,(3) have ever been imprisoned, (4) current

intake of any medicine or drug, or (5) currently pregnant. In addition, none of the participants



were smokers or had diabetes. Eligible participants underwent two separate experiments in
sequence: in the first experiment, placebo treatment was administered on their right forearms. In
the second experiment, PBM was administered on the same location as in the placebo
treatment, 5 min after the first experiment. The study protocol was approved by the institutional
review board (IRB) at The University of Texas at Arlington and complied with all applicable
federal and NIH guidelines. Informed consent was obtained from each participant prior to the

experiments.

2.2.2 Instruments

Both placebo and laser treatments were administered with a continuous-wave, 1064-nm
laser provided by Cell Gen Therapeutics LLC, Dallas, TX (Model CG-5000). This laser is an
FDA-cleared device for various uses on humans, such as relief of muscle and joint pain. It had a
hand-held aperture with a button on the handle to open and shut the laser beam. The area of
laser beam from the aperture was 13.6 cm?. Contact delivery is relevant when laser beams are
divergent and not well collimated. But in my case, the laser was well collimated, so the laser
beam size did not change significantly between the laser aperture and the stimulation spot on
the subject’s forearm. The non-contact delivery distance was about 2 cm with possible variation
of a few millimeters because of the handheld setting. However, such a distance variation did not
result in dose fluctuation in laser radiation due to excellent laser collimation. For the laser
treatment, the device was operated at a constant power of 3.4 W. The irradiance (or power
density) in the beam area was 0.25 W/cm?, the same as that used in my previous studies [17,
18, 32]. For the placebo treatment, the same device was operated at a minimal power of 0.1 W
and the aperture was further covered up by black tapes so that no light came out from the
covering tapes. Thus the actual laser power of placebo was zero.

While | used a FDA-cleared Class 4 infrared laser (International standard IEC 60825-1),
this laser was used at a lower power density corresponding to that of a Class 3b laser to avoid
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potential skin damage. The power density used was 0.25 W/cm? (whereas over 0.5 W/cm? is
used for Class 4 classification). Following previously successful studies with full IRB approvals,
my safe laser stimulation parameters were calculated as follows:

Total laser power = 3.4 W,

Area of laser beam radiation = 13.6 cm?;

Power density = 3.4 W/13.6 cm? = 0.25 W/cm?;

Time radiated per cycle =55 s;

Total laser energy dose per cycle = 3.4 W x 55 s = 187 J/cycle.

If another laser with a smaller beam size is used, the total laser power should be
adjusted in order to maintain the same safe low power density of 0.25 W/cm? and thus avoid

potential skin damage.

Figure 2-1Schematic diagram of the experimental setup, including the broadband NIRS system. This bb-
NIRS consisted of a tungsten halogen lamp as light source and a miniature back-thinned CCD
spectrometer as detector. A laptop computer was used to acquire, display and save the data from the

spectrometer. The shutter controlled the on and off of the white light from the tungsten halogen lamp.

A single-channel, bb-NIRS system was constructed to measure changes of hemoglobin
and CCO concentrations in vivo in PBM and placebo experiments. As shown in Fig. 2-1, this
system consisted of a tungsten halogen lamp (Model 3900, Illumination Technologies Inc., East
Syracuse, NY) as light source and a miniature back-thinned CCD spectrometer (i-trometer,

B&W Tek Inc., Newark, DE) as light detector, in the spectral range of 450-1100 nm. Broadband
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white light from the lamp was relayed by an optical fiber bundle of 3.5-mm in diameter to a
shutter and then to an I-shaped optical probe holder that was placed on each subject’s right
forearm. The diffuse light through the arm tissue was collected by another fiber bundle held by
the same probe holder and then relayed to the spectrometer. The distance between the source
and detector fiber bundles was 1.5 cm. A laptop computer was used to acquire, display and
save the data from the spectrometer. The shutter controlled the on and off of the white light

delivered to the tissues.

Figure 2-2 Experimental setup: (a) photograph of the laser aperture for PBM/placebo treatment and bb-
NIRS fiber holder on a participant’s forearm. (b) Configuration of the I-shaped bb-NIRS probe holder (dark
gray). The bundle holder held two optical fiber bundles with a separation of 1.5 cm. One bundle (in red)
was connected to the tungsten halogen lamp and the other (in blue color) to the spectrometer. The

PBM/placebo treatments were administered on two sides of the middle section alternatively (pink circles).

In particular, the I-shaped fiber bundle holder was designed using SolidWorks
(SolidWorks Corp., USA) and 3D printed with solid, black material. The two wider ends of the
holder were firmly fastened on each participant’s right forearm with elastic bandages (see Fig.
2-2a). As each participant might have slight body movements during the corresponding
experiment, this experimental setup minimized potential motion artifacts during data acquisition.
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The narrow, middle section of the holder is ~8 mm in width. In both experiments, the laser beam

from CG-5000 was administered on both sides of this section alternatively (see Fig. 2-2b).

2.2.3 Experiments

The experiments were conducted in a locked room without any reflective surface. The
background light from outside of the room was minimized by covering the windows and door
slits with black curtains. Furthermore, when the laser was in use, a warning sign of “Laser on”
was shown on the outer door. Protective goggles (900-1000 nm: 5+, 1000-2400 nm: 7+;
2900-10600 nm: 7+) were worn by all individuals present in the room. The participants were
further instructed to close eyes during the treatments. After each participant was comfortably
seated, an experimenter first measured the absorption coefficient (1.) and reduced scattering
coefficient (4s') at 750 nm and 830 nm from the participant’s right forearm using a frequency-
domain NIRS tissue oximeter (OxiplexTS, ISS Inc., Champaign, IL). Then the I-shaped optical
probe holder was placed on the same location. A trained experimenter held the aperture of CG-
5000 laser closely to the participant’s right forearm to administer the placebo or PBM treatment
on two sides of the holder alternatively. As illustrated in Fig. 2-3, each treatment session
consisted of eight one-minute cycles, 55-s laser on and 5-s laser off per cycle. The participant
was given a 2-minute break between the two experiments.

The participants received no information about the treatment type (placebo or PBM) in
each experiment. Instead, they were instructed that they would receive the same laser
treatment at a power of 3.4 W in both experiments. Furthermore, the laser at a power of 3.4 W
generated negligible heat on the participants’ skin. Thus, the two experiments were designed to

cause approximately the same sensations and expectations in the participants.
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Figure 2-3 Paradigm of the PBM/placebo treatment and interleaved bb-NIRS data acquisition. Each
treatment session consisted of eight one-minute treatment cycles, 55-s laser on and 5-s laser off per
cycle. The bb-NIRS data acquisition was initiated two minutes before the first treatment session and

ceased five minutes after the treatment session.

The data acquisition of bb-NIRS was initiated two minutes before each treatment
session and ceased five minutes after the treatment session. Because the power of treatment
laser from CG-5000 was high enough to contaminate the bb-NIRS readings, data acquisition
interleaved with the treatment cycles during the 5-s laser-off periods. Following the similar
format/fashion, the data during pre-treatment baseline and post-treatment recovery were also
acquired at 55-second interval. In this way, a total of 15 data points (see Fig. 2-3) were obtained
throughout each experiment. The shutter was switched on only for 5 seconds during each data

acquisition period and then off in the rest of the time.

2.2.4 Theoretical Foundation for Data Processing and Error Analysis
Raw data from the broadband spectrometer was processed using MATLAB to calculate
relative changes in [HbO], [HHb] and [CCQO] from the initial baseline. First, the relative optical

density, AOD, was calculated at each wavelength, A:

AOD(2) = logy,[ 'IO((j”))]
, 2-1

wherelg(A) is the spectral data acquired at the initial baseline (i.e., the first spectrum

collected in each experiment), and I(A) is the data acquired at each time point thereafter.
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According to the Modified Beer-Lambert Law [25, 43], AOD at each A could be
expressed as a sum of optical absorbance contributed by HbO, HHb and CCO components:

AOD(2) ={A[HDO]* £,1,0(2) + A[HD]* &y, (4) + A[CCO]* 0o (A)}* L(2) 9.9

where A[HbO] is the relative change in HbO concentration, A[HHDb] is the relative change
in HHb concentration, A[CCOQ] is the relative change in CCO concentration, €rno(A), €nn(A) and
€cco(M) are the extinction coefficients of HbO, HHb and CCO, which can be found in ref. [39],
and L(A) denotes the effective pathlength of the detected photons through the tissues.
According to the Modified Beer-Lambert Law [25, 43], L(A) can be estimated as:

L(1) =r*DPF(4) 7 2.3

where 'r' is the source-detector distance, and DPF(A) is the wavelength-dependent
differential pathlength factor. Note that in this study, | did not assume that DPF was a
wavelength-independent constant across the wavelength range. By substituting Eq. (2-3) into

Eq. (2-2) for multiple wavelengths, | can express A[HbO], A[HHb] and A[CCO] in a matrix format

in association with broadband AOD(L) over DPF(A) ,as follows:

[ AOD(4,) |
A[HbO] Emo (L) Em(Ah)  Ecco(h) N EOP[F)Ejl))
1| &mo(h) €w(h)  Eccol(h) NPE(7 )
AfHb] | == DPF(4,)
Aleco] Emo(A)  Em(A)  Ecco(4n) gOD(ﬂ )
_DPF(/IH)_. 2.4

In this study, the DPF(A) values were estimated based on the pa and ps' values
measured with a frequency-domain OxiplexTS tissue oximeter in the beginning of the
experiments. In principle, an OxiplexTS tissue oximeter provides measurement readings of pa
and ps' values at 750 nm and 830 nm as well as absolute concentrations of [HbO] and [HHb]. To
achieve paand |s' values across the entire wavelength range of 740-900 nm, | interpolated and

extrapolated the two measured ' values at 750 nm and 830 nm by following Mie theory, which
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is usually expressed by kA, where k and b were obtained by fitting this equation to both ps'(750
nm) and ps'(830 nm). In the meantime, the absorption coefficients in the same wavelength
range (740-900 nm) were estimated based on the HbO and HHb concentrations measured by
the same tissue oximeter. Then, the wavelength-dependent DPF values were calculated using

the diffusion theory with the semi-infinite boundary geometry [44]:

VB3r'(A) T3 (A '(2)
21, () rBu, (A, (A) +1 25

DPF (1) =

Where Ha(A) and ps'(A) are the estimated absorption and reduced scattering coefficients
across the wavelength range of interest.

Next, the final and key step was to quantify or determine three chromophore
concentrations based on Eq. (2-4). To do so, multiple linear regression analysis was
implemented in the wavelength range of 740-900 nm (with a total of 161 wavelengths) using a
MATLAB-based function. This regression algorithm afforded the best fit of the chromophore-
specific concentrations to the measured AOD(A) spectrum by minimizing the squared residual or

the objective function. The detailed fitting procedures are given next.
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Obtain pa and ps’ @ 750nm and 830nm by frequency domain system
Solve for absolute concentration of [HbO] and [Hb]
Interpolate and extrapolate pa(A) and ps’(A) from 740nm-900nm

Calculate DPF(A) by reference equation

=l = =

Measure bb-NIRS before, during and after PBM

Calculate AOD

Build up extinction matrix by reference publications

Using “fminsearch” in MATLAB to optimally select A[HbO], A[Hb] and

@I@‘@

A[CCO] based on MBLL, then multiply by compensation factor of 2.

Figure 2-4 A flow chart describing detailed procedures of my multiple linear regression analysis to

optimally determine PBM-induced concentration changes in three chromophores.

2.2.5 Multiple Linear Regression Analysis

The procedure for multiple linear regression analysis is outlined with a flow chart in Fig.
2-4,

(1) Start data collection and quantification of g, and ys' values at 750nm and 830nm of
the subject’s right forearm by the OxiplexTS tissue oximeter.

(2) Obtain output readings from the oximeter for absolute concentrations of [HbO] and

[HHDY].
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(3) Interpolate and extrapolate Ha(A) and ps'(A) values across 740nm to 900nm, based on
Haand ps' values at 750 nm and 830 nm, by fitting Mie theory (kA ) and calculating [HbO] and
[HHDb] with their corresponding extinction coefficients given in ref.[39].

(4) Calculate DPF(A) values across 740nm to 900nm for each wavelength with Eq. (2-5);

(5) Perform bb-NIRS experiments to acquire optical spectra (with 161 wavelengths from
740-900 nm) from the subject’s arm before, during and after PBM (or placebo);

(6) Quantifying AOD())at different time points, using Eg. (2-1), to form a time series for
each wavelength.

(7) Build up or form the 161x3 extinction coefficient matrix, based on ref. [39]; this matrix
would list extinction coefficients at 161 wavelengths (740-900nm) for 3 chromophores.

(8) Solve accurately A[HbQ], A[HHb] and A[CCQ] based on Eq. (2-4). For the last step,
specifically, | applied the MATLAB function of "fminsearch" to find/fit for the optimal combination
of A[HbO], A[HHb] and A[CCQ] as the final output parameters. In theory,"fminsearch” function
finds the minimum of a scalar function (often called the objective function) of several variables,
starting at an initial estimate (http://www.mathworks.com/help/optim/ug/fminsearch.html). This is
generally referred to as unconstrained nonlinear optimization. In my study, for example,
"fminsearch" attempted to model the relationship between three explanatory variables (e.g.,
A[HDbO], A[HHb] and A[CCOQ]) and a set of response variables (e.g., AOD at multi-wavelengths)
by fitting a linear equation to observed data, as expressed in Eq. (2-4). This function tries
different combination of A[HbO], A[HHb] and A[CCO] starting from the "initial guess" to match
with the measured set of AOD(A)across the spectra until a minimized value of the objective
equation is achieved. Then, this set of values (A[HbO], A[HHb] and A[CCQ]) are considered as

the "best fit" and to be used as the final results.
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2.2.6Statistical Analysis

To determine whether the PBM induced significant changes in hemoglobin and CCO
concentrations with respect to the placebo treatment, paired t-test between these two treatment
types was conducted for each chromophore (HbO, HHb and CCO) at each time point. A two-

tailed level of 0.01 <p< 0.05 and p < 0.01 was chosen to be statistically significant in these tests.

2.3 Results

A total of 11 normal subjects (seven males and four females, mean £ SD age = 26.1 £
5.0 years) participated in the experiments. Figure 2-5 shows dose-dependent (energy density
dose = exposure time x laser power density) concentration changes in [HbO], [HHb], and [CCO]
induced by the PBM and placebo treatments at the group level (mean = SE, n=11). Overall,
PBM significantly increased the HbO and CCO concentrations as compared with placebo (0.01
< p <0.05 and p <0.01), while the HHb concentration was nearly unaltered by either placebo or
laser treatment. However, the initial laser effect on CCO seemed to precede in time the effect
on HbO; i.e., for [HbQ] the laser-induced effect was significantly greater than placebo after two
minutes of laser treatment [Fig. 2-5(a)), whereas for [CCO] the significant effect started after
one minute [Fig. 2-5(c)]. Also note that the increased CCO concentration showed a slightly

faster recovery trend towards the baseline than HbO after PBM.
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Figure 2-5 PBM/placebo-induced concentration changes of (a) [HbO], (b) [HHb], and (c) [CCO] in human
forearms in vivo (mean + SE, n=11). In each subplot, the pink-shaded region indicates the period of
PBM/placebo treatment; * indicates significant differences in respective concentrations between PBM and
placebo treatment (0.01 < p < 0.05, paired t-test). ** indicates significant differences in respective

concentrations between PBM and placebo treatment (p < 0.01, paired t-test).
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Figure 2-6 The relationship of concentration changes between CCO vs. HbO or HHb during PBM and
placebo experiment (mean + SE, N = 11). The horizontal error bars represent variability of CCO and the
vertical error bars represent variability of HbO or HHb. The correlation coefficient of the fitted line is

r=0.92 with a p value of 0.001.

After close inspection of the data in Fig. 2-5, | reorganized the respective concentrations
and replotted them to show the relationship between concentration increases of CCO vs. HbO
or HHb, induced by either PBM or placebo treatment. As shown in Fig. 2-6, the solid red dots
display the relationship of AJCCQ] vs A[HbO] during PBM, with a linear fit by the dashed line
(with a correlation coefficient of r=0.92 and a p value of 0.001), confirming an excellent linear
relationship between them. On the other hand, the open red circles, obtained under the placebo
treatment, were gathered within a lower A[CCO] range with no relationship between A[CCO] and
A[HDbO]. The concentration change of HHb also showed no response to the change of CCO, as

plotted by the blue squares in Fig 2-6.

2.4 Discussion

In this placebo-controlled study, | used broadband NIRS to measure the PBM-induced

changes or increases in oxygenated hemoglobin and CCO concentrations in human forearms in
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vivo. For the first time, | demonstrated that 1064 nm laser can induce significant increases of
CCO and HbO concentrations in a dose-dependent manner over time, as compared with
placebo treatment. In addition, A[ICCO] and A[HbO] displayed a clear linear relationship as the
dose of PBM increased. Especially, | carefully measured and quantified the wavelength-
dependent DPF factor, DPF()\) as given by Eq. (2-5), to minimize crosstalk artifacts [39, 40]. To
the best of my knowledge, this is the first study to assess the CCO enzyme up-regulation effects
of photobiomodulation in human tissues in vivo. These results demonstrate the great potential of
bb-NIRS as a non-invasive technology for mechanistic studies and treatment evaluations of

PBM.

2.4.1 Interplay between up-regulation of CCO and hemoglobin oxygenation induced by PBM
The observed linearity between A[CCO] and A[HbQO] induced by PBM is of great
significance, showing a close interplay between the up-regulation of CCO and corresponding
hemodynamic oxygenation in the treated tissue. As compared to placebo, the infrared laser
treatment induced a significant increase in [CCO] that preceded the increase in [HbO]. Together
these data suggest that laser-induced CCO up-regulation leads to a linear increase in HbO. This
may indicate that a hemodynamic oxygenation response occurs in vivo as a result of up-
regulation of CCO induced by the infrared laser treatment. The mechanism of the observed
effects can be explained based on what is known about the role of CCO on
photobiomodulation[3, 45] and the three main steps in cell respiration: glycolysis, Krebs cycle
and the electron transport chain. During the first two steps, comparatively little amount of ATP is
synthesized. High energy electrons are stored in NADH/FADH; CO; and water are produced as
waste products. In the electron transport chain, where the most amount of energy is produced,
CCO (as the terminal enzyme) transfers electrons to enable an oxygen molecule to combine

with protons and form a water molecule. At the same time, this process accompanies ATP
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synthesis (oxidative phosphorylation). Since CCO is the main photo-acceptor within the effective
optical window of PBM, up-regulation of CCO will boost the electron transport, up-regulate the
enzymatic activity, and result in a significant increase in oxygen consumption rate within tissue
mitochondria. Consequently, an increase in hemodynamic oxygen supply and total blood
volume will occur around the PBM area due to the need for more oxygen and electrons.
Therefore, during PBM, the more the redox state of CCO is activated, the more the oxygenated
hemoglobin concentration, HbO, increases proportionally.

In a previous study on the hemodynamic effects of transcranial PBM on the human brain
using dual-wavelength NIRS [32], | have reported that transcranial 1064 nm laser improved
cerebral oxygenation as indicated by an increase of [HbO] and a decrease of [HHD]. In the
current study, | have consistently observed PBM-induced increases of [HbO] in the human
forearms, but [HHb] remained nearly unchanged. A couple of factors may be attributed to this
discrepancy in the alteration of [HHb] between the two studies. The first factor can result from
the large difference in anatomy and physiology between the human forearm and the brain. The
brain is much more vascularized than the forearm and it has a much greater rate of tissue
oxygenation. This may lead to a greater differential hemoglobin concentration in the PBM-
stimulated brain region, with a relative [HbO] increase and [HHb] decrease [24]. The second
factor may stem from differences in experimental setups and quantification algorithms that were
used to measure and quantify changes in [HbO] and [HHD]. In my previous study, a dual-
wavelength NIRS system was used. In consequence, changes in [HbO] and [HHb] were
determined using the dual-wavelength-based, modified Beer-Lambert law with a fixed
pathlength factor (i.e., DPF is independent of wavelength) [32]. While the use of a constant DPF
is a common practice in the NIRS field, the derived quantifications of A[HbO] and A[HHD] are
more likely subject to cross-talk errors due to the inaccurate assumption of constant
pathlength[36, 37], particularly when changes of [CCO] are involved. In the current study, on the

other hand, | employed a bb-NIRS system, carefully determined wavelength-dependent DPF
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values, and fitted the measured optical density spectra with a more rigorous expression of Eq.
(2-4) using linear regression analysis. All of these procedures, in principle, should minimize
cross-talk errors and lead to improved accuracy of A[HbO] and A[HHb] determination [39, 41]. A
limitation of this study for transcranial PBM applications is that the PBM-induced linear interplay
between A[CCO] and A[HbO] was demonstrated on the human forearm, but not on the brain. My
future work plans to follow similar PBM experimental protocols and perform bb-NIRS
measurements on the human forehead in order to confirm in the brain the findings reported in

this paper.

2.4.2 Rationale of using 1064-nm laser for photobiomodulation

It is noteworthy that the CCO enzyme effects of PBM are dependent on the wavelength
of the stimulation laser (light). A previous study on cultured neurons [3] has shown that the most
effective wavelengths paralleled the near-infrared absorption peaks of CCO. The current study
used a 1064-nm laser that was also employed in my previous studies [17, 18, 32]. This
wavelength may not be optimal for photon absorption by CCO because its known peaks of light
absorption are at lower wavelengths [45]. However, none of the previous absorption studies
have measured photon absorption by CCO at 1064 nm, and the present study demonstrated a
clear effect of this wavelength on CCO up-regulation. The primary reason for selecting this
wavelength is its ability to better penetrate the human scalp and skull in transcranial
applications. In biological tissues, light scattering is the dominant light-tissue interaction and its
influence is two orders of magnitude greater than that of light absorption. According to Mie
theory, the light scattering in biological tissues decreases with longer wavelengths[46]. The
1064-nm wavelength used in my studies is approximately the longest one in the near-infrared

optical window where water absorption remains low [46]. Therefore, 1064 nm is expected to
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have better penetration depth and stimulation efficiency in the human brain than shorter

wavelengths in transcranial laser treatments.

2.4.3 Measurement accuracy of bb-NIRS on CCO quantification

Quantification of the redox state of cytochrome oxidase in living tissue has been a
scientific topic and continuously studied over the last 20+ years[34, 35, 37, 39, 41, 42, 47]. In
particular, continuous development on measurement techniques and improved algorithms have
been done by the research group from the University College London, which has continuously
made significant efforts to validate and improve the sensitivity, specificity, and accuracy of
guantified CCO sensed in living tissues. The listed references of [37, 39, 41, 42, 47]
demonstrate and support the scientific basis and rigor for CCO quantification by bb-NIRS that |
utilized in this manuscript.

A possible question is whether, besides CCO, there is any other target or biomarker at
the cellular level that contributes to photobiomodulation by absorbing 1064 nm laser. With the
current scientific knowledge available, my answer is “No”, which is based on many scientific
observations reported in the last 20 or more years. A recent review paper summarized that the
major biological tissues that absorb light in 700-1200 nm are blood, water, melanin, adipose
tissue/fat, and yellow pigments[46]. On the other hand, | have not found much reporting in the
literature that other PBM biomarkers at the cellular level (besides CCO) absorb light at 1064 nm
in vivo. Future scientific discovery may alter my current view, but the conclusion given in this

paper holds its scientific foundation and rigor.

2.4.4 Possible thermal effects of PBM on CCO quantifications
It is reasonable to expect that infrared light at 1064 nm with a power of 3.4 W would
generate some thermal effect that may lead to an increase in skin blood flow (SBF). Such an

increase of SBF may give rise to an increase of hemoglobin concentration in the adjacent area
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surrounding or near the PBM stimulation spot. To address this concern, | conducted a pilot
study, including 4 out of the 11 subjects who participated in the PBM/Placebo study. The clear
observation in Figure 2-7 was that thermally induced A[HbO] followed a similar trend to that of
the placebo trace, while the PBM-induced A[HbO] remained significantly higher during and after
the 8 continuous laser treatments. On the other hand, in the case of A[CCQ], the thermal effect
was nhon-significant on changes in CCO, while significant increases of CCO were clearly

observed due to PBM stimulations.
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Figure 2-7Concentration changes of (1) HbO, (2) HHb and (3) CCO during LLLT (red; n=11),
placebo (blue; n=11) and thermal (green; n=4) stimulation. The "*" represents significant
difference between LLLT vs thermal effect (p-value <0.05).
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The overall conclusion from the pilot thermal test was that thermal effects on skin
surface may be non-significant to cause changes in tissue redox CCO concentrations that are
measured by bb-NIRS with a separation larger than 1.5 cm. However, my sample size for the
pilot study was only 4, so this conclusion was not statistically solid, and further studies with

more participants are highly desirable to confirm this finding.

2.5 Conclusion

In final conclusion, this study has clearly demonstrated that PBM can induce significant
increases of [CCO] and [HbO] on the human forearm as the laser energy dose is accumulated
over time, as compared with the placebo treatments. A strong linear interplay between A[CCO]
and A[HbO] was observed for the first time during the laser treatment, indicating a
hemodynamic response of oxygen supply coupled to the increase of cellular metabolic rate
induced by photobiomodulation. These results demonstrate the tremendous potential of bb-
NIRS as a non-invasive optical means to study in vivo mechanisms and perform treatment

evaluations of PBM.
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Chapter 3
Up-regulation of cerebral cytochrome-c-oxidase and hemodynamics by

transcranial photobiomodulation: a broadband near-infrared spectroscopy study

This chapter is a publication at the Journal of Cerebral Blood Flow & Metabolism on 09 Feb 2017.(J

Cereb Blood Flow Metab, p. 271678X17691783, Jan 01 2017.)

Authorship: Xinlong Wang, Fenghua Tian, Divya D. Reddy, Sahil S. Nalawade, Douglas W.

Barrett ,Francisco Gonzalez-Lima & Hanli Liu

3.1 Introduction

3.1.1 Transcranial Photobiomodulation

Photobiomodulation is a non-invasive intervention shown to regulate cellular functions in
cell cultures, animal models, and clinical conditions[2, 3, 6, 7, 17]. To avoid any confusion
between the method | use for spectroscopy and the method | use for laser stimulation, let me
clarify the terminology between them: Infrared light is in the wavelength range from 700 nm to 1
mm, a branch of which is 760-1440 nm and is often called near infrared light (NIR) [48]. Since |
use “NIR” to express NIR spectroscopy (NIRS) utilized in my spectroscopy measurements, |
name my laser stimulation at 1064 nm as “infrared” laser stimulation. Within the wavelength
spectrum of approximately 620-1100 nm, the light absorption by tissue chromophores is weak
[49]. The primary mechanism of photobiomodulation rests on photon absorption by cytochrome
¢ oxidase (CCO)[12], which is the terminal enzyme in the mitochondrial respiratory chain that
plays a key role in neuronal oxygen utilization for energy metabolism[50]. The greater the
oxidized CCO increases, the greater oxygen consumption and metabolic energy is produced via
mitochondrial oxidative phosphorylation[15]. This photonics-bioenergetics mechanism results in
unique metabolic effects on the brain, with benefits for cognitive enhancement and

neuroprotection [20, 22]. In recent years, brain photobiomodulation has gained attention for its
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therapeutic potential in many neurological and psychological conditions[15, 51]. It is reported
being safe for treating ischemic stroke [6, 7] and chronic traumatic brain injury [52]. Schiffer et
al. [10] also found that a single session of PBM at 810 nm to the forehead could have
psychological benefits in patients with major depression and anxiety. Stimulating with the same
light irradiance as Schiffer et al. [10]but at 1064 nm, Barrett and Gonzalez-Lima conducted the
first controlled study in healthy humans that demonstrated Transcranial Photobiomodulation
(tPBM) improves frontal-cortex-based cognitive and emotional functions[17]. Subsequent
controlled studies by the same group showed that tPBM improves executive functions[18] and
reduces depression symptoms[53]. tPBM is also as effective as vigorous aerobic exercise to
improve cognition[54].

Despite the numerous preclinical studies and promising outcomes from a few clinical
trials, however, brain photobiomodulation has not been widely adopted by mainstream
medicine. One reason is that uncertainty still remains about the mechanism of action of
photobiomodulation in the human brain in vivo. In order for tPBM to be adopted as an objective
scientifically-based brain intervention, it is essential to quantitatively assess and better

understand the cerebral metabolic and hemodynamic effects of tPBM.

3.1.2 Near infrared spectroscopy

As it was shown in Chapter 2, NIRS can monitor the redox state of mitochondrial CCO
with suitable algorithms and broadband components[39, 40]. In particular, | recently reported
that broadband NIRS (bb-NIRS) can be used successfully to quantify the photobiomodulation
effects of 1064-nm laser on the human forearm in vivo[13].Both CCO and HbO up-regulation
were primary metabolic and hemodynamic effects of photobiomodulation, which served as
direct and quantitative measures of cellular oxygen metabolism. Because bb-NIRS shares

similar pathways of light through the biologic and/or cerebral tissues with tPBM, a combination
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of these two technigues may provide an ideal imaging tool for in vivo mechanistic study and
treatment evaluation of tPBM.

The present study integrated bb-NIRS and tPBM to quantitatively assess the cerebral
metabolic (CCO) and hemodynamic (HbO, HHb) effects of a single photobiomodulation session,
as well as to assess their relationships. | tested two hypotheses: (1) single-session tPBM
induces reliable and measurable CCO changes in the human brain in vivo, and (2) these CCO

changes result in and correlate with the subjects’ hemodynamic alterations.

3.1.3 Novel approaches and findings of this study

In the current study, | utilized a bb-NIRS system along with a tPBM unit at 1064 nm; |
interleaved tPBM intervention and the bb-NIRS data acquisition on the right forehead of 11
human controls in vivo throughout the pre-, during, and post-tPBM and placebo intervention. |
was able to simultaneously assess/quantify concentration changes in CCO, HbO, and HHb(i.e.,
A[CCO], A[HbO], and A[HHD], respectively), which also allowed me to readily quantify total and
differential hemoglobin concentrations (i.e., A[HbT] and A[HbD], respectively).Consequently, |
was able to investigate relationships among up-regulation of oxidized[CCO] versus
corresponding alterations of cerebral blood flow, cerebral blood volume, and cerebral
hemodynamic oxygenation. Overall, the results of this study provided the first demonstration
that photobiomodulation up-regulates oxidized CCO concentrations in the human brain in vivo.
They also confirmed the feasibility of a non-invasive, cost-effective cerebral stimulation-with-
imaging approach that integrates two transcranial optical technologies. This novel approach
provided insight into the underlying mechanism of tPBM-induced effects on brain and behavior

[15].
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3.2 Methods

3.2.1 Participants

Eleven healthy human participants with a mean (xstandard deviation) of 31(x13.7) years
of age were recruited from the local community of The University of Texas at Arlington (UTA).
Interested individuals were screened based on the same inclusion criteria as those in ref.
[13].Eligible participants underwent two separate experiments in sequence: the placebo
treatment was administered on their right forehead, followed by tPBM administered on the same
location, 5 min after the first experiment. The exclusion and inclusion criteria were the same as
those in ref. [13]. The study protocol was approved by the institutional review board (IRB) of

UTA. Informed consent was obtained from each participant prior to the experiments.

3.2.2 Instruments

It is noted that the laser stimulation and the spectroscopic measurement were two
different optical methods that used two different light sources with non-overlapping wavelengths.
The laser stimulation used monochromatic infrared at 1064 nm, whereas the spectroscopic
measurement used a broadband light source starting at 400 nm and filtered to 2000 nm.

An FDA-cleared 1064-nm continuous wave laser device (HD Laser Model CG-5000, Cell
Gen Therapeutics LLC, Dallas, TX)was used for both placebo and laser treatments. It has been
approved by the FDA for various uses in humans [4, 5]. The laser was emitted from a
handpiece, and the measured laser beam had an area of 13.6 cm?. There was a button to turn
on/off the laser beam on the hand piece. To avoid any undesirable artifacts in the experiment, a
2-cm distance between laser aperture and stimulation site was kept during the stimulation
process. Because of collimation, the laser beam’s size was kept approximately the same from

the laser aperture to the stimulation spot on the participant's forehead.
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Figure 3-1Schematic diagram of the experimental setup, including a bb-NIRS spectroscopic system. This
bb-NIRS unit consisted of a tungsten halogen lamp as the light source and a miniature high-sensitivity
CCD spectrometer as the detector for this study. tPBM was administered underneath the "I" shaped
probe holder. The narrow, middle section of the holder was ~8 mm in width. A laptop computer was used
to acquire, display and save the data from the spectrometer. The shutter controlled the on and off function
for the tungsten-halogen lamp to subject’s forehead. A pair of protection goggles was worn during the

whole experimental procedure.

The laser power during the stimulation treatment was controlled at 3.4 W. The power
density in the beam area was 0.25 W/cm?, the same as that used in my previous studies[13, 17,
18, 55]. For the placebo treatment, the same device was applied to the subject’s forehead while
the laser power was tuned down to 0.1 W. The laser aperture was further covered by a black
cap so that no laser was delivered to the subject. In this way, the sham appeared similar to the
actual laser stimulation but without any light released.

To avoid any potential skin damage, the power density of the FDA-cleared Class 4 laser
(International standard IEC 60825-1)was kept low corresponding to that of a Class 3b laser.
Specifically, irradiance was kept at 0.25 W/cm?. Following previously successful studies [13, 17,
18, 55], my safe laser stimulation parameters were as follows:

Total laser power = 3.4 W,

Area of laser beam radiation = 13.6 cm?;
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Power density = 3.4 W/13.6 cm? = 0.25 W/cm?;

Time radiated per cycle =55 s;

Total laser energy per cycle = 3.4 W x 55 s = 187 J/cycle.

Total laser energy density per cycle = 0.25 W/cm?x 55 s = 13.75 J/cm?/cycle.

The experimental setup was also similar to Chapter 2. Briefly, a single-channel, bb-NIRS
system was built to measure A[HbO], A[HHb] and A[CCO] in vivo during tPBM and placebo
experiments. Figure 3-1 shows(1) a tungsten-halogen lamp with a spectral range of 400-
1500nm(Model 3900, lllumination Technologies Inc., East Syracuse, NY), (2) a miniature high-
sensitivity CCD bb-fNIRS spectrometer with a spectral range of 735-1100 nm (QE-Pro, Ocean
Optics Inc.), (3) a self-designed, "I"- shaped probe holder to hold a 3.5-mm optical fiber bundle
relayed to the white light, and (4) an optical shutter to switch on and off the white light. A low-
pass filter with a cut-off frequency of 1000 nm was attached at the bundle tip within the holder to
reduce the tissue heating effect from the broadband light of the tungsten halogen lamp (400-
1500 nm) used as a light source for the spectroscopic measurement when the 1064 nm laser is
turned off. The diffuse light was collected by another fiber bundle and relayed to the bb-NIRS
spectrometer. The distance between two optodes in the holder was 3 cm (see Fig. 3-1). A
laptop computer was used to acquire, display and save the experimental data. Clinical non-
residual hypoallergenic double-sided tape (Noraxon USA Inc.) was used to minimize motion
artifacts between the holder and forehead. In both experiments, the laser beam from CG-5000

was administered at the lower site of the holder, but above the eye brow. (see Fig. 3-1).

3.2.3 Experiments
The experiments were conducted in a similar environment as that reported in Chapter 2
and refs. [13, 55]. Briefly: While investigators and participants wore protective goggles, the

participants were instructed to close their eyes during the experiments. After each participant
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was comfortably seated, a quick measurement of absorption coefficient (ua) and reduced
scattering coefficient (ls') at 750 nm, 785nm, 811nm and 830 nm from the participant’s right
forehead was acquired using a frequency-domain NIRS tissue oximeter (OxiplexTS, ISS Inc.,
Champaign, IL). Then the I-shaped optical probe holder was firmly placed at the same location
(see Fig. 3-1). During both placebo and tPBM experiments, a well-trained graduate researcher
held the aperture of CG-5000 laser closely to the participant’s right forehead to deliver

stimulations.
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Figure 3-2 Paradigm of the tPBM/placebo treatment and interleaved bb-NIRS data acquisition. Each
treatment session consisted of eight one-minute treatment cycles: 55-s laser on and 5-s laser off per
cycle. During the 5-s laser-off periods, the bb-NIRS system (both the light source and detector) was

switched on for bb-NIRS data acquisition. The same data acquisition format was followed for baseline

and recovery sessions.

Each treatment session consisted of eight one-minute cycles, 55-s laser on and 5-s laser
off per cycle (see the 2nd row from top in Fig. 3-2). In each treatment session, a 2-minute

baseline was acquired by bb-NIRS. To avoid potential contamination between the laser from
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CG-5000 and white light for bb-NIRS readings, data acquisition and laser stimulation were
interleaved: During the 5-s laser-off periods, the shutter for white light was on and bb-NIRS data
were collected (see the top and bottom rows of Fig. 3-2). Keeping the same acquisition format,
data during pre-treatment baseline and post-treatment recovery were also acquired at 55-
second intervals. A total of 15 data points (see Fig. 3-2) were obtained throughout each
experiment under placebo and tPBM conditions. To minimize possible stimulation effect from
the white light, the optical shutter was open only during the 5-s data acquisition per 60-s cycle.
Similar to Chapter 2, the participants were blinded for the placebo and tPBM treatments.

| verified that negligible heat was generated by tPBM at the stimulation power of 3.4 W, on the

participants’ skin[13]. During the placebo experiment, the laser device was also turned on, so
the participant could hear the same operation sound from the laser unit as that heard during
actual tPBM. Thus, the two experiments were designed to cause approximately the same
sensations and expectations in the participants. The participant was given a 5-minute break

between the two experiments.

3.2.4 Data Processing and Statistical Analysis

The estimations of A[HbO], A[HHb] and A[CCO] from raw spectral data taken by the bb-
NIRS were performed, following the same steps given in ref. [13], which is also given in the
Supplementary Material of this paper. After completing the regression algorithm, | was able to
obtain the best fit of the chromophore-specific concentrations to the measured spectrum. Then
temporal values of A[HbO], A[HHb] and A[CCOQO] at 13 time points were evaluated for each
human participant under either placebo or tPBM conditions. Furthermore, since total and
differential concentrations of hemoglobin are defined as A[HbT]= A[HbO]+A[HHb] and
A[HbD]=A[HbO]-A[HHDb], respectively, time courses of A[HbT] and A[HbD] at 13 points were

readily obtained and averaged across all the subjects under either treatment condition. Further

33



statistical analysis was followed to determine respective significant difference of A[HbO],
A[HHDb], A[HbT], A[HbD], and A[CCO] between the placebo versus tPBM experiment across 11
human subijects.

To evaluate the tPBM treatment effect with respect to the placebo treatment, the sample
average and sample standard deviation of the 11 human participants in both treatments were
calculated. A two sample t-test between these two treatment types was conducted for each
chromophore (AHbO, AHHb, AHbT, AHbD, and ACCO) at each time point. A two-tailed level of

0.01 <p< 0.05 and p < 0.01 was chosen to be statistically significant in these tests.

3.3 Results

3.3.1 Time courses oftPBM-inducedA[CCO], A[HbO], A[HHb],A[HbT], and A[HbD]
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Figure 3-3Subject-averaged time courses of tPBM/placebo-induced cerebral changes of (a) [HbO], (b)
[HHD], (c) [HbT], (d) [HbD], and (e) [CCO] (all in uM) recorded from human foreheads in vivo (mean + SE,
n=11). Time zero (t=0) is the onset of tPBM. In each subplot, the shaded region indicates the period of
tPBM/placebo treatment. “*” indicates significant differences (0.01 <p<0.05, two sample t-test) in
respective concentrations between tPBM and placebo treatment. “**” indicates significant differences

(p<0.01, two sample t-test) in respective concentrations between tPBM and placebo treatment.

Figure 3-3(a) shows two time courses of A[HbO] at pre-, during, and post-tPBM (red
symbols) or placebo (blue symbols)treatments for over 15 min (i.e., 2-min baseline, 8-min
tPBM/placebo, and 5-min recovery), with each data point being averaged across all the subjects
(n=11).Since laser energy density dose is often defined as exposure timexlaser power density,
Fig. 3-3(a) illustrates the time-dependent dose-response relationship between tPBM/placebo-
induced transcranial A[HbO] and laser energy dosage at the group level. In a similar format to
Fig. 3-3(a), Figs. 3-3(b) to 3-3(e) present the group-averaged time courses of A[HHb], A[HbT],
A[HbD], and A[CCOQ], respectively, under either tPBM or placebo conditions.

Focusing on the data shown in Figs. 3-3(a), 3-3(b), and 3-3(e), it was clear that tPBM
significantly increased A[HbO] and A[CCO] and decreased A[HHb] as compared to the placebo
treatment. Inspection on these three figures also revealed time-dependent tPBM effects, as
follows: (1) a significant tPBM-induced increase in A[CCO]appeared to occur fastest in time, 2
minutes right after tPBM started [Fig. 3-3(e)]; (2) the increase in A[HbQO] became significant 3
minutes after the laser onset [Fig. 3-3 (a)], followed by (3) a steep significant decrease in
A[HHb] 4 minutes after the initiation of tPBM [Fig. 3-3 (b)].

Next, considering Figs. 3-3(c) and 3-3(d), it is important to recall literature [56-
59]indicating that cerebral A[HbT] is proportional to a change in cerebral blood volume (ACBV)
while A[HbD] is closely correlated with changes in cerebral blood flow (ACBF). Thus, Figs. 3-

3(c) and 3-3(d) reflect significant increases of ACBV and ACBF induced by tPBM. These two
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figures also revealed that tPBM-induced A[HbD] (or ACBF) increased significantly as fast as
A[CCO] while the corresponding A[HbT] (or ACBV) delayed a little with respect to A[CCO], but

about the same increasing rate as A[HbO] (3 min after tPBM onset).

3.3.2 Dependence of cerebral hemodynamic parameters on tPBM-induced cerebral A[CCO]
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Figure 3-4 (a) Relationships between subject-averaged A[CCO] vs. A[HbO] and A[CCQ] vs. A[HHb] that
resulted from tPBM and placebo treatment (mean + SE, N = 11). Solid red diamonds display the
relationship of A[CCO] vs A[HbO]; solid blue dots display the relationship of A[CCO] vs A[HHb]. Both red

open diamonds and blue open squares represent placebo-treated A[CCO] vs.A[HbO] and A[CCOQO]
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vs.A[HHD], respectively. (b) Relationships between subject-averaged A[CCO] vs. A[HbT] and A[CCO] vs.
A[HbD] caused by tPBM and placebo treatment. Solid purple circles display the relationship of A[CCO] vs
A[HbT]; solid black triangles display the relationship of AJCCO] vs A[HbD]. Both red open circles and open
triangles represent placebo-treated A[CCQ] vs.A[HbO] and A[CCO] vs.A[HHDb], respectively. All error bars

represent standard errors of means from respective chromophore concentrations.

By extracting chromophore concentrations differences in response to tPBM and placebo,
| reorganized and replotted the data to display the close dependence of each cerebral
hemodynamic parameter on tPBM-induced cerebral A[CCO], as shown in Fig. 3-4. Figure 3-4(a)
clearly exhibited a strong, positive linear relationship between A[CCO] vs A[HbQ] (with a
correlation coefficient of R?=0.968 and a p value of p<0.001),and a strong, negative linear
relationship between A[CCQO] vs A[HHDb] (with a correlation coefficient of R?=0.965 and a p value
of p<0.001). On the other hand, both open diamonds and open squares represent placebo-
induced A[HbQO] and A[HHb] values, which were all within a lower A[CCQ] range without any
obvious linear relationship shown in the figure. In addition, similar to A[HbO], Fig. 3-4(b) also
demonstrated strong, positive linear dependences of A[HbD] and A[HbT] on tPBM-generated

A[CCQ] with R?>0.96.
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3.3.3 tPBM-induced ratios of cerebral A[CCO] to increased cerebral hemodynamic parameters
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Figure 3-5Ratios of (a) A[CCOJ/A[HbQ], (c) A[CCO])/A[HbT], and (e) A[CCO])/A[HbD] during and after
infrared laser stimulation on the right forehead of 11 human subjects (red symbols) and on the right

forearm of another group of 11 human subjects (blue symbols). Time-averaged ratios of

(b)A[CCOJ/A[HDBO], (d) A[CCOJ/A[HDbT], and (f) A[CCO]/A[HbD] with corresponding standard deviations in

k%)

both forearm and forehead stimulation cases. marks significant difference (p<0.01, two sample t-test)
of A|CCOJ/A[HbO] or A[CCO]/A[HbT] between the stimulated cases.“” marks significant difference

(p<0.05, two sample t-test) of AICCOJ/A[HbD] between the stimulated cases.
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Furthermore, | examined ratios of tPBM-induced cerebralA[CCOQ] to three of the
increased cerebral hemodynamic parameters, i.e., A[HbO], A[HbT], and A[HbD], since these
three parameters reflect increased cerebral oxygenation, CBV, and CBF initiated by tPBM,
respectively. These ratios revealed quantitative physiological associations between the cerebral
metabolic up-regulation of [CCOJ]and corresponding hemodynamic oxygen supply. In Fig. 3-
5(a), red symbols and lines plot the ratios of A[CCO]/A[HbO] at each time point during and post-
tPBM periods. It was clear that 2 minutes after tPBM started, this ratio remained above or
around 12.5-13%,withan initial but non-significant variability across the 11 subjects. Following
the same format, | also plotted the subject-averaged ratio of A[ICCO]/A[HbT] during and post-
tPBM periods, in Fig. 3-5(c), by the red symbols and lines. Similar to Fig. 3-5(a), | found that 2
minutes after tPBM started, this ratio from the forehead recording reached above 15% and
remained relatively constant across the entire 12 minutes (7 min during tPBM and 5 min post-
tPBM).

For a better comparison, | also quantified the ratios of the same parameters from
identically laser-stimulated human forearms (n=11) based on the data reported in my previous
study [13]. The blue symbols and lines in Fig. 3-5(a) represent the ratios of AJCCOJ/A[HbO]
obtained from the laser-stimulated human forearms, with an average of ~6% across all the
subjects. The group-averaged ratio of A[CCO]/A[HbT] from the stimulated forearms were also
small (~5%), as illustrated in Fig. 3-5(c).Similar trends also existed for A[CCQO]/A[HbD] for both
the laser-treated foreheads and forearms across most of time points, as illustrated in Fig. 3-5(e).

In order to test for statistically significant group differences in these ratios between laser-
treated foreheads and forearms, | further time-averaged the mean ratios of A[CCO]/A[HbO]
A[CCOJ/A[HbT], and A[CCO]J/A[HbD] across the time during and post-tPBM periods (excluding
the 1st time point at t = 1 min) from 2-13 min for all three cases. Figures 3-5(b), 3-5(d), and 3-

5(f) show bar plots (mean = SD, N = 11) and clearly demonstrated that these ratios of laser-
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induced A[CCQ] to corresponding hemodynamic increases in the human forehead are

significantly larger than those in the human forearms.

3.4 Discussion

3.4.1 New findings of this study

Following the first demonstration of increased oxidized CCO and hemoglobin
concentrations in response to laser photobiomodulation on the human forearm in my previous
study[13], | utilized a similar experimental design and protocol and applied the same laser
stimulation transcranially on the right forehead of 11 human subjects in this study. For the first
time, bb-NIRS was used to quantify tPBM-induced cerebral A[CCO] and four hemodynamic
parameters, namely, A[HbO], A[HHb], A[HbT], and A[HbD] (Fig. 3-3). With this novel approach
and careful data acquisition and analysis, | demonstrated that 1064-nm laser could induce
significant increases of cerebral A[ICCO] and corresponding A[HbO], A[HbT], as well as A[HbD]
in a dose-dependent manner over time, as compared with those under the placebo treatment
(Fig. 3-3). In addition, clear positive linear relationships between A[CCO] versus A[HbO],
A[HDbT], and A[HbD](Fig. 3-4) suggested that tPBM resulted in not only rapid up-regulation of
[CCO] but also subsequent increases of cerebral blood flow (in proportion to A[HbD]), blood
volume (in proportion to A[HbT]), and blood oxygenation (in proportion to A[HbO]).

Furthermore, | carefully reviewed, derived, and quantified the wavelength-dependent
DPF factor, DPF(L),which played a critical role for this study to minimize crosstalk artifacts[39,
40] and improve the accuracy of [CCO] quantification. This study demonstrates the great utility
of bb-NIRS as a non-invasive technology for mechanistic investigations and treatment
evaluations of tPBM that has great potential to become an intervention tool for improving

cognitive and emotional functions in subjects with and/or without neurological disorders[17, 51].
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3.4.2 Comparison of the results between this study and previous ones

| published two papers: refs. [13] and [55]. In ref. [13], | reported that laser-
stimulatedA[CCO]Jon the human forearm was strongly and linearly correlated with A[HbO], which
is consistent with this study when the same laser and stimulation paradigm were performed on
the human forehead. These consistent findings demonstrated a significant effect of
photobiomodulation on human tissue CCO and a close interplay between metabolic CCO and
hemodynamic oxygenation, which remains even after ending the laser treatment (i.e., in the
recovery phase). Furthermore, Fig. 3-3 clearly showed that a significant tPBM-induced increase
of A[CCQ] started first, and was then followed in time by significant changes in A[HbO] and
A[HHDb]. This implies that the metabolic up-regulation of [CCQ] occurred prior to any hemoglobin
responses, and that A[HbO] increased a little faster than A[HHb].This “A[CCO]-lead-A[HbO]”
observation was also confirmed in ref. [13].

One difference between this paper and ref. [13]is noted below: Laser-induced A[HHb] on
the human forearm showed a gradual, non-significant increase while tPBM-induced A[HHb] on
the human forehead exhibited a significant decrease. One important observation of the current
study is that tPBM-induced A[HbT] and A[HbD] correlated highly and linearly with A[CCQO] on
the human forehead [Fig. 3-4(b)], implying tPBM-driven increases in CBV and CBF at the
treated site. For quantitative comparison, | went back to the human forearm data and calculated
the relationships between laser-induced A[HbT] vs. A[CCO] and A[HbD] vs. and A[CCOQO]. This
additional calculation confirms that the laser-treated arms also exhibited increases in A[HbT]
and A[HbD] and thus in total blood volume and blood flow, consistent with the observation seen
in the treated human forehead, as reported in this paper.

In ref. [55], with use of a dual-wavelength NIRS system, | reported significant increases
in A[HbO], A[HbD], and A[HbT] as well as a decrease in A[HHb] in response to tPBM given on

the human forehead. All the trends in changes of chromophore concentrations were very
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consistent with the results shown in this current paper. Note that the sites to deliver tPBM and
to acquire NIRS data were about at the same location on each subject’s right forehead in both
studies, supporting good reproducibility and reliability for my findings. However, the magnitude
of decreased A[HHb] in the current study is much smaller than that in ref. [55]. This quantitative
difference in A[HHb] could be attributed to the exclusion of AJCCQ]. In principle, dual-
wavelength measurements permit determinations of concentration changes in only two
chromophores (i.e., A[HbO] and A[HHDb]) without consideration of AJ[CCQ]. In contrast, this
current study carefully analyzed wavelength dependence of DPF(A) by applying a frequency
domain OxiplexTS tissue oximeter to accurately determine absorption and reduced scattering
coefficients on the human forehead. Instead of employing two wavelengths, | applied a total of
161 wavelengths to perform a broadband linear regression. All of these procedures should
minimize calculation errors and lead to improved accuracy of A[HbO], A|[HHb] and A[CCO]
determination[39, 41], and thus more accurate A[HbT] and A[HbD] as well. Furthermore, with
the bb-NIRS approach in this study, | observed larger increases in blood volume, which is
consistent with a previous report that laser stimulation could lead to an increase of blood flow

[60].

3.4.3Interpretation of tPBM mechanism

Based on the results observed in this study and the existing literature, | can better
interpret and understand the mechanism of tPBM, which can be explained schematically using
Fig. 3-6(a).Specifically, infrared light initiates a series of reactions linked to energy production
inside mitochondria, which may be summarized into six biochemical processes: CCO photon
absorption, CCO oxidation, proton pumping and nitric oxide (NO) release, CCO-catalyzed
oxygen reduction to water, ATP synthesis by oxidative phosphorylation, and coupled

hemoglobin oxygen transport. Each of these processes may be briefly explained as follows: (1)
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CCO photon absorption: infrared light photons are absorbed by copper ions inside CCO, the
primary molecular photoacceptor at this wavelength. The extensive spectroscopic evidence
from in vitro studies of how CCO absorbs infrared photons has been reviewed by Karu[61]. In
neurons in particular, Wong-Riley et al [3] have demonstrated that CCO mediates the
biochemical effects of photobiomodulation on cultured neuronal cells. (2) CCO oxidation: four
electrons are removed from the heme aa3 group inside CCO, increasing the concentration of
oxidized CCO. This biochemical process of CCO oxidation has been determined by numerous
in vitro studies, as reviewed by Wikstrom et al[62]. Cerebral concentration of oxidized CCO has
been measured in vivo by bb-NIRS during neural activation and/or in neonatal brain injury by
Kolyva, Tachtsid is and others [39-41]. (3) CCO proton pumping and NO release: the oxidized
CCO pumps four protons (4H*) to the inter-membrane space (space between inner and outer
membranes of mitochondria); another four protons (4H*) are added to the matrix (central part of
mitochondria). The evidence for this process has been reviewed by Hatefi [63]. When photo-
stimulated, CCO also releases NO from the CCO catalytic site[64]. (4)CCO catalyzes oxygen
reduction to water: CCO enzyme catalytic activity reduces 20, to 2H,0 using 4H" and 4e".But
not all the molecular oxygen is fully reduced to water, resulting in a small fraction of superoxide
that forms a cascade of reactive oxygen species[65]. Photobiomodulation stimulates oxygen
reduction as well as the formation of reactive oxygen species that activate cellular signaling[2].
When molecular oxygen levels decrease, then CCO catalyzes the synthesis of NO, as
determined by Poyton and Ball[66]. (5) ATP synthesis by oxidative phosphorylation: 4H*
pumped by CCO oxidation to the inter-membrane space return to the matrix going through ATP
synthase powered by the proton electrochemical gradient, resulting in the phosphorylation of
ADP into ATP[63]. (6) Hemoglobin oxygen transport: the hemodynamic response of increased
HbO: is triggered by increased O; utilization in the reaction catalyzed by CCO, which consumes
most of the O, transported by hemoglobin in the cerebral circulation[50]. In addition, the

increased CBF caused by photobiomodulation may be facilitated by local vasodilation produced
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by the NO synthesis and release from CCO[66]. While there are many other possible effects
induced by photobiomodulation[67], | provide here in vivo evidence consistent with the
interpretation that tPBM mechanisms involve a primary action on CCO.

Since tPBM delivers light to a stimulated cortical tissue area much larger than a single
mitochondrion or larger than a single neuron, a large group of mitochondria receive the laser
stimulation, which would lead to significant increases of oxidized CCO concentration and
corresponding hemodynamic activities. As a result, significant increases in cerebral HbD, HbT,
and HbO would occur in the adjacent region of tPBM, as | have detected by my bb-NIRS.
Indeed, the observed increases of these hemodynamic parameters reflect tPBM-triggered
increases of regional CBF, CBV, and cerebral hemoglobin oxygenation (i.e., HbO), as

schematically shown in Fig. 3-6(b).
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3.4.4 tPBM-induced metabolic-hemodynamic coupling
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Figure 3-6(a) Model of the photobiochemical mechanism of action of infrared light on the measured

cytochrome c oxidase oxidation (CCO oxidized) and hemoglobin oxygenation (HbO2). See text for

detailed explanation. (b) The right most panel shows a pyramidal neuron of the cerebral cortex, which is

modified from a figure in ref. [68]. The middle dashed rectangle is a zoomed section of apical dendrite,

containing an abundant amount of mitochondria, with which CCO can be photo-stimulated and oxidized

by tPBM. This photobiomodulation consequently drives increases of HbO, HbT, and HbD. (c) A flow chart

to show the conventional neuro-vascular coupling by the black-colored notations and my newly-defined

tPBM-induced metabolic-hemodynamic coupling by the red-colored notations. The blue-colored notations
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represent common endpoints of both mechanisms on the cerebral circulation. The dashed lines represent

exclusion from the metabolic-hemodynamic coupling.

By close inspection on Figs. 3-6(a) and 3-6(b), | realize that the relationships between
A[CCO] vs. A[HbQO] and/or A[CCO] vs. A[HbT] (and A[CCQ] vs. A[HbD] as well) reflect or infer a
neuro-vascular coupling relationship, except that tPBM deals with a large
anatomical/physiological scale since tPBM excites a large group of neurons in a relatively large
cortical tissue area. To differentiate forehead (transcranial) and forearm (peripheral) laser-
triggered coupling between CCO and hemodynamic parameters, | computed CCO/HHDb ratios
as indices of metabolic-hemodynamic coupling. Specifically, based on my data shown in Figs.
3-5(b) and 3-5(d), | introduced three metabolic-hemodynamic coupling indices, Cuy-HbO, Cyu-
HbT, and Cu-HbD, which are defined as the ratios of A[CCO]/A[HbQ], A[CCO]/A[HbT], and
A[CCOJ/A[HbD], respectively. With these newly defined indices, | can compare the metabolic-
hemodynamic coupling strength quantitatively between the laser-treated human forehead and
forearm. Table 3-1 below lists the metabolic-hemodynamic coupling indices of Cu-HbO, Cwu-
HbT, and Cu-HbD for both the laser-treated human forehead and human forearm cases. This
table clearly demonstrates that the metabolic-hemodynamic coupling in the brain is much
stronger than that in the human forearm. To quantitatively measure/mark how strong this
coupling is in the brain, | took the ratio of each index (i.e., Cu-HbO, Cy-HbT, and Cu-HbD)
between the brain and forearm cases and listed it in the 2nd right-most column of Table 3-1. It
indicates that the laser-induced metabolic-hemodynamic coupling strength between CCO and
total blood volume/oxygenation in the brain was ~200-300% more efficient or stronger than that
in the forearm, while the coupling strength between CCO and blood flow in the brain is about
160% stronger than that in the forearm. The 1st right-most column lists p-values for statistical

significance of each metabolic-hemodynamic coupling index between the laser-treated human
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forehead and human forearm cases across all the subjects. It clearly shows much significant
differences between the two cases for each of the coupling indices.

Table 3-1 Comparison of laser-induced metabolic-hemodynamic coupling strength

Determined in the human forehead and forearm

Metabolic-hemodynamic forehead forearm forehead/forearm P-
coupling index (meanzxs.d.%) (meanzs.d.%) (%) value
Cwm-Hbo=([CCQ]/[HbOY]) 12.6 £ 35 59+23 214% <0.01
Cwm-1pr=([CCO]/[HbT]) 153+75 48+2.2 318% <0.01
Cwm-Hbp=([CCO]/[HbD]) 12.2+4.7 76+3.4 161% <0.015

The large difference in metabolic-hemodynamic coupling strength could be expected
because neurons do not store energy and need fast/efficient conversion to extract oxygen from
the blood supply. Using the principle of conventional neuro-vascular coupling as an example for
comparison, the flow chart written in black in Fig. 3-6(c) demonstrates how neural activation
drives consumption increases of glucose, oxygen, and ATP, as well as neurotransmitter
release. All of these increased consumptions then lead to increases of cerebral blood flow and
blood oxygenation[68]. The metabolic-hemodynamic coupling that | introduced above for
explaining the mechanism of tPBM can be thought and explained by analogy to neuro-vascular
coupling, following the flow chart with red-colored notation in Fig. 3-6(c). Namely, tPBM provides
CCO photobiomodulation on a large group of mitochondria from the laser-stimulated human
forehead. This laser intervention drives CCO-catalyzed oxygen reduction to water and NO
release coupled with ATP synthesis, as explained/illustrated in detail by Fig. 3-6(a).
Subsequently, cerebral CBF, CBV, and hemoglobin oxygenation are promptly elevated in order

to meet the oxygen demand caused by tPBM.
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Earlier in Section 3.1, | described my observation of “A[CCO]-lead-A[HbO]”, which can
be explained well by my metabolic-hemodynamic coupling concept, as shown by Fig. 3-6(c).
Furthermore, | also observed from Fig. 3-3 that the significant decrease in A[HHb] occurred last
compared to A[CCO] and all other hemodynamic parameters. This observation matches well the
results reported in ref.[68, 69]about the interaction between neural electrical activity and the
microcirculation, and thus can be explained as follows: In the initial phase of tPBM, A[HHD]
would increase due to the higher consumption and demand of O, caused by [CCO] up-
regulation/oxidation (this is similar to the “initial dip” phase). Since this process should occur fast
right after tPBM onset, my bb-NIRS system would not be able to catch or record it due to the
limited time resolution. Then, under low local Oz conditions, CCO-catalyzed NO release[66]
would induce vasodilation and significant increases in both CBF and CBV. This occurred quickly
following the onset of tPBM and over-supplied the oxygenated blood, leading to a large increase

of A[HbO] but a delayed decrease of A[HHb], which was recorded by my bb-NIRS.

3.4.5 Limitations of this study and future work

There are still a few limitations in this study. First, due to the single channel bb-NIRS
system, the readings were taken with a single source-detector (S-D) separation of 3cm. This
large S-D separation enabled a deep photon penetration depth to reach cerebral tissue
underneath the skin and skull[31, 70]. However, in the meantime, the measured optical signal
shad to go through multiple layers of the subject’s head. In other words, the quantified values of
A[HbO], A[HHb] and A[CCO] in my experiments might be contaminated by those from the skin
and skull. In future studies, therefore, a two/multiple channel bb-NIRS system with a short S-D
separation of 1cm needs to be implemented; the corresponding 1-cm readings can be used to
regress the scalp/skull effect from the cerebral metabolic and hemodynamic response from the

3-cm channel. Second, the temporal resolution of the combined tPBM/bb-NIRS protocol is
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limited to 1 min because of the interleaved design between the laser stimulation and bb-NIRS
data acquisition. | am not able to observe any fast response of cerebral tissue to tPBM. A
possible solution may be to apply a low pass filter at the laser aperture so as to filter out the
affecting optical signal within the bb-NIRS wavelength range.

A recent study reported that photobiomodulation by 810-nm and 980-nm lasers operated
via different mechanisms of action in the same tissue cultures of adipose cells [71]. It is likely
that my 1064-nm laser acting transcranially on brain cells operated via a different mechanism of
action. Since many different factors and conditions existed between ref. [71] and my study, such
as: in vitro vs. in vivo measures, adipose cells vs. brain cells, 810 nm and 980 nm vs. 1064 nm
lasers, it is difficult to obtain a fair comparison. Further studies are needed by using 810-nm
laser/LEDs to repeat my in vivo experiments and examine if similar changes in AHbO, AHHDb,
and ACCO will occur.

It is known that the NIR absorption peak of CCO is around 800-850 nm, but within this
spectral region light scattering is also rather strong. The latter aspect will prevent the NIR light
from traveling deep into the brain tissue. At 1064 nm, on the other hand, while light absorption
of CCO is reduced compared to that at 810 nm, the light scattering effect is significantly reduced
too. It implies that the 1064-nm laser may be able to travel deeper into the cortex through the
scalp and skull and provide photobiomodulation[13]. No other in vivo human studies in the
literature demonstrated yet that other lower wavelengths, such as 810 nm, have the same
effects on CCO. The answer to whether 1064-nm laser is the optimal wavelength for
neuromodulation is out of the scope of this paper. Future computer simulations and laboratory

experiments are good approaches to provide solid and quantitative answers.
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3.5 Conclusion

In conclusion, the findings suggest the hypothesis that 1064-nm laser stimulation causes
CCO oxidation, and oxidized CCO is the conformation of the enzyme that has the highest
activity. | reported for the first time that tPBM can induce significant increases of [CCO] on the
human forehead in vivo. Particularly, the treatment effect on [CCO] and [HbO] can last for at
least 5 more minutes after tPBM stops. Strong linear interplay between A[CCO] versus A[HbO]
and A[CCO] versus CBF(in proportion to A[HbD]) as well as A[CCO] versus CBYV (in proportion
to A[HbT]) were observed for the first time on human forehead during tPBM, indicating a
hemodynamic response of oxygen supply coupled to the increase of cellular oxygen metabolism
induced by transcranial photobiomodulation. This gives a potential biochemical and
physiological explanation of the beneficial effects of tPBM to a variety of clinical and
psychological conditions[6, 7, 10, 15, 18, 20, 22, 51-54]. Furthermore, | introduced tPBM-
induced metabolic-hemodynamic coupling indices, which allowed me to better understand the
interaction between neural electrical activity and the microcirculation or between the tPBM-
enhanced cerebral metabolism and corresponding blood oxygen supply. Overall, this study
provides the first demonstration that tPBM causes up-regulation of CCO in the human brain,
and contributes important insight into the cerebral physiological mechanisms. The results also
reveal a tremendous potential for bb-NIRS as a non-invasive optical means to study in vivo

mechanisms of cerebral blood flow and metabolism and perform treatment evaluations of tPBM.
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Chapter 4
Impact of heat on hemodynamic and metabolic changes in transcranial

photobiomodulation measured by broadband near-infrared spectroscopy

This chapter is accepted for publication at the Journal of Neurophotonics in September 2017.

Authorship: Xinlong Wang, Divya D. Reddy, Sahil S. Nalawade, Suvra Pal, F. Gonzalez-Lima, and Hanli

Liu*

4.1 Introduction

The concept of using near-infrared or infrared light to modulate biological functions, also
known as photobiomodulation (PBM), has recently gained rising attention since it may serve as
an effective, non-invasive, interventional tool for multiple neural applications [6, 10, 15, 17]. For
example, transcranial infrared laser stimulation (TILS) with 1064-nm laser applied to the
forehead has served as a particular approach of brain PBM for improving human neurocognitive
functions, such as attention, memory and executive functions [17, 18, 53, 54, 72]. A couple of
mechanistic studies on TILS were recently reported by Wang et.al [13, 14], supporting the
hypothesis that photons at 1064 nm oxidize cytochrome ¢ oxidase (CCO), the terminal enzyme
in the mitochondrial respiratory chain. Light absorption of CCO [12] effectively contributes to
oxygen and energy metabolism in neurons [3]. TILS leads to up-regulation of cerebral CCO and
hemodynamics as well as increases in cerebral oxygen consumption [13, 14, 55]. The
mechanism of TILS supported/discussed in refs. [13, 14] helps me understand the relationship
between metabolic and hemodynamic changes [20], and provides a mechanistic explanation for
beneficial neural effects of PBM and/or TILS in a number of medical conditions [10-13].

However, besides metabolic and hemodynamic effects on cerebral tissues, TILS may
generate non-negligible thermal effects that may confound the results of previous studies [13,

14] due to laser heating on the tissue. Up to now, while several beneficial effects of PBM have
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been reported for its therapeutic use [51, 73], the contribution of heat generated from near-
infrared or infrared light towards any of the studied positive effects has never been tested. In
principle, continuous irradiance with laser or light-emitting diodes (LED) over a period of time at
a particular region of interest would result in an accumulated thermal effect and thus lead to an
increase of skin or local temperature at the stimulated region. Such a thermal effect could lead
to local increases of blood flow and tissue oxygenation, which could confound the association or
interplay between metabolic and hemodynamic effects induced by TILS [5, 6]. Specifically, it
was unclear whether my measured changes of oxy-hemoglobin, deoxy-hemoglobin, and total-
hemoglobin concentration (i.e., A[HbO], A[HHb], and A[HbT]) under TILS were induced by the
enhanced metabolism (i.e., increased oxidized CCO concentration, A[CCO]) or by the TILS-
produced thermal effect. The objective of this study was to quantitatively assess TILS-induced
thermal effects on metabolic and hemodynamic changes of forehead tissue measured by
broadband near infrared spectroscopy (bb-NIRS), as well as to confirm/demonstrate the
potential role of such thermal effects on hemodynamic changes of forehead tissue determined

by bb-NIRS.

4.2 Methods

4.2.1 Brief review of previous TILS setup and measurements
| recently reported that TILS could result in up-regulation of cerebral CCO and hemodynamics
as well as increases in cerebral oxygen consumption [13, 14, 55]. While details on TILS setup
and experimental protocols were given in Refs. [13, 14, 55], | briefly review related information
on the TILS experimental setup and protocols here for the reader’s convenience.

The laser used in my previous TILS studies was a 1064-nm continuous wave laser device
(HD Laser Model CG-5000, Cell Gen Therapeutics LLC, Dallas, TX), which has been Food and
Drug Administration (FDA) cleared for various uses in humans [4, 5]. The laser light was

delivered from a handpiece with a beam area of 13.6 cm?. Since the laser was collimated, the
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laser beam’s size was kept approximately the same from the laser aperture to the stimulation
spot on the participant's forehead. The laser power during TILS was kept ~ 3.4 W with a power
density in the beam area of 0.25 W/cm?, the same as that reported in previous studies [13, 14,
17, 18, 55]. For the sham experiment, the laser power was reduced close to zero (i.e., 0.1 W)
with a black cap covering the laser aperture. In this way, the sham stimulation seemed similar
to the actual TILS but without any light delivered to the subject’s forehead.

Specifically, following previously successful studies [13, 17, 18, 55], my safe laser
stimulation parameters were as follows: Total laser power = 3.4 W; area of laser beam radiation
= 13.6 cm?; power density = 3.4 W/13.6 cm? = 0.25 W/cm?; time radiated per cycle = 55 s; total
laser energy per cycle = 3.4 W x 55 s = 187 J/cycle; total laser energy density per cycle = 0.25
W/cm? x 55 s = 13.75 J/cm?/cycle. The TILS stimulation and measurement consisted of a two-
minute baseline period, an eight-minute laser stimulation period, followed by a five-minute
recovery period. The stimulation site was on the right frontal forehead above the eye brow (see
Fig. 4-1). Within each minute, the stimulation was on for 55 seconds and off for 5 seconds,

when the bb-NIRS data acquisition was performed.

3cm  Shutter
bb-NIRS
< (r‘ Tungsten
Spectrometer (7)) halogen lamp

Protection
goggles

TILS E

Laptop
Computer

Figure 4-1 Schematic diagram of the experimental setup for TILS, including a bb—NIF'QS spectroscopic
system. This bb-NIRS unit consisted of a tungsten halogen lamp as the light source and a miniature CCD
spectrometer as the detector. TILS was administered underneath the "I" shaped probe holder. The
narrow, middle section of the holder was ~8 mm in width. A laptop computer was used to acquire, display

and save the data from the spectrometer. A shutter controlled the on and off function for the white light
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from the tungsten-halogen lamp to the subject’s forehead. A pair of protection goggles was worn during

the whole experimental procedure. [14]

The experimental setup of a bb-NIRS system used for the previous TILS study is shown
in Fig. 4-1; it was also utilized in the current heat-effect study. Section 4.2.3 below will provide
detailed information on the bb-NIRS setup and related parameters chosen for bb-NIRS

measurements.

4.2.2 Human subjects participated in TILS and thermal experiments

Eleven healthy human subjects were recruited from the local community of The University of
Texas at Arlington (UTA) with 31+13.7 years of age (i.e. average * standard deviation) in TILS
and thermal experiments. The two sets of experiments were carried out by two independent
experimental designs with three visits (one visit for the TILS-induced effect and two visits for the
heat-induced effects) of the same human participants. Pre-study screening was taken for each
human participant during each visit prior to the stimulation/data acquisition. The inclusion criteria
included: either sex, any ethnic background, and in an age range of 18-50 years old. The
exclusion criteria included: (1) Diagnosed with a psychiatric disorder; (2) had history of a
neurological condition, or any brain injury, or violent behavior; (3) had ever been
institutionalized/imprisoned; (4) took any long-term or short-term medicine; (5) was currently
pregnant; (6) was a smoker or had diabetes.

TILS-induced metabolic and hemodynamic responses were measured and reported earlier
[14]. The current study focused on heat-induced changes of metabolic and hemodynamic
signals on the forehead to determine whether thermal effects of TILS would potentially confound
photobiomodulation effects that | observed previously [14]. Specifically for the current thermal-
effect study, the chosen individuals were assigned to participate in two separate experiments

done on the forehead: (1) skin-temperature recording under TILS and (2) thermal stimulation
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done at the same forehead location as that of TILS, together with bb-NIRS measures as in my
previous studies [5, 6]. These two experiments were performed during two separate visits.
Specifically, skin-temperature-recording experiments were performed for all participants within
one week. After the subject-averaged time-dependent temperature curve was acquired, all
subjects underwent thermal stimulation experiments on their foreheads in the following week.

The experimental protocols adhered to National Institutes of Health (NIH) guidelines, and
were approved by the institutional review board (IRB) at UTA for ethical guidelines which govern
human experiments. Each participant received explanations of the instruments and procedures
of the experiment. A written consent was taken from participants before the start of every

experiment.

4.2.3 Experimental setup and instruments for thermal stimulation measurements

The entire experiment was divided into two different phases. The first phase was to measure the
skin temperature increase by the laser that was used in studies by Wang et. al [13, 14]. As
illustrated in Fig. 4-2, the laser used for the set-up was a FDA-cleared 1064-nm laser device
(Model CG-5000, HD Laser, Cell Gen Therapeutics LLC, Dallas, Texas, USA) also used before
[13, 14] for laser stimulation. The uniform laser beam with an area of 13.6 cm? was emitted from
a safe distance of 2 cm from the handpiece during the experiment. Collimation of the laser
facilitated the size of the laser beam at the stimulation area to be maintained as that emitted
from the laser aperture. The laser power was maintained at a constant value of 3.4 W and laser
power density in the laser beam was 0.25 W/cm?. The values of laser power and power density
were chosen to replicate the experimental procedure conducted in previous studies [13, 14] so

as to acquire the same TILS-induced temperature changes as before.
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Figure 4-2 Schematic diagram of the experimental setup for the skin-temperature-recording experiment
that included a temperature measurement system (TempTraq™ ,Blue Spark Technologies, Inc. Westlake,
Ohio). The TempTraq unit/patch includes a small thermal sensor (5x5 mm?2), as shown in the figure, and a

temperature circuit to determine the temperature value induced by tPBM on the forehead skin surface.
The tPBM was delivered on the right side of the TempTraq patch, which was connected via Bluetooth to a

mobile device. Protection goggles were worn by the participants during the entire experimental

procedure.

A thermal patch, TempTraq (hands-free temperature monitoring system) was used for
measuring thermal readings near the tPBM delivery site (right forehead) continuously during the
entire experiment. This patch was made with safe, soft, flexible, durable, water resistant and
non-latex materials (TempTraq™, Blue Spark Technologies, Inc. Westlake, Ohio, USA). In
general, TempTraq uses Bluetooth 4.0 to pair and connects to any iOS or Android device for
continuous monitoring of body temperature. It is self-powered for 24 hours. Any mobile device
connected with TempTraq could record remotely temperature data from the TempTraq patch
within a range of 40 feet. For my experiment, the distance between the mobile device and the
TempTrag patch was maintained within 5 feet. The accuracy of the device was approved by the
American Society for Testing and Materials (ASTM); it has been tested and verified to ASTM

Standard E1112-00 as required for all digital thermometers[74]. The patch was placed on the
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clean and dry skin surface and ensured that no hair was trapped beneath the patch. The
thermally sensitive area (5x5 mm? —Confirmed) on the patch was located near the tPBM location
(marked by blue-shaded area in Fig. 4-2); the rest of the patch included the embedded thermal
detection circuit and the Bluetooth device (marked by gray-shaded area in Fig. 4-2).

The second phase of experiments was the thermal-stimulation measurements using a
thermal stimulator (Pathway model ATS, Pain and Sensory Evaluation system, Medoc
advanced medical systems, Israel), which was employed to simulate tPBM-induced thermal
effects at the same location of tPBM. Temperature output of the stimulator was set according to
the forehead skin-temperature experiment in response to tPBM. The Medoc Pathway was a
temperature management system using liquid coolant. The coolant was a combination of 70%
water and 30% ethanol. The system also contained a cooling unit and a transformer that helped
in maintaining the desired temperature. The equipment was mounted on a cart, whose
dimension was 103x52x62 cm?. The stimulation area of the ATS Thermode (probe) that came in
contact with the skin surface was 16x16 mm. The temperature range that could be achieved
was from 0°C to 55° C with an accuracy of 0.1°C. The rate of increase or decrease of the
temperature could be programmed up to 8°C / sec. As it is shown in Fig. 4-3, the ATS
Thermode of the Medoc Pathway was placed on a clean surface of the right frontal forehead for
delivering thermal stimulation. The stimulator was placed in close proximity of the 3D-printed, |-
shaped, probe older, which held the source and detector fibers to measure the cerebral

metabolic and hemodynamic responses to thermal heating equivalent to that induced by tPBM.
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Figure 4-3 Schematic diagram of the experimental setup for the 2nd phase of experiment using a bb-
NIRS monitoring system. The spectroscopic system consisted of a tungsten-halogen lamp as the light
source and a high-sensitive CCD spectrometer as the detector. Thermal stimulation was administered
above the I-shaped probe holder, which held two optodes with 3 cm apart. A shutter was used for
switching the light delivery on and off from the lamp to the participant’s forehead. The data from the
spectrometer was collected, saved and displayed using a laptop computer.

The bb-NIRS system consisted of a broadband light source (i.e., a tungsten-halogen
lamp) having a spectral range of 400-1500 nm (Model 3900, lllumination Technologies Inc.,
East Syracuse, New York, USA), a high-sensitivity CCD spectrometer with a spectral range of
735-1100nm (QE-Pro, Ocean Optics Inc., Dunedin, Florida, USA), and a laptop computer for
data acquisition. Specifically, the light emitted from the light source was directed through a
multimode fiber optode (diameter = 3mm) to the subject’s forehead. The average optical power
at the optode tip was ~20-40 mW. The diffused light from the forehead was collected by another
fiber optode with the same size to the bb-NIRS spectrometer. The two fiber bundles were held
by a 3D-printed I-shaped holder very closed to the stimulation site (see Fig. 4-3). Each acquired
optical signal was sent to the QE-Pro spectrometer and then converted to a spectrum of 735—

1100 nm for further spectroscopic analysis. The laptop computer would display and store the
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results for off-line analysis and interpretation. Details of the bb-NIRS system can also be found

in refs. [13, 14].

4.2.3 Experimental protocols

4.2.3.1Forehead skin-temperature recording in response to tPBM
During each experiment in both measurement phases, the subjects were comfortably seated,
and procedures of the experiments were well explained. They were also asked to wear
protective glasses for safety purpose and were instructed to close their eyes during the entire
experimental procedure. The 1064-nm laser (CG - 5000) was used to stimulate the right
forehead of each subject, and the laser hand piece was held by a well-trained research
assistant to deliver TILS. A temperature sensor patch, TempTrag (a wireless wearable
thermometer), was placed on the right forehead, close to the TILS site (see Fig. 4-2 for details).
The protocol and timeline used for TILS remained the same as those given in refs. [13, 14]. In
order to achieve accurate TILS-induced, skin-temperature readings, the thermal recording was
on continuously during the entire TILS experiment. Then, time-dependent (averaged over 1 min)
temperatures across the pre-, during, and post-stimulation period were calculated and are
plotted in Fig. 4-4, outlining estimated skin temperatures near the light delivery site during and
after TILS. This time-dependent, thermal profile then was used to set the temperature setting on
the thermal stimulator (Medoc Pathway) to simulate TILS-induced thermal effects. The blue
lines in Fig. 4-4 mark the thermal temperature setting that was used to create thermal
stimulations in the second phase of the experiments, namely to measure metabolic and

hemodynamic responses to thermal effects.
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Figure 4-4 Forehead skin-temperature increases during and post tPBM. It displays local skin
temperatures of the forehead near the tPBM site. The red curve displays measured temperatures of the
skin near the laser (CG -5000) delivery site from the first phase measurement. Each red point displays a

single value which was averaged over 1 minute of the thermal data (mean over n=11). The blue curve
shows the thermal setting values on the thermal stimulator (Medoc Pathway) used in the second phase of

the experiment. Time zero marks the starting time of tPBM delivery.

4.2.3.2 Cerebral metabolic and hemodynamic responses to thermal effects/stimulation
For the second phase of the experiments, each participant was asked to relax without

moving the head while readings of reduced light scattering coefficient (4s’) and absorption
coefficient (ua) of the forehead were taken using a tissue oximeter (OxiplexTS, ISS Inc.,
Champaign, IL), as described Refs. [13, 14]. After this set of optical property measurements, a
3D-printed, I-shaped, optical probe holder was fixed on the right forehead near the location of
used in the first phase study (see Figs. 4-1 and 4-2). the distance between the source and
detector probes in the holder remained 3cm, same as in my earlier study. As it is shown in Fig.
4-2 and Fig. 4-3, the thermal stimulation was provided by the Medoc Pathway system. The
thermal probe used for stimulation has surface area of 256 mm?and the probe was used in
contact with the skin to stimulate the thermal effect to the right side of the forehead. The thermal

probe was also fixed in close proximity with “I”-shaped probe and was fixed on the upper side of
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the “I”-shaped probe. A special bandage, hospital graded double sided tape and Velcro was
also used to affix the thermal probe and also the “I’-Shaped probe, to make a good contact with
the skin and to eliminate any possible motion artifacts. The experimental protocol is as
illustrated in Fig. 4-5. The thermal stimulation was divided into three different parts, baseline
(pre-stimulation) for 2 mins, thermal stimulation for 8 mins and recovery (post-stimulation) for 5
mins. The bb-NIRS white light source was switched "on" during the entire experiment while the
shutter was kept on only during the five-second acquisition and off for the rest of the experiment
to avoid stimulation effect from the light source as explained in Fig. 4-5. The data was acquired
in the same format during the baseline (pre-stimulation) for 2 mins, thermal stimulation for 8
mins and recovery (post-stimulation) for 5 mins. The tissue heating that could have been
caused by the white light was reduced by using an optical filter of wavelength of 1000 nm and
the optical shutter was switched on only during the 5-sec period per 60-second cycle. The
temperature used for thermal stimulation was initiated at 32° Celsius and it was increased
steadily for 180 seconds to reach 41° Celsius and was maintained the same for the rest of the
300 seconds of thermal stimulation, using the Thermode placed on the right side of the
forehead. After 8 mins of thermal stimulation, the temperature reading was brought abruptly to

32 Celsius, which was my baseline temperature.
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Figure 4-5 Paradigm of the bb-NIRS white light source interleaved with thermal stimulation and bb-NIRS
data acquisition. Each experiment consists of 2-min baseline, 8 min of thermal stimulation and 5-min of
recovery. The light source is switched on for 5-s for NIRS data acquisition and switched off for the rest of
the time in each minute. During the thermal stimulation, there is a gradual increase from the baseline and
after 3-min the desired temperature is reached and the temperature was kept constant until the

stimulation period ends.

4.2.4 Data Processing and Statistical analysis

Based on the modified Beer-Lambert law, a multi-linear regression model was applied to the
acquired spectral data for estimations of A[HbO], A[HHb], and A[CCQ] in response to thermal
effects. Mathematical details on both the modified Beer-Lambert law and multi-linear regression
model can be found in Refs. [13, 14]. Additionally, concentration changes of total hemoglobin
(A[HbT]) and differential hemoglobin(A[HbD])were estimated by A[HbT]=A[HbO]+A[HHb] and
A[HbD]= A[HbO]-A[HHDb], respectively, for all the 13 time points. The data for each time point
across all eleven subjects were averaged. Also, the standard deviation and standard error of
mean were computed. Statistical analysis was then carried out to determine statistically
significant differences between the thermally-induced and TILS-induced effects on A[HbO],
A[HHDb], A[HbT], A[HbD] and A[CCO] using a repeated-measure ANOVA, followed by one way
ANOVAs with the level of Bonferroni corrected significance of p<0.05 (to account for multiple-
time measurements) in order to identify significant differences at individual time points, for each

of the five chromophore concentrations.
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4.3 Results
4.3.1tPBM-induced time-dependent changes in concentrations of CCO, HbO, HHb, HbTand
HbD

Figure 4-6 illustrates changes in concentrations of HbO, HHb, HbT, HbD and CCO over
the entire experiment of 15 min, including 2-min baseline, 8-min TILS/thermal stimulation and 5-
min recovery. Figure 4-6(a) displays two time-dependent curves of A[HbO] in response to TILS
and thermal (heat) stimulation. Note that the TILS-induced A[HbO] values were reported
previously in Ref. [14], but they are reused and replotted in this Section for easy comparison.
For each respective case, each data point was averaged over all the subjects; the shaded
region indicates the time period under either TILS or thermal stimulation. The initial time at t=0
marked the onset of the TILS/thermal stimulation. Since the laser energy density (E) delivered
to the forehead can be defined as a product of the exposure time (texposure) @nd the laser power
density (P), namely, E = texposureXP, the delivered stimulation dose is in proportion to the
exposure time, as marked in Fig. 4-6. All five panels in Fig. 4-6 indeed present dose-response
curves, showing the dependence of metabolic/hemodynamic response parameters (i.e.,
A[CCO], A[HbO], A[HHDb], A[HbT], and A[HbD]) on the TILS or heat stimulation dose over the
entire experiment time course.

The repeated-measure ANOVA showed that either time or stimulation (i.e. thermal and
laser) could create overall statistical significance for each of four chromophore concentration
changes, namely, A[HbQO], A[HbT], A[HbD] and A[CCO]. Next, one way ANOVAs with Bonferroni
correction, performed at each individual time point for each of the chromophore concentrations,
presented that significant differences between heat-induced and TILS-induced changes in
[HbO], [HbD], [HbT], and [CCO] started to appear 1 min, 2 min, 2 min, and 3 after the
stimulation, respectively, as marked in each panel of Fig. 4-6. However, the repeated-measure
ANOVA given on the time-dependent changes in [CCO] values showed that there was no

significant difference in [CCO] changes with respect to that at 1 min after the heat stimulation.
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Based on the published work by Tsuiji et al. [56, 57], Soul et al. [58], and Hupert et al. [59],
changes in [HbT] are directly linked to changes in tissue blood volume (ATBV), while changes in
[HbD] are associated to changes in tissue blood flow (ATBF). Hence, Figs. 4-6(c) and 4-6(d)
imply that the heat-based thermal stimulation on the human forehead resulted in significant
changes in ATBV and ATBF during the thermal stimulation period.

Two other findings are worthwhile to point out: (1) All of the heat-induced hemodynamic
decreases in A[HbO], A[HbD] and A[HbT] returned toward baseline within 2-3 min as soon as
the termination of thermal heating, while the TILS-induced increases in both hemodynamic and
metabolic (i.e., AICCQ]) measures stayed constant, without any clear trend to quickly go back to
baseline during the 5-min post stimulation period. (2) Fig. 4-6(b) illustrates that heat-induced

A[HHb] were not showing significant difference between those caused by TILS.
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Figure 4-6 Participant—averaged time courses of TILS (laser) and heat (thermal) effects on changes in (a)
[HbO], (b) [HHb], (c) [HbT], (d) [HbD], and (e) [CCO], measured in vivo from each participant’s forehead
(mean £ SE, n=11). The initial time at t=0 marks the onset of the TILS/thermal stimulation. The shaded
region in each panel displays the stimulation period. The unit for all concentration changes is in uM. In
each panel, “” symbols mark statistical significance with p<0.05 (Bonferroni corrected) between TILS-
induced and heat-induced chromophore concentration changes, based on a repeated-measure ANOVA

followed by one way ANOVAs.
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4.3.2 Dependence of cerebral hemodynamic parameters based on thermal-induced metabolic
changes

A[HbO], A[HHb], A[HbT] and A[HbD]Junder tPBM and thermal stimulation respectively
were extracted, regrouped and re-plotted as shown in Figure 4-7 to demonstrate the
dependence of each cerebral hemodynamic parameter (hamely A[HbO], A[HHb], A[HbT] and
A[HbD]) on the cerebral metabolic indicator, (A[CCO]) under the influence of both thermal
stimulation and tPBM. The key observation is that distinct with tPBM, there exists no significant
linear relationship between A[CCQ] versus A[HbO] and A[CCO] versus A[HHb] under thermal
stimulation. And all the A[HbO] and A[HHb] values lie within a lower range of A[CCO] that is
symbolized by the solid diamonds and solid squares respectively in Figure 4-7 (a) as compared
to the significant linear relationship displayed under laser stimulation denoted by the open
diamonds and squares. Figure 4-7 (b) also exhibits the similar results of the nonlinear
relationship between A[CCO] versus A[HbT] and A[HbD] denoted by solid rounds and solid

triangles respectively clustering within specified lower range of A[CCO].
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Figure 4-7 (a) Relationships of Dependence between A[CCO] vs. A[HbO] and A[CCO] vs. A[HHb] across
all subjects (n=11) under the effect of thermal stimulation and tPBM. The solid black diamonds and solid
tan squares show the relationship of A[CCO] vs. A[HbO] and A[CCO] vs. A[HHb] respectively. Both the
open diamonds and squares symbolize tPBM-treated A[CCO] vs. A[HbO] and A[CCO] vs. A[HHb],
respectively.(b) Relationships of Dependence between A[CCQO] vs. A[HbT] and A[CCO] vs. A[HbD]
across all subjects (n=11) under the effect of thermal stimulation and tPBM. The solid black circles and
solid gray triangles illustrate the relationship of A[CCO] vs. A[HbT] and A[CCO] vs. A[HbD] respectively.
Both the open circles and triangles denote the tPBM-treated relationships. The standard errors of means

are also plotted from their respective concentrations of the chromophore..
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4.4 Discussion
4.4.1 Hemodynamic and metabolic responses of forehead tissue to thermal stimulation

In one of my recent studies, | clearly demonstrated that transcranial photobiomodulation
by the 1064-nm laser gave rise to up-regulation of oxidized CCO concentrations and
hemoglobin oxygenation in vivo assessed/quantified by non-invasive bb-NIRS [14]. However, it
was not clear whether the measured signals were contaminated by potential thermal effects that
could result from possible TILS-related laser heating on the human forehead. To address this
concern, | designed a novel protocol that utilized the same bb-NIRS to quantify thermal effects
caused by the laser heating. In this way, | were able to assess heat-generated metabolic and
hemodynamic parameters in vivo for the first time. To simulate the same thermal effects created
by the 1064-nm laser, a thermal sensor was calibrated and used to facilitate time-dependent,
skin-temperature recording near the TILS delivery site (Fig. 4-2). Then, a computer-controlled
thermal stimulator was set carefully to deliver the same thermal variation pattern as that during
TILS (Fig. 4-3). By comparing the chromophore concentration changes caused by both TILS (as
reported in ref. [14]) and heat stimulation, | successfully demonstrated the distinction between
the hemodynamic and metabolic responses to heat and TILS, which enabled me to exclude the
potential confounding effect due to laser heating to the subject’s forehead.

Specifically, the experimental results shown in Figs. 6 and 7 clearly illustrated that
transcranial A[HbO], A[HbT] and A[HbD] during the 8-min heat stimulation decreased
significantly, implying reduced blood oxygenation, blood flow, and blood volume at the
measured site. All three of the altered hemodynamic parameters returned promptly to baseline
after the heat stimulation was removed. The statistical analysis, based on a repeated measure
ANOVA followed by one-way ANOVAs, on the chromophore concentration alterations between
the two stimulation methods revealed statistically significant distinctions between the sample
means at most of time points during and after heat/TILS stimulation periods. Namely, TILS

resulted in strong hemodynamic oxygenation and metabolism, whereas heat applied to the
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forehead, on the other hand, generated cerebral hemodynamic effects distinct from those of
TILS. Moreover, as seen in Fig. 4-7, no obvious linear interplay between hemodynamic and
metabolic effects was observed during and after pure thermal stimulation.

While TILS-induced and thermally-induced A[CCO] changes showed significant
differences, the statistical analysis revealed that heat stimulation could not make A[CCO]
significantly deviate from its initial onset value (i.e., 1 min after the heat stimulation) [Fig. 4-6(e)].
This observation implies that forehead thermal stimulation over 8 minutes up to 41 oC does not
significantly alter oxygen metabolism of forehead tissue, and thus would not significantly
affect/confound my previous results and conclusions that TILS is able to up-regulate CCO
concentrations and hemoglobin oxygenation in vivo in human subjects [14]. Another significant
difference in forehead tissue responses to TILS and thermal stimulation is that both metabolic
and hemodynamic changes during post TILS tended to stay for a longer duration of time, while
these respective parameters returned quickly back to their baselines as soon as the heat
stimulation stopped (Fig. 4-6). This observation supports that TILS is highly desirable for
treating certain neurological disorders because of its longer-lasting after-effects compared to
thermal stimulation.

The heat intervention was observed to generate hemodynamic and metabolic changes
in the distinct direction with respect to TILS. Thus, it is possible that the actual TILS-evoked
changes in hemodynamic and metabolic enhancement could be greater than being reported in

ref. [14] if appropriate calibrations were taken to compensate for the laser-heating effect.

4.4.2 Possible explanation of heat-induced changes in hemodynamic signals of forehead tissue
In principle, thermal heating on a subject’s forehead should result in a temperature rise
of forehead tissue, leading to dilation of blood vessels and increase of regional blood flow at the
stimulation site. This would also give rise to increases of total hemoglobin concentrations in the
local stimulation site. However, the major temperature enhancement should happen only on the
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skin surface without affecting cerebral hemodynamics. Thus, any increase of tissue blood flow
and blood volume (i.e., ATBF and ATBV) would occur only at the heating site, driving more
blood from nearby superficial layers and resulting in decreases of ATBF and ATBV of nearby
forehead tissue. Close inspection of Fig. 4-3 reveals that my bb-NIRS interrogated a region of
forehead tissue very adjacent to the heat-stimulation site. Thus, my observations on heat-
induced hemodynamic changes shown in Fig. 4-6 match well the fore-mentioned expectation.

While a 3-cm source-detector separation of bb-NIRS could sense changes of
hemodynamic signals in the cerebral regions, it measures all the signals coming from multiple
layers, including the scalp, skull, and cerebral regions. It is noted that bb-NIRS detects only
changes with respect to a baseline. Thus, contributions from the superficial layers to the
measured signals will become dominant if no or little change occurs within the cerebral region.
To confirm my speculation or expectation, a 2-channel bb-NIRS system is needed with a short
(2 cm) and long (>3 cm) source-detector separation in future studies, as pointed out in the

following sub-section.

4.4.3 Limitation of the study and future work

First, this heat-stimulation study did not include a placebo experiment with respect to
thermal stimulation, assuming that there were no variations in any of the NIRS parameters over
the baseline readings. This assumption may not be accurate since cerebral hemodynamic
signals (such as HbO, HHb, and HbT) do fluctuate over time. Moreover, both bb-NIRS and
thermal probes placed on the subject’s forehead could give rise to time-dependent signal
variations. All of these factors could confound the measured signals in the heat-stimulation
group. In my future studies, | will conduct placebo controlled experiments in order to
understand/reveal more rigorous/accurate thermal effects on hemodynamic and metabolic

variations of forehead tissue.
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Second, | were limited by the number of spectrometers (or channels) used in this study,
so | could not perform a two-channel (for long- and short-separation) broadband NIRS
measurements to simultaneously monitor hemodynamic and metabolic changes at different
tissue depths on the human forehead. Further upgrade on my instrumentation is needed for

more comprehensive experiments to confirm my speculation.

4.5 Conclusion

In conclusion, | measured time-dependent temperature increases on 11 subjects’
foreheads using clinical-grade thermometers following the TILS experimental protocol used in
my previous study. According to the broadband near infrared spectroscopy readings on the
same subjects, significant differences in hemodynamic and metabolic responses (i.e., AHbO,
AHbT, AHbD, and ACCO) were observed between the heat-induced and laser-induced effects
on human foreheads. No obvious linear interplay between hemodynamic and metabolic effects
was observed during and after pure thermal stimulation. The observations indicated that the
tissue-heat interaction exhibited distinct response patterns from those during the tissue-photon
interaction during the laser stimulation. This study overall demonstrated that the observed

effects of TILS on cerebral hemodynamics and metabolism are not induced by heating the skin.
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Chapter 5

A novel absolute value quantification algorithm for hemoglobin and CCO

This Chapter is a manuscript to be submitted soon.

5.1 Introduction

Near-infrared spectroscopy (NIRS) uses near-infrared light to determine oxygenated
hemoglobin (HbO) and deoxygenated hemaoglobin (HHb) concentrations based on their
wavelength-dependent extinction coefficients and scattering properties [28, 31]. This
noninvasive detection method is usually performed to determine the scattering features or
hemoglobin oxygenation in human tissue [56, 70, 75]. It has three major detection technique
types: time resolved, frequency resolved, and continuous-wave (CW) measurement.

A time-domain system determines tissue absorption and scattering ability based on the
histogram of a photon’s time-of-flight due to the system’s high speed of photon emitters and
detectors. Using a time-resolved system, Bruno Montcel et al. calculated cerebral
hemodynamics in 2006 [76]. In 2007, Ken M. Brady et al. investigated the cerebrovascular
autoregulation for acute brain injury with a time-resolved system [77]. A frequency-domain
system applies amplitude sinusoid modulation to its laser sources—usually about 100 MHz.
Based on the phase delay and amplitude changes of the diffused light, it is possible to
determine the hemodynamic and scattering information in absolute values. For example, Fantini
et al. calculated the hemoglobin concentrations and scattering coefficients on the foreheads of
young and senior adults [44]. However, although time- and frequency-resolved measurements
can accurately determine absorption and scattering coefficients, both techniques are complex
and expensive. The third NIRS system category is the CW system, which emits non-modulated
light and uses slower detectors such as photodiodes or spectrometers [41, 78]. The CW system

calculates chromophore concentrations from attenuated optical density based on the Beer—
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Lambert Law. However, it is hard to separate the effect of scattering from absorption due to its
non-modulated light and slow emitter and detector [25]. Nevertheless, CW systems are more
cost effective than time- and frequency-resolved systems. It can also be built to perform
broadband spectroscopic measurement, which can potentially improve the CW system’s
guantification accuracy [40, 79]. In this study, | applied a CW system to detect the diffused
broadband spectrum on human tissue. Scattering power was obtained from the literature and
verified with a frequency-resolved system [46, 80]. 1st and 2nd derivatives of the detected
spectrum were obtained and fitted with simplified expressions of photon flux, based on Diffusion
[81, 82]. | then quantified the absolute values of chromophore concentrations and scattering
properties through a multistep ant-colony-optimization curve-fitting algorithm.

The quantification algorithms of most NIRS applications rely on the inaccurate
assumption that HbO and HHb (sometimes with water) are the only sources of absorption
contribution, which results in undesirable errors [37]. Actual tissue has multiple absorption
sources, whose absorption contributions and physiological meanings are non-negligible.

Cytochrome c oxidase (CCO) is the terminal enzyme of the Electron Transportation
Chain, which contributes in 95% of oxygen metabolism and adenosine—triphosphate (ATP)
synthesis [2, 40, 83]. The concentration alteration of CCO directly relates to cellular
oxygenation, energy supplements, and health conditions [3, 84, 85]. This enzyme is crucial for
reflecting the tissue-metabolism condition. Further, it has a high absorption ability in the near-
infrared (NIR) wavelength range, which makes it detectable by NIRS—and especially by
broadband NIRS [39, 79]. Based on the modified Beer—Lambert Law, in 1995, S. J. Matcher et
al. applied the multi-wavelength NIRS to quantify the concentration change of CCO [34]. In
2012, Arnab Ghosh et al. developed a hybrid probe to measure the concentration change of
CCO after cerebral—functional activation by considering the wavelength dependency of
differential pathlength factors for better estimation accuracy [84]. Employing a similar broadband
approach, Xinlong Wang et al. investigated the concentration change of CCO during and after
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photobiomodulation [13, 14]. However, this study limited the monitoring of chromophore
concentration to relative-value quantification, which was susceptible to artificial movement and
systematic noise [36]. To execute the absolute-value approach, S. J. Matcher initially proposed
utilizing the water-extinction spectral features found after derivation in 1994 [86]. Later, in 2012,
Keith St. Lawrence et al. improved the algorithm and applied CW measurements to calculate
tissue HbO, HHb, water concentration, and scattering coefficients with the help of their
characteristic derivative spectral features [82], however, CCO was not included into
consideration, and the fitted values were lack of accuracy support. In this study, for the first
time, | applied derivation-based CW optical measurement to determine the absolute
concentration values of CCO with other tissue components, including the HbO, HHb, water
fraction (water%), fat fraction (fat%), and scattering coefficient factors (m and n). The fitting
algorithm was based on photon—diffusion approximation with mathematical derivations and
simplifications. | performed simulations to ensure proper estimation accuracy. Further, in vivo
measurements were taken on human foreheads and forearms. The results were consistent with
concurrent frequency-resolved readings, previous studies, and general physiological facts [40,

46, 80, 87].

5.2 Methods

5.2.1 Algorithm
Photon propagation in a turbid medium can be approximately described as Eq. 5-1,
which denotes the photon flux for continuous wave system[81],

1 1\ exp(—ag I 1 ) exp(—pogl
R(Plzo)=4—n[20[ueﬂ +TJM+(ZO +4AD)><[Meff +r—j—p( uzeff 2)}

r [
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the internal reflection[88]. p is the source detector separation. D represents the diffusion
coefficient, which can be calculated by absorption coefficient pa and scattering coefficient ys' as

1

) 3(pty + 5) . Zo defines the boundary condition that is defined as zo=3D. The wavelength
dependency of us' was definedin Eq. 5-2based on Mie theory[89, 90].
w(D) = () .
where A denotes the wavelength in nm. Factor "m" and "n" denote the size and power of
scatterers in the medium[89-91].

In human in vivo experiments, the source— detector separation were set as 1.5 cm (i.e.,
on human forearms) or 3 cm (i.e., on human foreheads), and the pa and ps' were 0.1 cm-1 and
10 cm-1, respectively. In this way, (z0)2 is in the scale of 10-2, which is less than 1% of p2,
whose scale is about 101. Therefore, (z0)2 is negligible in Eqg. 5-1 for simplification.

Furthermore, due to the diffusion regime, (i.e. na<<ps’), diffusion factor D can be simplified as

D 1

3 . Taking logarithm on both sides of Eq. 5-1. The equation can be simplified as,

log(R) = log(L+ p* /3% s, * 11, ) = p* /3% g1, * 11, —log(ps;) +C e

Where C is a constant term, which can be eliminated during derivation process. Fig. 5-1
shows the spectral representations of Eq. 5-1 and Eq. 5-3. The black circles denote a signal
generated by the photon—diffusion—approximation equation (Eq. 5-1) from Liu et al. [81], with
2% noise and the red curve as the simplified equation (Eq. 5-3). As Fig. 5-1 demonstrates, the
algebraic-approximation process successfully simplified the complexity of the mathematical

terms in the equation without varying its general scale or spectral features. To further rectify the
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feasibility and accuracy of the simplification, during my simulation, | employed an equation (i.e.,
Eq. 5-1) consistent with previous absolute-value studies to generate a signal, and | used the

simplified version (i.e., Eq. 5-3) to perform the fitting.
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Figure 5-1. The first derivative—spectral expression of the original photon—diffusion—approximation

equation (black circles) and the simplified version (red line).

5.2.2 Simulation
5.2.2.1 Initial settings

According to previous literature [46, 80, 82, 87], | initialized four groups of chromophore

concentrations and scattering properties to simulate human tissue. Table 5-1 shows the four

groups of values.

Table 5-1 Initial settings of different parameters in simulation.

HbO (uM) | HHb (uM) | CCO (uM) | Water% | Fat% | m (uM) | n (M)
1 40 20 5 80% 25% 10 1.2
2 30 20 3 80% 25% 10 1.2
3 40 20 8 80% 25% 10 1.2
4 40 20 3 80% 25% 10 1.2

Further, 1%, 2%, 5%, 8%, 10%, 12%, 15%, 18% and 20% of noise were added to the

simulated data, respectively. Next, | compared the fitted results of the concentration values
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under each noise level were compared with their initial settings to evaluate the percentage of

estimation error.

5.2.2.2 Ant-colony optimization

Ant-colony optimization is a computational algorithm used for finding the shortest path
toward a target. It was initially proposed and established in 1992 by Marco Dorigo in his PhD
thesis. Since then, this algorithm have been widely applied in various of fields[92-94].

Ants travel randomly while searching for food, and once they locate food, they return to
their nest, leaving a trail of a specific chemicals called a pheromone. If another randomly
wandering ant finds this pheromone trail, it stops traveling randomly and instead follows the trail
until it reaches the food (optimization condition). This ant then leaves another layer of
pheromone on top of the pheromone trail the first ant left. As more ants follow the trail,
pheromones accumulate on this optimized path connecting the food with their nest. Finally,
most ants will walk along the optimized path with the highest concentration of pheromones,
which usually indicates the optimized solution to a computational problem.

In this study, | simulated a nest of randomly walking “ants” to find the combination of
proper concentrations and scattering factors that optimally minimized the difference (x2) of Eq.
5-3 with the detected CW spectrum in the first and second derivative domains. To reduce
unnecessary complexity, | defined the upper and lower bounds of each fitting parameter under
general physiological ranges. For example, in most of the previous NIRS studies on human
tissue, the HbO concentration was usually reported as 30-40 uM. Therefore, | set 0 and 80 pM
as the lower and upper bounds for HbO, which confined HbO within 0—200% of its reasonable
human tissue value. This could significantly reduce the complexity of computational calculation
and the estimation time, without artificially interfering with the calculation process. With the
same standard, | set the upper and lower bounds of other parameters as follows: HHb between
0-60 uM; CCO between 0-20 uM; water% between 60-95%; fat% between 0-90%; scattering
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factor m between 0-30; and, particularly, scattering factor "n" was set as 0.9 to 1.1 on human

arms and 1.2 to 1.4 on human brains to reduce cross talk and fitting variability.

5.2.2.3 Fitting protocols
In the simulation, three different x2 were calculated and compared with estimation
accuracy. x12 denotes the minimized difference between the first derivative of Eq. 5-3 versus
the first derivative of the CW spectrum. x22 denotes the minimized difference between the
second derivative of Eq. 5-3 versus the second derivative of the CW spectrum. x32 denotes the
minimized summation of x2 for the simultaneous first and second fitting. | then calculated the

estimation error with respect to the initial setting and compared it with the three fitting methods.

5.2.3 In vivo experiments
5.2.3.1 Participants

The human participants were recruited from the local community of The University of
Texas at Arlington (UTA). Interested individuals were screened by one of the investigators to
determine their eligibility to this study. The inclusion criteria included: (1) either sex, (2) any
ethnic background and (3) in an age range of 18-55 years old. The exclusion criteria included
(1) a psychiatric-disorder diagnosis, (2) a history of a neurological condition, (3) a history of
severe brain injury, (4) a history of violent behavior, (5) institutionalization or imprisonment, (6)
current intake of any medicine, (7) a diabetes diagnosis, (8) a history of smoking, (9) excessive
alcohol abuse, or (10) current pregnancy. Here, 20 subjects (33.8 £ 8.7) participated in forearm
experiments, and 18 subjects (31.5 £ 5.6) participated in forehead experiments. Detail of
subjects information are provided in Tables 5-2 and 5-3 for forearm and forehead experiments,
respectively. The exclusion and inclusion criteria were the same as those in The study protocol
was approved by the institutional review board (IRB) of UTA. Informed consent was obtained

from each participant prior to the experiments.
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Table 5-2 Subject information and scattering properties measured by frequency-resolved system on

human forearms

Subject # | Age | Gender | mus750 | mus785 | mus811l | mus830 b
1 27 M 5.1 5 4.9 4.6 -0.91
2 28 M 5.5 5.3 5.1 5.1 -0.8
3 26 F 4.6 4.4 4.3 4.2 -0.88
4 53 F 4.5 4.3 4.3 4 -0.79
5 55 M 5.3 5.2 5 4.8 -0.95
6 43 M 4.8 4.6 4.4 4.3 -1.1
7 25 F 4.7 4.4 4.3 4.2 -1.14
8 27 M 55 5.3 5.2 5 -0.88
9 37 F 5.6 55 5.3 5.2 -1.2
10 29 F 5.1 4.9 4.7 4.5 -1.2
11 23 F 5.4 5.1 5 4.9 -0.94
12 25 M 4.6 4.5 4.3 4.2 -0.92
13 35 M 6 5.7 5.6 5.4 -0.98
14 36 F 55 5.2 51 4.9 -1.08
15 37 M 4.9 4.6 4.6 4.5 -0.78
16 36 F 5.1 5 4.8 4.7 -0.82
17 29 F 5.3 51 5 4.8 -0.92
18 36 M 5 4.9 4.6 4.5 -1.09
19 35 M 4.7 4.5 4.4 4.2 -1.04
20 33 M 5.1 5 4.8 4.7 -0.82

Average | 33.75 | 11 Male 5.12 4.93 4,79 4.64 -0.96
Std 8.72 | 9 Female 0.40 0.40 0.39 0.39 0.14

Table 5-3Subject information and scattering properties measured by frequency-resolved system on

human foreheads.

Subject # | Age | Gender | mus750 | mus785 | mus811l | mus830 b
1 27 M 11 10.5 10.1 9.8 -1.13
2 28 M 10.5 10 9.7 9.3 -1.15
3 26 F 10.6 10.2 9.8 9.6 -0.99
4 43 M 9.8 9.5 9.1 8.7 -1.14
5 25 F 104 10 9.5 9 -1.39
6 27 M 9.6 9.3 8.8 8.5 -1.21
7 37 F 9.6 9.5 9 8.7 -0.99
8 29 F 10.1 9.9 9.5 9 -1.09
9 23 F 9.4 9.1 8.7 8.5 -1.01
10 25 M 9.6 9.3 9.1 8.7 -0.9
11 35 M 10 9.7 9.2 8.8 -1.25
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12 36 F 10.5 10.1 9.7 9.4 -1.08
13 37 M 10.9 10.5 10.1 9.7 -1.12
14 36 F 11.1 10.6 10.2 9.9 -1.12
15 29 F 10.3 9.9 9.5 9.1 -1.19
16 36 M 9.2 8.9 8.7 8 -1.23
17 35 M 9.7 9.3 9 8.6 -1.14
18 33 M 11.2 10.5 10.2 9.8 -1.27
Average | 31.50 | 10 Male 10.20 9.82 9.44 9.06 -1.13
Std 5.60 | 8 Female 0.62 0.53 0.51 0.55 0.12
5.2.3.2 Data acquisition
4A f-domain system Spectrometer White light
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Figure 5-2. The experimental setup for frequency-resolved and CW measurements. The frequency-
resolved system consists of two probes and four wavelengths. Each probe detects scattering and
absorption properties at two wavelengths. The two probes share the same source-detector geometry. For
CW measurement, the yellow box represents the white light source and the blue box represents the
spectrometer. The source-detector separation is 3 cm on human foreheads and 1.5 cm on human

forearms.

Fig. 5-2 shows the experimental setup this study used. | used a four-wavelength
frequency-resolved system (OxiplexTS, ISS Inc., Champaign, IL) to obtain scattering
coefficients. The system consists of 16 laser diodes at 750 nm, 785 nm, 811 nm, and 830 nm.
They are modulated at 110 MHz. Two probes were used to define source-detector separations

to confine the penetration depth of the measurement. Each probe was in charge of
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measurement at two wavelengths. The system measured the absolute values of scattering
coefficients of human tissue at four wavelengths. Then, based on Mie theory, the four
wavelength dependent values are fitted with Eq. 5-2 to obtain scattering size and power.

Next, one sample t-test were performed among the fitted factor n from all the subjects
versus the literature values on human foreheads and human forearms [46]. No significant
difference was observed between my data versus previous studies. Therefore, in the fitting the
upper and lower bounds of factor "n" were defined as [0.9 1.1] on human forearm and [1.2 1.4]
on human forehead. Detailed explanation is provided in discussion part.

After the frequency-resolved measurement, a broadband NIRS (bb-NIRS) system was
used to obtain a CW spectrum on the human tissue. The bb-NIRS system consists of a
broadband white-light source (Model 3900, DC Regulated, Light Feedback Fiber Optic Light
Source, lllumination Technologies, Inc. 5 Adler Drive, East Syracuse, NY 13057 USA) and a
back-thinned CCD spectrometer (i-trometer, B&W Tek Inc., Newark, DE). An optical fiber bundle
guides photons from the light source to human tissue, and the spectrometer can then detect the
diffused light in the form of a spectrum. A laptop was used to save both scattering coefficients
from the frequency-domain system and the spectrum from the CW system, which were them be
used as input in the fitting model to fit for [HbO], [HHb], [CCO], [water%], [fat%], and scattering
coefficients from the human tissue. The raw spectrum measured from human tissue was initially
subtracted with dark noise and calibrated with a reflectance standard to remove spectral
artifacts from the optical components [78, 94, 95]. Eq. 5-4 shows the mathematical expression.

R,(4) —dark noise
R. (1) —dark noise

R(4)=
5-4

Where RO(A) denotes the measured raw data of the spectrum from human tissue, Rr(A)
denotes the measured spectrum from the reflectance standard, and R1(A) denotes the

calibrated spectrum used in the parameter fitting.
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Fig. 5-3 shows the specific locations where the bb-NIRS system took measurements on
human forearms and foreheads. The right side of human foreheads, close to the hair line was
measured. This is the same location as in reference [14, 80]. On human forearm, the flexor
digitorium muscle was selected as the region of interest[96]. When performing the exam,
Human subjects were asked to grip and relax their fists, while investigators located this muscle
on the subjects’ arms. Then, the selected region on human skin was marked with a square,
which has the same length and width with respect to both the CW and frequency-resolved

probes. This ensured that both measurements were taken at the same location on each subject.

(a)

A

1.5cm

Figure 5-3The measured locations by bb-NIRS on human forearms and foreheads.

Based on the estimation-error comparison from the simulation process, the most
accurate HbO can be was achieved from the first derivative fitting. The most accurate HHb,
CCO, water%, fat%, m, and n were in the fitting with the simultaneous first and second
derivation. Therefore, during the parameter- (chromophore concentrations and scattering
factors) estimation process, | initially performed the first derivative to obtain the final HbO
concentration. Then, the fitting results of other parameters from the 1st derivative fit were then
be regarded as the initial guess of the second fitting. The second fitting was based on the
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simultaneous first and second derivation, where the final results for the parameters other than

[HbO] were determined.

5.3 Results
Frequency resolved system was initially used to predetermine the scattering properties
on human tissue, which were then be used to compare with the literature to rectify a proper
range for scattering power (i.e., nin Eq. 5-2). The measurement provides scattering coefficients
at 750 nm, 785 nm, 811 nm, and 830 nm on human tissue (both forearms and foreheads). Next,
the four values were fitted with Eqg. 5-2 to obtain scattering power in Mie Theory. Tables 5-1 and

5-2 show the scattering coefficients and fitted-scattering power factor.

1.4

- 1.2
s

o 1
(X

oo 0.8
£

g 0.6
pord

s 0.4
(7]

0.2

0

Arm Head

Figure 5-4. A comparison among scattering power measured from human participants versus the
literature values—0.9 for human forearms and 1.2 for human heads, respectively. The light gray bar
represents scattering power on human forearms (N = 20), and the dark gray bar represents scattering
power on human foreheads (N = 18). One sample t-test was performed between the measured data

versus literature values, no significant difference was observed in both cases.

According to previous studies, the scattering powers on human forearms and foreheads

were 0.9 and 1.2, respectively. Fig. 5-4 shows a comparison of the n factors obtained from the
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human participants with the literature values—0.9 for human forearms and 1.2 for human
heads. | performed one sample t-test to compute the significant different levels among
scattering powers in Table 5-1, 0.9, and Table 5-2, 1.2. As Fig. 5-4 shows, the data from the
human participants does not differ from the literature results. Therefore, it was safe to set the
initial guess of factor n as the literature values, with a narrow flexible range to confine its
vulnerability to noise.

In the simulation, the simulated curve for different combinations of chromophores was
generated by Eq. 5-1 with various noise levels added. Specifically, four combinations of
chromophores were generated, which is shown in Table. 5-1. The setting of hemoglobin
concentrations are based on Fantini et al.. And concentration of CCO was set to be
approximately 5-10% of hemoglobin concerntations [40, 87]. Water fraction was set as 80%,
and fat fraction was set as 60% to simulate the human brain. The upper and lower bounds were
defined as [0, 70] for HbO, [0, 50] for HHb, [0, 20] for CCO, [60%, 95%] for water, [0%, 100%)]
for fat, [0, 30] for factor m, and [1.2, 1.4] for n (i.e., lower bound, higher bound). | then performed
the fitting based on Eq. 5-3. Fig. 5-5 plots the percentage of estimation error with respect to the

initial setting.
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Figure 5-5. The estimation errors of each parameter under different noise levels with initial settings of (a)
combination 1 in Table 5-1; (b) combination 2 in Table 5-1; (¢) combination 3 in Table 5-1; and (d)
combination 4 in Table 5-1. The blue curves denote the fitting with the first derivative only, the green
curve denotes the fitting with the second derivative only, and the red curve denotes the fitting using both

the first and second derivatives.

In Fig. 5-5, the blue curves denote the fitting with the first derivative only, the green
curve denotes the fitting with the second derivative only, and the red curve denotes the fitting
using the first and second derivatives simultaneously. It is clear that, for each single curve, the
estimation error increases as the noise level increases. Comparing the fitting methods, when
the noise level is controlled within 10%, the fitting with the second derivative only shows the

largest estimation error, whereas the fitting with the first derivative and both the first and second
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derivatives shows estimation errors of less than 5%. As CCO has a small concentration, the

estimation error is within 10%, which is comparatively larger than other chromophores.
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Figure 5-6. The estimation of HbO, HHb, CCO, and the scattering coefficient at 750 nm on 20 human

forearms and 18 human foreheads. The error bar denotes the standard deviation of mean.
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Figure 5-7. The estimation of water%, fat%, and oxygen saturation on 20 human forearms and 18 human

foreheads. The error bar denotes the standard deviation of mean.

The fitting of the chromophore concentrations on human tissue kept the same initial

guess and upper/lower bounds the simulation had, except it confined factor n as [0.9 1.1] on
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human arms and [1.2 1.4] on human foreheads (i.e., lower bound, higher bound). The results on
18 human arms and 20 human heads are shown in Fig. 5-6 and 5-7. Fig. 5-6 depicts the HbO,
HHb, CCO, and us' at 750 nm on 20 human forearms and 18 human foreheads. The HbO
concentration was about 34.7 uM on the human foreheads and 25.3 uM on the human
forearms. The HHb concentration was about 10.5 yM on the human foreheads and 15.3 uM on
the human forearms. The CCO concentration was about 3.4 uM on the human foreheads and
5.7 yM on the human forearms. Furthermore, generally the CCO concentration was 7.5-14% of
total hemoglobin concentrations, which is consistent with physiological facts [37, 39, 40, 87].
The scattering coefficient was 9.2 cm-1 on human foreheads and 5.7 cm-1 on human forearms.
Fig. 5-7 denotes the percentage of water, fats, and oxygen saturation. Water concentration on
human foreheads and arms was 82.3% and 80.6%, respectively. The fat fraction was 64.2% on
human arms and 31.8% on human heads. The oxygen saturation was 76.4% on human
foreheads and 62.4% on human forearms, which indicates higher oxygenation on human brains
than arms.

Furthermore, one statistical t-test compared the fitted scattering coefficient at 750 nm
from the human forearms and foreheads with their concurrent frequency-resolved readings in
Tables 5-2 and 5-3. No significant difference was observed, which verifies the great accuracy of

this Ant Colony Optimization model.

5.4 Discussion
| established a broadband spectroscopy system to measure absolute-value
chromophore concentrations and scattering properties by utilizing spectral features of the first
and second derivatives of diffused CW spectra from human tissue. Computational simulation
was initially used to verify proper estimation accuracy under different noise levels. In vivo

measurements were then performed on human forearms and foreheads. Physiologically
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reasonable results of HbO, HHb, CCO, water%, fat%, and scattering coefficients indicated the

feasibility and potential of further applications in tissue-component quantification and imaging.
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Figure 5-8. The x2 of fitting with noise levels of (1) 2%; (Il) 10%; and (111) 18%. In each figure, (a), (b), (c),
and (d) show different views of the scattering factor’s related x2 map. m denotes the scattering size,
which ranges from 0-30. n denotes the scattering power, which ranges from 0-3. The color bar denotes

the scale of x2.

To reduce error and inter-parameter cross talk, during the fitting process, factor n was
constrained within a narrow range near its common value, which was found from previous
studies and rectified in this study with frequency-resolved measurements. Because the
simulation found n to be very sensitive to noise, this could significantly affect the fitting
accuracy. Fig. 5-8 demonstrates the high influence of noise on scattering power (i.e., factor nin
Mie theory) in my fitting algorithm. Fig. 5-8. 1, Il, and 1l depict noise levels of 2%, 10%, and
18%, respectively, in a measured spectrum. In a range of 0-30, factor m has a prominent local

minimum in the presence of all the noise levels. However, in the range of 0-3, factor n shows a
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comparatively weaker distinction for the local minimum. The percentage denotes the distance
between the highest x2 and the lowest. For example, in Fig. 5-8.1.c, the highest x2 at “m = 0" is
0.011033, and the lowest x2 at “m = 10” is 0.002; the ratio of distance is (0.011033-0.002007) /
0.002007 = 450%, which indicates a distinct difference of x2 along the n axis with a noise level
of 2%. Thus, it is easy for the fitting to find the prominent local minimum. In contrast, the ratio of
distance in Fig. 5-8.1ll.c is 11.3%, which indicates a blurred local minimum that the noise
affected. Thus, errors could occur in factor n when there is a high level of noise. To address this
potential error, in the ant-colony-optimization fitting, the initial guess and upper, lower bound of
factor n were set according to the literature values [46]. Furthermore, frequency resolved
readings were taken on all the human participants to rectify the setting value.

According to the simulation results, | observed a noise level dependent manner for the
estimation error in Fig. 5-5. For most chromophores, when noise levels are greater than 10%,
the estimation error enhances to a higher level compared with errors for noise levels less than
10%. This implies that the derivative-dependent fitting is sensitive to noise. Due to the
mathematical process of derivation, noise is amplified in the 1st derivative stage and will be
further amplified with additional second derivative process. In other words, the small, unsmooth
effect that noise causes in the normal stage of the spectrum is composed of small line/linear
segments with alternating positive and negative slopes, which will be translated into huge spikes
fluctuating between positive and negative values with significant variability in the derivative
domain. Therefore, the enhanced variation buries the spectral features of chromophores, which
affects quantification accuracy. Nevertheless, the spectrometer | employed in the experiments
can provide a high signal-to-noise ratio that keeps noise levels below 5%. Thus, according to
the simulated data, the fitted results from my spectrometer can be limited within 5-10%.

According to human in vivo experiments on 20 forearms and 18 foreheads, in Fig. 5-6,
concentration values of CCO were observed as 7.5-14% of total hemoglobin. This is consistent
with physiological facts. Higher CCO concentration on human forearms than on foreheads was
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observed. This is also consistent with physiological facts. According to the literature, muscles
have the most mitochondria of all human tissues [97-99]. | selected the flexor digitorium muscle
as the measurement site on the human forearm because it is a major red muscle used for
gripping and lifting, which requires simultaneous and vast energy production (i.e., ATP).
Therefore, a higher mitochondria density is located in this region, which results in higher
concentrations of ATP producer CCO. Furthermore, according to the simulation, a 1-10% noise
level within a 3-8 yM CCO concentration range ensures less than 10% estimation errors.
Therefore, | can trust the accuracy of the results.

Another potential estimation error that in vivo human experiments cause is the cross talk
from neglected chromophores. Although the major attenuation contributors in the NIRS range
for human skin/tissue are hemoglobin, CCO, water, and fat, there are still other contributors
such as melanin (on skin) and collagen. To avoid over-fitting by including too many parameters,
| assumed that the contributions of these absorbers were negligible. This could result in
additional estimation errors caused by the cross talk of unconsidered chromophores on top of
my simulation. Nevertheless, the concentration of collagen in human tissue is small, so it will
generate limited attenuation. Furthermore, melanin is mostly located on the skin’s surface, and
my optical probes detected tissue with depths of 0.7—-1.0 cm and 1.7-2.0 cm. Thus, the
attenuation of melanin can be minimized.

Although | observed physiologically reasonable results on human forearms and
foreheads, my algorithm has limitations. First, | lacked the invasive-biochemistry gold-standard
measuring method to verify the accuracy of my CCO and hemoglobin concentration findings
and confirm the computational simulation. Second, the estimation error was about 10% when
the concentration of CCO was less than 3 yM. A further minimized error scale will be necessary
to ensure the feasibility of this algorithm in monitoring the alteration of CCO during certain

perturbations, such as functional brain stimulation or transcranial laser stimulation [13]. Previous
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studies found the change of CCO concentrations during these perturbations to be tiny (i.e.,
within 0.3-0.7 uM.).
5.5 Conclusion

| developed an ant-colony-optimization regression algorithm to quantify the absolute
value of CCO with other tissue components and properties. The fitting depends on the first and
second derivatives of the diffused broadband spectrum from human tissue. Simulations with
different combinations of absorbing and scattering factors were performed to determine the
proper estimation value. Furthermore, in vivo experiments on human forearms and foreheads
were performed. And the resulting concentration values are consistent with concurrent
frequency-resolved measurements, previous studies, and physiological facts. This is a good
start for future quantification of tissue CCO concentrations and other components with portable

and cost-effective optical devices.
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Chapter 6
Imaging of human electrophysiological response to tPBM in vivo measured by

electroencephalography

This Chapter is a manuscript to be submitted soon.

6.1 Introduction

6.1.1 Background

In the year of 2013, Barrett and Gonzalez-Lima performed 1064nm tPBM on 40 human
right forehead with a placebo controlled experiment protocol and reported significant
improvement of human cognitive function after tPBM[17]. Shortly after this finding, during a
following exploratory study, Tian F et al. applied the same tPBM stimulation protocol on human
foreheads and observed significant improvement of cerebral blood oxygenation by functional
near-infrared spectroscopy (fNIRS)[32]. For better understanding of tPBM mechanism and the
cerebral metabolic and hemodynamic interplay induced by this photobiomodulation, in 2016,
Wang X et al. established a novel recording system that can measure the concentration change
of oxidized cytochrome c¢ oxidase (oxi-CCO), which is the key enzyme that contributes to 90% of
human metabolism[13]. With the same stimulation protocol, significant improvements of
oxygenated hemoglobin concentration and oxi-CCO during and after laser stimulation were
reported on both the human arm and brain. In addition, a higher metabolic-hemodynamic

coupling rate on the human brain was reported with respect to the human forearm [13, 14].

6.1.2 Mechanism of Photon-Tissue interaction
A series of previous in vivo hemodynamic and metabolic studies provided me with clear
observation and understanding of behavioral and physiological improvement of tPBM[13, 14].

Based on the behavioral, metabolic and hemodynamic results from previous studies, the
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mechanism of tPBM for improving human cognitive functions was based on CCO oxidation (oxi-
CCO)[13, 14, 17]. Briefly, energetic photons in the red-to-near-infrared range photobiomodulate
CCO, the main cellular photoacceptor in mitochondria[86]. Due to the high optical absorption
coefficient of CCO to near-infrared/infrared light, this mitochondrial enzyme is oxidized to a
stage that is activated in oxygen metabolism. The increment of oxi-CCO concentration then
accelerates ATP production by consuming oxygen molecules[51]. As a consequence, the
accelerated consumption rate of oxygen molecules triggers the hemodynamic oxygenation from
nearby blood vessels. In the meantime, the increased concentration of ATP is then utilized in
variety of cellular activities and biochemical reactions. According to the known neurology
knowledge, ATP has two major trails in order to regulate the neuronal functions: (1) to work as
an energy supplier in different cellular activities[99, 100], and (2) to work as a neurotransmitter
and neuromodulator in regulating the opening-closing states of ion channels and prolonging
membrane/action potentials[101]. In this study, | will, for the first time, explore the tPBM-induced
electrophysiological response by recording and analyzing human electroencephalogram (EEG)

in vivo.

6.1.3 Electroencephalography

Electroencephalography (EEG)is a non-invasive brain imaging tool that can detect multi-
channel scalp field potentials originated from the cerebral cortex as time dependent data series
in real time with a high temporal resolution [104]. Nowadays, integrations of EEG
measurements with brain stimulation tools, such as transcranial Direct Current Stimulation
(tDCS) and Transcranial Magnetic Stimulation (TMS), are well established and adopted in
research and clinical studies[105, 106]. [107].

According to previous studies, a desynchronization of Alpha (8-13 Hz), Beta (13-30 Hz)
and Gamma (30-70Hz) frequencies has been reported during enhanced cognitive operations
and memory performance[108]. In the meantime, enhanced cognitive operation and memory
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performance were also reported to be highly correlated with tPBM [17]. To the best of my
knowledge, no study has investigated on the mapping of cerebral EEG signal alteration in
response to tPBM. Therefore, the purpose of this study was to compute and map
electrophysiological responses of the human cerebral cortex at different frequency bands
before, during, and after tPBM. In this study, | utilized a placebo-controlled protocol and
recorded 64-channel, EEG time series before, during, and after 11-min tPBM. | segmented the
time series of the recorded EEG data into time sections, each of which lasted 30 seconds or
one minute. | calculated the 20-subject averaged EEG power spectra during each temporal
section, computed time-frequency analysis maps, and demonstrated alteration of EEG power
topography during and after tPBM. In addition, based on the actively responded frequency
bands observed in the spectral analyses, a 3D EEG source reconstruction algorithm was
applied to compute the tPBM-activated cortical regions during and after tPBM. Furthermore, the
Phase Transfer Entropy analysis was applied to reveal frequency-dependent enhancement of

effective neural connectivity and cerebral information flow among neural networks.

6.2 Experimental Methods

6.2.1 Participants

Twenty healthy human participants (26.7+ 8.7 years of age) were recruited from the local
community of the University of Texas at Arlington. Certain criteria were followed to further
screen the interested individuals. The exclusion criteria included: 1) diagnosed with a psychiatric
disorder, 2) history of a neurological condition, 3) history of severe brain injury, 4) history of
violent behavior, 5) have ever been institutionalized/imprisoned, 6) current intake of any
medicine or drug, 7) diagnosed with diabetes, 8) history of smoke, 9) excessive alcohol abuse
or 10) currently pregnant. The study protocol was approved by the institutional review board
(IRB) at The University of Texas at Arlington. A consent form was signed by each subject prior

to the experiments.
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6.2.2 Experimental setup

| employed an FDA-cleared, 1064-nm, continuous-wave laser (Model CG-5000 Laser,
Cell Gen Therapeutics LLC, Dallas, TX, USA). This is the same laser used in the previous
studies [13, 17, 32]. Briefly, this laser stimulation system has a user friendly handheld handle.
Treatment laser comes out from an aperture at one end of the handle. A button at the other end
controls the onset and offset of the laser diode. The area of laser beam from the aperture was
13.6 cm?. And the stimulation duration and the power of laser stimulation can be set on the main
control panel of the system. Specifically, in the case of tPBM experiment, my safe laser
stimulation parameters were calculated as follows: Total laser power = 2.2 W; area of laser
beam radiation = 13.6 cm?; power density = 2.2 W/13.6 cm? = 0.162 W/cm?; total laser energy
dose = 2.2 W x 660 s = 1452 J. On the other hand, during the placebo experiment, the laser
power output was set as 0.1 W. On top of that, a cap covered by black tape was implemented in
front of the aperture to totally block and absorb the 0.1 W laser during the sham experiment.
Thus, the irradiance (or power density) in the 13.6 cm? beam area was ~0 W for the sham

experiment.

64-channel
EEG system

Laptop Computer

Figure 6-1The EEG experimental set up of tPBM on human foreheads.
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Fig.6-1 shows the experimental setup of the combined EEG/tPBM system. tPBM was
administered on the right forehead of each subject. A pair of protection goggles was worn by
each subject throughout the whole experiment. During the experiments, subjects were required
to wear a default 10-10 EEG cap. The cap was manufactured with 64 fixed plastic couplers,
which 64 EEG detection electrodes were embedded in. The plastic couplers on the cap were
distributed as those in a standard 10-10 EEG system[109]. Furthermore, to increase the signal
to noise ratio of the recorded EEG data, electrical conducting gel (MFI medical equipment Inc.,
CA, USA) was applied at each electrode tip for better EEG data acquisition. The recorded EEG

time series were directed to a laptop through electrical cables.

6.2.3 Experiments

Fig.6-2 shows the experimental protocol for both tPBM and placebo experiments. Both
experiments lasted for 16 minutes, including a 2-minute baseline period, a 11-minute
tPBM/placebo period, and a 3-minute recovery period. EEG data acquisition was kept ongoing
throughout the whole experiment. The placebo and tPBM experiments were respectively
assigned for the two visits of each human participant. That is, each participant was randomly
and blindly assigned with either tPBM or placebo experiment during their first visit. A few days
later, in the second trial, the tested subject was then arranged with the tPBM or placebo
experiment different from that in his/her first trial. Each subject got no information on the

stimulation conditions during each experiment.
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Figure 6-2The diagram of stimulation and EEG recording period

In addition, all the subjects after each experiment (sham and tPBM) were inquired about
their sensing of heat from the stimulation. Data was excluded if the subject reported warmness
only from the tPBM experiment (i.e., data were retained if subjects reported warmness in the
sham experiment only, in both sham and tPBM, or in none of the two experiments.).
Furthermore, as drowsiness significantly affected the quality of EEG data, one of the
investigators was assigned to observe the vigilance of each subject during the entire
experiment.. Therefore, it was confirmed that the EEG data obtained from the 20 subjects were
all under a wakeful state.

6.2.4 Data analysis
6.2.4.1 eLORETA

eLORETA refers to "exact Low Resolution Electromagnetic Tomography Analysis". It is
a publicly available, academic software package that can be used to compute a 3D cortical
source distribution of recorded electric potentials from a human subject’s scalp. A zero-
localization error weighted minimum inverse solution can be provided by this software under
ideal conditions[110]. With a 5-mm spatial resolution, localization of electrical activity on the
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cortical gray matter is represented by a total of 6239 voxels. In this study | applied eLORETA to
calculate/reconstruct a 3D cortical power distribution at Delta, Theta, Alpha, Beta and Gamma
frequency bands so as to analyze EEG signals before, during and after tPBM. The
reconstructed brain images produced by eLORETA were based on the standardized Montreal
Neurological Institute (MNI) template. The mathematical expression and data processing
procedures are clearly illustrated in Figures 6-4 and 6-5.

6.2.4.2 Phase Transfer Entropy analysis
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Figure 6-3 Diagram of Phase Transfer Entropy algorithm

The Phase Transfer Entropy (PTE) algorithm measures the information flow between
two Regions Of Interest (ROI) using non-parametric statistics [111]. Briefly, if | have two time
series, X and Y, PTE determines the causality/information flow between them. It can be
estimated/computed by calculating the reduced uncertainty (i.e. entropy, H) in predicting future
values of time-series, Y, by knowing the past values of time-series, X and Y, with knowing past

value of Y only [111, 112]. For example, as shown in Fig. 6-3, if | want to predict a future value

of Yt, in case 1, | know only the past values of Yt-1:t-L (black line) from time "t-1" to "t-L", where L

denotes a time span that can be set as a constant in this algorithm. The uncertainty (i.e.

entropy, Hy) of future Yt (red dashed line) can then be represented as:
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Hy =H (Yt |thl'th) 6-1

where Hy denotes the uncertainty of a predicted Yt with only past values of Yt-1:t-L known. In
case 2, past values of Xi-1:t-L (blue line) are known on top of past values of Yi-1:t-L (black line);

both of them are used to predict future values of Yt-1:t-L. The uncertainty (i.e. entropy, H) of the

prediction can be calculated as:

Hy,x =H (Yt |Yt—l'th’ Xt—lT—L) ' 6-2

where Hyx denotes the uncertainty of Yt prediction with past values of Xt-1:t-L in addition to past

values of Yt-1:t-L. The transfer entropy (causality) of X to Y can then be determined by

subtracting Eq. 6-2 from Eq.6-1, namely,

I:)TExy =H (Yt |Yt—:|.'t—L) —-H (Yt |Yt—l't—L’ xt—l‘t—L)

where PTE,y denotes the phase transfer entropy from X to Y. Since PTE,y is lack of a
meaningful upper bound, and to reduce biases, a normalization process is needed to normalize

PTE into dPTE[111, 113], as follows:

PTE,
dPTE,, = ’
PTE,, + PTE,,

, 6-4
where dPTE,y denotes the normalized information flow from X to Y. According to the scale or
value of dPTE in Eq. 6-4, direction of the information flow can be determined. If the result in Eq.
6-4 is between 0.5 tol, it means that knowing the past values of X benefits in predicting Y or
reducing uncertainty of Y prediction. The net entropy transmission from X to Y is positive, and
the information flow is thus from X to Y. On the other hand, if the result in Eq. 6-4 is between 0
to 0.5, the net causality from X to Y is reversed, and the information flow is thus from Y to X.
Specifically, time series acquired from 64 EEG electrodes can be used to quantify regional

information flows between selected cortical regions, which also represent effective and/or
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directional connectivity between respective cerebral regions [111, 113, 114]. This causality
evaluation algorithm has been widely adopted by neurological researchers for mapping neural
or brain networks[115]. However, most of the studies have focused on resting state neural
networks. In this study, following the same algorithm, | quantified the enhancement of cerebral
information flows during and after tPBM at the anterior default mode region and the tPBM

stimulation cite.

6.2.4.3 Data processing steps

All data processing procedures were performed by EEGLAB, which is an implemented
interface in MATLAB. In the first step, the recorded 64 EEG time series were preprocessed by
band-pass filtering between 1-70 Hz, followed by noise removal at 60 Hz and higher frequencies
using notch filters within a plug-in function of "CleanLine". Then Independent Component
Analysis (ICA) was performed to remove such artifacts as eye blinking, improper electrode
contact, and systemic noise caused by breathing and cardiac movement[116]. In the operation
of ICA, the extended Infomax ICA with the "Runica" algorithm was applied. Based on the well-
developed criteria of pulse artifact determination and correction, independent components
contributing to artifacts were rejected under visual identification using the ‘Inverse ICA’ tool [117,
118].

Next, each of the artifact-free EEG time series was segmented into numerous temporal
sections (e.g., 30 sec or 60 sec per section for t=0 to 14 min), each of which was used to create
its power spectrum by a 1D Fourier Transform function within MATLAB. For each of the 64
EEG time series, all of the temporally segmented power spectra could be concatenated in time
and interpolated using MATLAB to generate a time-frequency map. To reveal tPBM-induced
characteristic features in frequency, | selected 6 representative electrode sites from frontal,

central, and parietal regions, namely, Af7, Af8, C3, C4, P5, and P6.
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Specifically, | followed the steps shown in Fig 6-4 to achieve tPBM-induced, placebo-
controlled time-frequency maps at the 6 EEG locations. For each subject, each of the 6
preprocessed EEG time series was firstly segmented into 29 temporal sections: one (2-
min/section) as baseline, 22 (30-sec/section) during either tPBM or placebo stimulation, and 6
(30-sec/section) during recovery. Next, each of these segmented time series was used to create
a respective power spectrum using Fourier Transform under either tPBM or placebo condition
and then normalized with respect to their baseline (i.e., dividing each of the power spectra by
the power spectrum of the baseline). In this way, a total of 28 normalized power spectra were
formed, representing alteration in spectral power during 11 minutes of interventions (either
tPBM or placebo stimulations) and 3 minutes of recovery. By concatenation and interpolation of
the 28 normalized power spectra, a time-frequency map was generated for each tPBM and
placebo case. Next, the aforementioned procedures were repeated for all 20 subjects, and the
power spectra at the same time section were averaged over all the subjects for both tPBM and
placebo experiment, respectively, to create time-frequency maps for each respective case. Last,
an averaged, placebo-controlled (or placebo-subtracted) time-frequency map was obtained by

subtracting the time-frequency map under the placebo condition from that under tPBM.
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Figure 6-4 Data processing steps for time-frequency analysis

The group-averaged, placebo-controlled time-frequency analysis showed that Alpha,
Beta and Gamma frequencies had obvious power increment/enhancement. Therefore, the 3D
source reconstruction algorithm was performed at those 3 frequency bands to observe the
tPBM-induced, electrophysiological alteration/improvement on the cortical regions. Fig 6-5 is a
flow chart showing processing steps of 3D source reconstruction. First, each of the 64-channel,
artifact-free, EEG time series was band-pass filtered at five frequency bands: 1-4 Hz for Delta
band, 4-7 Hz for Theta band, 8-13 Hz for Alpha band, 13-30 Hz for Beta band, and 30-70 Hz for
Gamma band. Each filtered time series was then temporally segmented into 15 time sections:
one (2-min) baseline section, 11 (1-min/section) sections during tPBM or placebo, and 3 (1-
min/section) sections during recovery. Each set of time series was converted to EEG power and
time-averaged over each time section for each frequency band. Then, | created a 64x1 vector to

express EEG power distribution (or topographical map) across 64 electrode sites for baseline
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(2-min/section), tPBM/placebo intervention (60-sec/section), and recovery (60-sec/section)
sections.

Next, eLORETA was employed for each time segment to convert each of the 2D 64-
channel power topographies into a 3D, 6239-voxel, electrical source tomography. For spatial
normalization, each voxel-wise source power in 3D tomography at 15 temporal points during
both intervention (i.e., either tPBM or placebo stimulation) and recovery periods was normalized
with respect to its baseline power value (namely, dividing the reconstructed power value at
every voxel by its reconstructed baseline value). Now, the normalized values at each voxel
represent the percentage of improvement or alteration in cortical activity during tPBM/placebo
and recovery periods. For statistical comparison, | performed the two-sample t-test on
normalized power values at each voxel between tPBM and placebo experiments and computed
T values of 6239 voxels among 20 human subjects. A threshold of | T|22.5 was applied to filter
out less significant regions and highlighted cortical regions showing significant improvement by

tPBM with a p-value < 0.01.

Each subject; [ 64 channel artifact free data ]

|
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[ Temporal sectioning ]

I
| }
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[ Placebo controlled t-map of cortical activation by tPBM (n=20) ]

Figure 6-5 The data processing steps for the 3D cortical reconstruction modals
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Furthermore, Phase Transfer Entropy (PTE) analysis was applied to calculate human
cerebral information flow for all five frequency bands among 20 subjects. For each frequency
band, similar to the way aforementioned in the last sub-sections, all 64 sets of EEG time series
were segmented into 15 time sections, which were named as Baseline (2-min), Laser 1, Laser
2, Laser 3, Laser 4, Laser 5, Laser 6, Laser 7, Laser 8, Laser 9, Laser 10, Laser 11, Recovery
1, Recovery 2 and Recovery 3, respectively. Except the baseline, each time section lasted 60
seconds. Then, PTE analysis was performed to determine the causality between every two
electrodes among all 64 electrodes. The result of PTE values represents the network of cerebral
information flow among the 64 regions of interest (ROIs), where the EEG electrodes were
located. To reduce biases, PTE values were further normalized into dPTE values [111, 113].
This produced a 64x64 dPTE matrix representing an information flow network between every
two electrodes. For example, the value at the 6th row and 7th column of the 64x64 dPTE matrix
determines the scale and direction of information flow between electrode 7 to electrode 6. If the
dPTE value is within 0.5 to 1, the information flows from electrode 7 to 6. However, if the dPTE
value is within 0 to 0.5, the information flows from electrode 6 to 7. Multiple 64x64 (i.e., 64 EEG
channels x 64 EEG channels) dPTE matrixes were generated for each subject at each time
section. On top of that, the time-sectioned dPTE matrixes from each subject were normalized to
the baseline in order to reveal any improvement or alteration of the information flow during and
after tPBM. The above procedures were repeated for the placebo experiment. Next, a set of two
sample t-tests among 20 human subjects was performed for each time section between the
tPBM and placebo experiments. Last, significant enhancements of the information flow from
several selected ROIs (i.e., the electrode sites near the stimulation location and the anterior

default mode region) were displayed topographically.
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6.3 Results

6.3.1 Placebo-controlled, time-frequency maps at selected electrodes
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Figure 6-6 Time-frequency maps at 6 selected electrodes.
Based on the procedures listed in Fig. 6-4, time-frequency maps of EEG spectral powers
from 6 selected electrodes of Af7, Af8, C3, C4, P5, and P6 were obtained and shown in Fig 6-6,
with the tPBM site being on the right forehead. The scalp locations of the 6 electrodes are

marked in the center graph. The corresponding time-frequency diagrams are linked by black
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arrows to the corresponding electrodes, respectively. tPBM started from t=0 and ended at t=11
min. In all of the 6 time-frequency maps, strong and increased spectral powers in both Alpha
band (8-13 Hz) and Beta band (13-30 Hz) were observed. It seems that the tPBM-induced
activation started from the second minute after tPBM onset and increased with a dose-
dependent manner. After 11 minutes of tPBM, the activated Alpha power decreased and
diminished toward the baseline level within the 3-minute recovery period. A minor power
improvement in Gamma frequency (30-70Hz) was also observed at Af7, Af8, C3 and P6.
Compared to the improvement of spectral power at both Alpha and Beta frequency, the
magnitudes of Gamma power increase at those sites were smaller. Additionally, increases of

Gamma power started much later than those of Alpha and Beta power.
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6.3.2 Improvement of cortical EEG power
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Figure 6-7 3D reconstructed cortical activation tomographic images at (a) Alpha, (b) Beta, and (c) Gamma frequency. Yellow color marks the
regions with significant improvement of EEG spectral power by tPBM compared with the placebo condition. “T” denotes the tPBM sections and the
“R” represents the recovery periods. The threshold of | T| >2.5 was set to filter out less significant regions and highlighted the cortical regions with
significant improvement (p-value < 0.01). Significant increment is represented by yellow color. Significant deactivation is represented by blue color.

The number of subjects was 20 for both tPBM and placebo experiments.
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Based on the observation given in Section 6.3.1, it was clear that the major improvement
of EEG spectral power occurred at Alpha, Beta and Gamma bands. Therefore, | performed 3D
EEG source reconstructions using eLORETA at these three frequency bands. The cortical
enhancement of EEG power at different frequency bands are shown in Figure 6-7, where “T”
denotes the tPBM sections and the “R” represents the recovery periods. The threshold of t-
value was set at 2.5 with a p-value < 0.01. The number of subjects was 20 for both tPBM and
placebo experiments. In Figure 6-7 (a), the initial response of cortical activation at the Alpha
band started from the 2nd minute of tPBM. Ipsilateral power enhancement at frontal lobe was
observed before or by the 3rd minute of tPBM. Then, the activation gradually expanded towards
ipsilateral parietal and occipital lobes. Finally, from the 8th minute till 11th minute of tPBM, the
cortical enhancement of EEG power covered the ipsilateral frontal-tempo-parietal lobes.
However, the power enhancement in Alpha frequency recovered to baseline very fast during the
recovery period.

Figure 6-7 (b) showed the cortical power enhancement at the beta band. Similar to the
activation see at Alpha band, the initial response started from the 2nd minute of tPBM at the
frontal lobe and ended up with an expanded activation region covering ipsilateral frontal-tempo-
parietal lobes. On top of that, a bilateral frontal power enhancement was observed from the 6th
to 10th minute during tPBM, indicating a contralateral propagation/expansion of the cortical
activation. During the recovery period, the activation at the beta band recovered fast too.

For the Gamma band, as shown in Fig. 6-7 (c), the initial response was also observed
during the 2nd minute of tPBM. Different from those seen at the Alpha and Beta bands, the
stimulated region with major power increment at the Gamma band was located mainly on only
the frontal lobe. In addition, the activation appeared to be contralateral, covering the anterior
Default Mode network area. During the recovery period, there were still some activation

remained, indicating a comparatively long-lasting effect of tPBM.

115



6.3.3 Enhancement of cerebral information flow during and after tPBM

The enhancement of information flow was calculated through Phase Transfer Entropy
analysis. As shown in Fig. 6-8, improvements of influx and ex-flux of information toward/from
two Regions of Interest (ROIs) [i.e., Fp2 (near the tPBM site) and AFz (near the anterior Default
Mode Network)] were displayed topographically at time periods during and after tPBM. The

statistical T-values were calculated, thresholded, and imaged to show significant improvements

of information flow between the ROIs and other regions of brain. Threshold of [T| > 1.7 (p-

value<0.05) was applied. Specifically, red lines mean significant improvement of information
flow from the ROIs to other electrode sites, whereas blue lines represent significant
improvement of information influx toward the ROIs from other electrode sites. Figs 6-8 (a) and
(b) demonstrate the changes of information flow from the tPBM stimulation site and the anterior
Default Mode point to other electrode sites. Fig 6-8 (a) shows the improvement of information
flow at the stimulation site (i.e., electrode Fp2). Enhanced ex-flux of information flow from the
tPBM site were observed in the Theta, Alpha and Beta bands. Specifically, in the Theta and
Alpha bands, the trails indicating increased information flow (i.e., red lines) were majorly from
the anterior frontal lobe (i.e., Fp2) toward the posterior frontal lobe. In the Beta band, on the
other hand, the enhanced information flows (i.e., red lines) could majorly reach the parietal and
occipital regions/lobes. Furthermore, strong and consistent information influxes towards the
tPBM site from many parietal regions contra-laterally were observed in the Gamma band.
During the recovery period, the enhanced information flow in all the frequency bands did not
return to the baseline.

Fig 6-8 (b) denotes the enhanced information flow at the anterior Default Mode network
region. In all the five frequency bands, ex-fluxed trails of information flow (i.e., red lines) were

observed throughout the entire tPBM and recovery periods. Especially, many globally enhanced
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sets of information flow were observed at the Alpha band. During the recovery period, the

enhancement also retained at each frequency band, similar to that seen in Fig. 6-8 (a).
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Figure 6-8 The enhancement of information flow during and after tPBM (a) from Fp2, (b) from AFz. Red
lines mean significant enhancement of ex-flux of information from the ROI, and blue lines mean

significant enhancement of information influx to the ROI. T-value was set as |T|>1.7 (p-value<0.05).

6.4 Discussion

Following a placebo controlled experimental protocol, | applied tPBM and placebo
stimulation on the right forehead of 20 human subjects while having EEG to monitor their
electrophysiological changes before, during and after the stimulation. As result, | observed
strong signal power increments at Alpha, Beta and Gamma bands from 6 selected electrodes at
different locations on the scalp during tPBM (Fig. 6-6). Furthermore, by performing a 3D
reconstruction algorithm (i.e., eLORETA) on the scalp recorded EEG data, | obtained the
following observations:

(1) At the Alpha frequency, Ipsilateral power enhancement at the frontal lobe was observed
before or by the 3rd minute of tPBM. The activation gradually expanded towards ipsilateral
parietal and occipital lobes. Finally, from the 8th minute till 11th minute of tPBM, the cortical
enhancement of EEG power covered the ipsilateral frontal-tempo-parietal lobes.

(2) At the Beta band, the initial response started from the 2nd minute of tPBM at the frontal
lobe and then expanded gradually also covering ipsilateral frontal-tempo-parietal lobes. A
bilateral frontal power enhancement was also observed from the 6th to 10th minute during
tPBM, with contralateral propagation at the frontal region.

(3) At the Gamma band, the initial response was also observed during the 2nd minute of
tPBM, but with major power increment located mainly on the frontal lobe contra-laterally,
covering the anterior Default Mode network area. In particular, the activated signals remained
during recovery, indicating a comparatively long-lasting effect of tPBM with respect to those at

Alpha and Beta bands.
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(4) Furthermore, Phase Transfer Entropy (PTE) analysis demonstrated the enhancement of
information flow from the stimulation cite and anterior Default Mode Network to different cerebral

locations where power improvement were observed.

6.4.1 Physiological explanation of photon-neuron interaction
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Figure 6-9The flow chart of physiological explanation of photon-neuron interaction.

The frontal-lobe EEG power enhancements are probably induced by the direct
stimulation of tPBM. Physiologically, this increase of EEG power by tPBM can be potentially
explained by steps shown in Fig. 6-9. Under the continuous stimulation of 1064-nm laser,
energetic photons up-regulate CCO in the mitochondria of neurons, which results in the
accelerated production of ATP[2]. The increased concentration of ATP nourishes the neuronal
metabolism effectively by fueling certain metabotropic ion channels, which results in the influx of
intracellular positive ions. Therefore, the presynaptic depolarization induced by positive influx of

ions triggers the pre-synaptic action potentials. Then the action potentials conducted through
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neuronal networks formed by synaptic connections. In the meantime, it also fuels the
neurotransmitter transportation[101], which contributes to the elevation of synaptic potential.
The postsynaptic voltage change will then be detected by EEG electrodes.

Furthermore, according to previous studies, the rise in intracellular Ca?* will also
contribute to forming posttetanic potentiation (PTP), which is a short duration enhancement of
synaptic strength due to neuroplasticity[118]. In other words, during PTP, an increase of
effective connectivity (information flow) between neurons was formed. Although the posttetanic
potentiation is usually transient and lasts only a few seconds or minutes, it is considered as an
induction phase of long term/permanent enhancement of synaptic strength, the long-term
potentiation (LTP)[118-120]. LTP provides permanent/long lasting synaptic strength and is
widely considered as one of the major cellular mechanisms that
underlies learning and memory[120]. This is an optimal goal of my research, namely, to
demonstrate that tPBM has the ability of effectively improving and/or enhancing synaptic
connectivity and strength that are highly associated with learning and memory. Furthermore, to
observe tPBM to be able to modulate or enhance brain effective connectivity, Phase Transfer
Entropy analysis was performed. Enhanced directional information flow seen in Fig. 6-8 showed
a transformational global increase in effective connectivity of brain networks and activation with
a general dose-dependent manner. Therefore, | am confident to expect/speculate that short
term exposure of the frontal/pre-frontal cerebral region to tPBM modulates and benefits PTP,
which temporally strengthens connections of neural networks due to neuroplasticity.
Furthermore, it is reasonable to infer that, by repeated tPBM, one can form LTP and gain
cognitive improvement with long-term strengthened synaptic connections. This explains why
subjects/patients under repeated interventions of tPBM usually start to show long lasting effects
after repeated sessions within a span of weeks or months.

On the other hand, however, excessive intracellular Ca?* could induce excitotoxicity to

neurons[121]. Because an influx of Ca?* can activate several enzymes, such as phospho-
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lipases, endonucleases and proteases such as calpain[122], a high concentration of these
enzymes is detrimental to cell structures, such as components of the cytoskeleton, membrane
and DNA[121]. Therefore, in the future, dose-dependent spectra for an optimized stimulation
dosage at different wavelengths need to be studied towards different therapeutic goals to avoid

overdose of tPBM.

6.4.2 tPBM holds the potential of photobiomodulating human DMN

Default Mode Network (DMN) results from cerebral interaction among different regions
of the brain during resting state. DMN will be suppressed once certain tasks are involved[123].
Malfunction and disconnection of DMN were reported to be related to many psychiatric and
psychological conditions, such as depression, anxiety and Alzheimer's Disease[123-125]. The
abnormal connectivity of DMN in those conditions makes the brain unable to stay in a normal
resting state[123]. Enhancement of information flow in DMN during and after tPBM was
observed in Fig. 6-8, which indicates that a strengthened neural effective connectivity of DMN is
formed during and after tPBM. In addition, an increase of information flow also implies that DMN
was stimulated in an active stage. All these alterations/modulation by tPBM to DMN point out
that tPBM can improve abnormal connectivity and functions in DMN, showing promising

prospective of tPBM to reverse psychiatric and psychological conditions at resting state.

6.4.3 Possible thermal effects

It is possible that tPBM with power density of 0.162 W/cm? (2.2 W/13.6 cm? = 0.162
W/cm?) could generate a thermal effect on human forehead, although this power was ~30%
reduction compared to my previous studies. On top of that, subjects were asked to report their
feelings of heat sensation during both placebo and tPBM experiments. Nevertheless, there
could be un-sensible heat generated on the human forehead, which potentially could be a
confounding factor of altering cerebral activity measurements[126]. As it is reported by Wang, Y
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et al. in 2017[127], water could be a main optical absorber for laser stimulation at 980 nm. Since
water has an increased absorption spectrum at 900 nm and longer wavelengths, the findings of
tPBM at 980 nm may also suitable for those at 1064 nm, even though the water absorption at
1064 nm is smaller than that at 980 nm[127]. In the future, a heat sensation experiment is
needed to exclude thermal contaminations due to laser heating effects and thus to quantify a

more accurate electrophysiological response by tPBM.

6.4.4 Comparison of mechanism between tPBM versus tDCS and TMS

There are two major pre-existing neuronal stimulation methods in the field of brain
stimulation, transcranial magnetic stimulation (TMS) and transcranial direct current stimulation
(tDCS). Both of the techniques are beneficial across a wide spectrum of neurologic and
psychiatric diseases[131, 132]. They use magnetic waves and electrical currents to stimulate
membrane of neurons in order to rapidly alter the membrane potential and trigger fast action
potential as response. By repeatedly sending stimulations to the ROI, neurons in this region are
"trained" to be activated together in a sequence of stimulation sessions. As a result, due to
neuroplasticity, LTP was formed by high frequency electrical stimulations. Thus, the
malfunctioning neurons regain the ability of firing correlated action potentials together with
strengthened synaptic connections. Different from TMS and tDCS, tPBM uses energetic
photons to modulate neurons. The cellular stimulation target of tPBM is the mitochondria rather
than cell membranes [13, 14]. Also, the magnetic and electrical stimulations are comparatively
strong and sensible by human subjects, whereas the optical stimulation is much milder that one
cannot feel in most of the cases.

The effect of tPBM observed in this study was observed to appear gradually with a delay
of 1-2 minutes, where the effects of tDCS and TMS are always rapid and transient [104, 105]. In
the case of electrical/magnetic stimulation, the membrane potential is altered rapidly. Due to the
drastic change of membrane potential, voltage-gated ion channels depolarize immediately and
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trigger action potentials. At the end of the action potential, the membrane potential recovers
back to its normal level (i.e. -70 mV), and the neuronal response terminates until a new
electrical alteration of the membrane potential comes[133]. The whole process happens usually
within mili-seconds. On the other hand, in the case of tPBM, it may take a long period of time (in
seconds to minutes) for reduced-state CCO to absorb light and being oxidized, which
accelerates the rate of ATP production increasingly [13, 14]. Therefore, the accumulated ATP
concentration initiates neuronal response with a few minutes delay after tPBM started.

Furthermore, while tDCS and TMS use high frequency and strong stimulations to build
neuronal potentiation by consuming neuronal existing energy, tPBM works in a mild way to
gradually build up neuronal potentiation by fueling the neuron with newly generated

ATP/energy.

6.4.5 Verification of identical baseline between tPBM and placebo

The comparison of EEG powers between the placebo versus tPBM intervention was
based on normalization of the power values with respect to the baseline. Therefore, it is crucial
to verify that the electro-potential levels of the baseline at both placebo and tPBM conditions
were identical. For this purpose,l performed two-sample t-tests, at all frequency bands, and
observed no significant difference of the baseline cerebral electrical potentials between both the
placebo and tPBM experiments. This statistical comparison demonstrated/verified that the
significant difference in normalized EEG power between tPBM and placebo experiments was

derived without any possible baseline bias from two separate experiments.

6.4.6 Possible improvement with a larger sample size
| observed significant difference in electrophysiological responses, including cortical
brain networks and effective connectivity (i.e., information flows) at several frequency bands,

between placebo versus tPBM. For each analysis, however, my statistical analysis was based

123



mainly on t-tests, in multiple steps, to identify statistical significances between the two
experiments. So, the possibility of having type-I and type-Il error adds up during each time/step
of a t-test. As a result, the t-values at each voxel or channel needs a correction process in order
to minimize a compounded type-I or type-Il error [134]. Two common correction methods are
Bonferroni correction and False Discovery Rate controlling (FDR-controlling) correction.[134,
135] Both of the correction methods will drastically reduce the scale of t-value at each
voxel/channel. Therefore, high uncorrected t-values are required before the correction
procedure is taken. Since EEG data have a low signal to noise ratio, a sample/subject size of 20
may not provide a high enough t-value (i.e., a high enough statistical power) to hold the
significance of my findings after the correction [136]. Therefore, in order to obtain a more

rigorous statistical analysis and conclusion, more human participants are needed in the future.

6.5 Conclusion

In this study, | employed an 64-channel EEG system to monitor electrophysiological
responses of the human brain before, during and after tPBM among 20 subjects. | applied time-
dependent power spectrum analysis to the time series taken from 6 selected electrode sites at
different regions on the scalp. Clear dose-dependent tPBM-induced increases of EEG power in
Alpha (8-13 Hz), Beta (13-30Hz) and Gamma (30-70Hz) band were observed. After performing
3D source reconstruction based on 64-channel power densities, | was able to clearly
demonstrate, for the first time, that tPBM significantly neuromodulated an ipsilateral frontal
network in the beginning and then gradually a frontal-temporal-parietal network at both Alpha
and Beta frequency bands. Additionally, it also neuromodulated or enhanced frontal networks
bilaterally at the Gamma band. Furthermore, Phase Transfer Entropy analysis showed global
increment of information flow from the tPBM site and anterior DMN location to other cerebral
locations. These increases of EEG power and information flow revealed potential mechanism of

tPBM that links improvement of human cerebral activation and cognitive functions.
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Chapter 7 Conclusion and future scope
7.1 Conclusion

In conclusion, the dissertation has accomplished the following points for the research of
tPBM: | (1) established a feasible broadband near-infrared spectroscopy system for detecting
the change of chromophore concentrations, (2) designed and applied a placebo controlled laser
stimulation protocol on human tissue (forearms and foreheads), (3) measured and discussed
the hemodynamic and metabolic response of tPBM on human forearms and foreheads, (4)
excluded the physiological effect of heat from the result of tPBM, (5) developed and validated a
novel absolute value quantification algorithm for human hemoglobin and cytochrome c oxidase
detection, and (6) measured and discussed the electrophysiological response of human brain to

tPBM by EEG.

7.2 Future scope
7.2.1 Depth dependency of tissue response to tPBM

| performed the first in vivo objective measures and mechanistic study of tPBM in the
human brain. Apart from significant and important activations/changes observed in the human
brain by comparing with placebo experiments, a number of questions are still unclear. Further
investigations are needed in the near future.

For instance, | performed the bb-NIRS measurements with a 3-cm source-detector
separation to measure hemoglobin and cytochrome c oxidase improvements by tPBM.
However, the single 3-cm separation is deficient to separate the CCO and hemodynamic
changes from different depths consisting of the superficial skin, scalp, skull, and cerebral cortex.
Because these layers of tissue are related to different tissue/cell types, whose density of

mitochondria/ CCO differs drastically.

125



Similarly, the situation exists in tissue layers of muscles, which has the highest CCO
concentration as muscle needs immediate and durable energy. Furthermore, superficial layers
of tissue are exposed to the highest dose of tPBM compared to deeper layers. Since they are
top layers, more absorption would take place before photons reach deeper tissue cells.
Therefore, muscle layer may be the first contributor of oxidized CCO during tPBM. Furthermore,
cerebral cortex may also contribute to create oxi-CCO effectively, as dendrites of a neuron also
store a considerable amount of mitochondria. Besides the two above tissue components (at two
different depths), the cerebrospinal fluid (CSF) also contains limited cell bodies/mitochondria,
which is likely to be the least contributor of oxi-CCO.

Thus, different layers of tissue are exposed under different dosages of tPBM, plus they
have various densities of mitochondria at respective layers. Therefore, under tPBM, a multi-
channel bb-NIRS system with different source-detector separations is needed to cover or
interrogate different tissue layers so as to quantify depth-dependent CCO improvement by

tPBM.

7.2.2 Determination of the optimized tPBM wavelength and dosage

Although significant stimulation effects were observed in a number of clinical and
research studies, there is still no agreement on an optimized tPBM wavelength due to the lack
of effect comparison under the same experimental conditions. Therefore, a systematic,
normalized, and wavelength-dependent study using the same stimulation conditions on the
same human subject groups is needed in order to identify optimal stimulation wavelengths for
the adoption of tPBM in mainstream medicine.

Furthermore, to thoroughly evaluate neurophysiological effects of TILS, multiple
parameters need to be measured and quantified. Apart from the previous measured
hemodynamic and metabolic parameters (i.e., A[HbO] and A[CCO], ATP concentration is also

crucial to directly represent the effects of tPBM as it provides energy to the brain in cognitive
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functions. Collaborations with radiologists or physicists with Magnetic Resonance Imaging (MRI)
or high-field magnetic resonance spectroscopy (MRS) are necessary. Because MRI is able to
provide high spatial resolution images, and MRS can provide information on ATP synthesis in
the human brain under tPBM so as to directly quantify the actual effect of tPBM. All in all, with
guantified parameters of hemodynamic, metabolic and direct ATP synthesis measured, different
tPBM dosage at different wavelength will be compared, and optimized wavelengths and

dosages can then be selected.

7.2.3 Estimation on lasting effects of post-tPBM

Furthermore, more investigation is needed on the dose-dependent effect of tPBM on
human tissue. In this dissertation, dose-dependent effects were observed in all hemodynamic,
metabolic, and electrophysiological signals during tPBM. However, none of the physiological
parameters showed to reach their respective saturation within the stimulation duration. In
addition, the tPBM-induced effects were observed to be remained during the 3-minute or 5-
minute recovery periods, indicating a promising lasting effect of post-tPBM. However, due to a
limited duration of the experiments, finite quantification of post-tPBM effects remains unknown,

and thus needs to be further investigated.

7.2.4 Direct measurement of neuronal activation by tPBM on animals

Another future work could be related to the direct and indirect measurements of tPBM-
induced neurophysiological effects. Up until now, | have indirectly measured and observed
tPBM-generated alterations of neural networks through in vivo EEG measurements non-
invasively. However, due to the low spatial resolution of EEG, direct neuronal activations by
tPBM are not visible and remain unknown. Without knowing actual alterations of ion channels

and ion flux, the explanation of tPBM at the neuronal level remains as a speculation.
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In future, in vivo invasive animal studies need to be performed. Single ion channels
current recording could be performed on two groups of animals, control and tPBM groups,
respectively. Current flows through ion channels could be recorded and compared before,
during, and after tPBM between the two animal groups. In this way, neuronal perturbations by

tPBM at the neuronal level can be verified by direct observation.

7.2.5 Investigation of the tPBM-induced heat effect on EEG

| have studied the neuronal network alteration during and after tPBM by employing EEG
measurements. However, although with significant improvements, the results are still lack of
calibration for the thermal effect caused by tPBM. It was uncertain whether the global network
alterations resulted from the tPBM-generated thermal effect or true PBM. Therefore, a thermal
response test is needed to quantify and image potential changes of EEG power and network
connectivity induced from a heat source similar to the temperature generated by tPBM. The un-
contaminated tPBM effect can be obtained by subtracting the thermal effect from the detected

EEG signal during tPBM.
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Appendix
A. Understanding the bases of Diffuse Correlation Spectroscopy (DCS): the initial
contribution to a laboratory customized DCS system.

A.1 Diffuse correlation spectroscopy (DCS) study of blood flow changes during low level

laser therapy (LLLT) — A preliminary report

B. Application of broadband spectroscopy in prostate cancer detection
B.1 Light Reflectance Spectroscopy to Detect Paositive Surgical Margins on Prostate
Cancer Specimens
B.2 Detecting Positive Surgical Margins: Utilization of Light Reflectance Spectroscopy on

ex vivo Prostate Specimens

C. Frequency resolved measurement in prostate cancer detection
C.1Measurement of optical properties of ex vivo prostate tissues and design of trans-

rectal ultrasound coupled optical probe
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Diffuse correlation spectroscopy (DCS) study of blood flow changes

during low level laser therapy (LLLT) — A preliminary report
Sagar Soni, Xinlong Wang, Hanli Liu, Fenghua Tian"
Department of Bioengineering, University of Texas at Arlington, 500 UTA Blvd, Arlington, TX
76010. "Email: fenghua.tian@uta.edu

ABSTRACT

Photobiomodulation with low-power, high-fluence light in the near-infrared range (600-1100nm), also known as low
level laser therapy (LLLT), has been used for promoting healing of wounds, reducing pain, and so on. Understanding its
physiological effect is essential for treatment optimization and evaluation. In this study, we used diffuse correlation
spectroscopy (DCS) to investigate the changes of regional blood flow in skeletal muscle induced by a single session of
LLLT. DCS is an emerging optical modality to probe microvascular blood flow in human tissues in vivo. We have
developed a software-based autocorrelator system with the benefits such as flexibility in raw photon count data
processing, portability and low cost. LLLT was administered at the human forearm with a 1064-nm, continuous-wave
laser. The emitting power was 3.4 W in an area of 13.6 cm2, corresponding to 0.25W/cm2 irradiance. The emitting
duration was 10 minutes. Eight healthy adults of any ethnic background, in an age range of 18-40 years old were
included. The results indicate that LLLT causes reliable changes in regional blood flow. However, it remains unclear
whether these changes are physiological or attributed to the heating effect of the stimulation laser.

Keywords: Diffuse correlation spectroscopy (DCS), low level laser therapy (LLLT), photobiomodulation, relative blood
flow (rBF), blood flow index (BFI).

1. INTRODUCTION

Laser stimulation with near-infrared light (600-1100 nm) is a novel form of non-invasive photobiomodulation or low-
level laser therapy (LLLT) which has shown therapeutic potentials. It has been used to promote healing of wound,"? treat
stroke,>* enhance cognition,>® and so on. Although LLLT has been practiced for decades, it is still not widely adopted by
mainstream medicine. One important reason for this is that the underlying mechanisms of LLLT are not completely
understood.” It is much needed for more research to reveal its physiological effects at the molecular, cellular and tissue
levels.

LLLT uses low-power, high-fluence monochromatic or quasi-monochromatic light from lasers or light emitting diodes
(LEDs). The principle behind LLLT is based on the law of conservation of energy. The energy of light photons is
converted to metabolic energy with subsequent modulation of the biological functioning of the cells. This indicates that
the molecules stimulated enter a temporary excited state which changes its configuration and function and hence it is
also called as photobiomodulation. One mechanism of LLLT rests on photon absorption by endogenous chromophores
such as cytochrome ¢ oxidase (CCO),%? the terminal enzyme in the mitochondrial respiratory chain that catalyzes the
reduction of oxygen for energy metabolism. As the activity of CCO increases, oxygen consumption increases and
metabolic energy is produced via mitochondrial oxidative phosphorylation.'® Because neurons are highly dependent on
oxygen metabolism, this photonics-bioenergetics mechanism results in metabolic and hemodynamic alterations that
facilitate neuronal functioning.***? The enzyme effects of LLLT has been demonstrated in cultured neurons® and animal
brains™® with invasive means. Using noninvasive broadband near-infrared spectroscopy (NIRS), recently we have shown
LLLT indeed causes CCO™ and oxygenation™ changes in human tissues in vivo.

Diffuse correlation spectroscopy (DCS)*® is an emerging non-invasive technique to probe regional blood flow in human
tissues in vivo. This technology has been extensively developed, validated and employed in the last decade. Using a
hybrid DCS/NIRS system, the metabolic rate of oxygen in human tissues can be further quantified,*” which would be a
useful biomarker in LLLT. In this preliminary report, we used DCS to quantitatively assess the blood flow changes in
human skeletal muscle during a single session of LLLT. The confounding effect of heating due to the stimulation laser
was also investigated.

Mechanisms of Photobiomodulation Therapy XII, edited by Michael R. Hamblin,
James D. Carroll, Praveen Arany, Proc. of SPIE Vol. 10048, 1004806 - © 2017
SPIE - CCC code: 1605-7422/17/$18 - doi: 10.1117/12.2252604
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2. MATERIALS AND METHODS
1.1 Participants

Healthy human participants of either sex, any ethnic background and in age range of 23-40 years were recruited from
local community of the University of Texas at Arlington. The participants were scheduled for two separate experiments,
which would be at least two weeks apart to reduce chance of carryover effects from one experiment to another. On the
day of each experiment, the participants were briefed about the experimental procedures. This study was approved by the
University of Texas at Arlington Institutional Review Board (IRB). Informed consent was obtained from each
participant prior to the experiments.

1.2 Instruments

A continuous-wave, 1064 nm laser (CG-5000, HD Laser Centre, Dallas, TX, USA) was used for LLLT. This laser is
FDA-approved and safe for use on humans such as improving blood circulation, temporary pain relief of muscle and
joints, muscle spasm. The laser was operated at a constant power of 3.4 Watts. The irradiance in a circle area of ¢ = 4.2
cm was 0.25W/cm?, same as that used by Barrett and Gonzalez Lima® and Blanco et al.°

A portable DCS system (Figure 1), developed and validated in-house, was used to measure the changes in blood flow
induced by LLLT and thermal stimulation. The system is designed similar to that of Dong et al.'® It consists of a long
coherence length laser as the light source and an avalanche photo diode (APD) as a photon counting detector. The output
of the APD is connected to a computer for processing with a 32-bit, 8-channel data acquisition card (PCI-6602, National
Instruments). A multi-mode fiber is connected to the source laser and a single-mode fiber operating in few-mode
configuration is connected to the APD detector.

[T
(@) (b)

Figure 1. The DCS system (a) and the fiber optic probe (b) used in this study
The administration of LLLT at 3.4 Watts may induce slight heat on the human skin. To explore the potential
confounding effect of heating, Medoc’s PATHWAY Pain and Sensory Evaluation System was used to generate thermal

stimulation on the skin. It has a 16x16 mm thermal probe. The maximum operational temperature range is 0°C to 55°C
with heating and cooling rate of up to 8°C/sec.

1.3 Experiments

Two experiments were conducted separately to study the blood flow changes induced due to LLLT and thermal
stimulation by using the same stimulation paradigm. Laser stimulation was administered on top of the brachioradialis of
the right forearm in the first experiment. In the second experiment, thermal stimulation was applied at the same location
as that of LLLT. The DCS probe was secured on the forearm with Velcro in each experiment (Figure 2). The separation
between the source fiber and detector fiber was 1.5 cm.
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Figure 2. A view of laser stimulation on the forearm

Laser stimulation: After the probe was placed, the participants were instructed to wear an eye-protection goggle and sit
stably on the chair during the entire experiment. After 2 minutes of baseline readings were taken, LLLT was
administered. The stimulation session was divided into eight cycles, 55 seconds per cycle, with 20 seconds of inter-
stimulation gap for DCS data collection (Figure 3). During each cycle an experimenter held the laser aperture closely
towards the participant’s forearm (Figure 2) and pressed the trigger to shine the laser. The stimulation site on the forearm
was alternated for each cycle on both sides of the DCS probe. After the completion of all eight cycles, the participants
were asked to sit for another 7 minutes to record the post-stimulation recovery data.

Thermal stimulation: The protocol for thermal stimulation was largely the same as that for laser stimulation, except a
thermal probe was placed on one side of the DCS probe. The temperature was 32°C (skin temperature) during baseline
and 38°C (feeling of warmness) during stimulation, respectively.

55-sec treatment cycle X 8

2-min baseline 7-min recovery

Time
Figure 3. Paradigm for LLLT and thermal stimulations
1.4 Data Processing

The data acquired by DCS system was processed in MATLAB to calculate the relative blood flow (rBF). The analytical
solution of the correlation diffusion equation from a point source in a semi-infinite medium is given by
Se~K(Or1  yge—K(Or2

Gy(r,0) =~ - 1)

4mDry 4mDry

where, K?(1) = 3paps’ + ps?k2a (A r2(1)), and (A r?(1)) = 6D,T
To compare the analytical solution with experimental data (G,) we need to normalize the theoretical data (G;) to get g,.

g2(0) = 1+ plac @

(I(F.0))?

By fitting equation (1) to the measured data of g,(t), we get (A r2(t)) = 6D, T and thus Dy, which is proportional to the
blood flow index (BFI) given by BFI = aD,,."®

Data was processed for individual participations and the fitted data was visually inspected to exclude data points with
significant discontinuities. An average of 3 data points during 20-second inter-stimulation gap was taken. The first
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minute of baseline was rejected to eliminate artifacts. Thus after processing, a total of 16 data points were obtained
including baseline, stimulation and recovery.

1.5 Statistical Analysis

To examine the statistical significance of blood flow changes in each experiment, analysis of variance (ANOVA) was
performed at a confidence interval of 95%. The null hypothesis stated that there was no significant difference between

pre- and post-treatment rBF. The alternative hypothesis states that there was significant difference between rBF during
baseline and rBF after treatment.

3. RESULTS
Eight participants (5 males and 3 females, ages 23-40 years) were successfully measured in both experiments.

For both laser and thermal stimulations, there is a clear increase in rBF during the stimulation and recovery periods as
compared with the baseline (Figure 4). The ANOVA analysis confirmed the change to be significant with a confidence
interval of 95%.

In comparison of two types of stimulations, the changes in rBF have approximately same amplitude during stimulation
period. During recovery period, laser stimulation is accompanied with higher rBF changes. There results indicate
thermal stimulation can cause a similar change in blood flow to that of LLLT.
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Figure 4. Relative blood flow changes induced by LLLT and thermal stimulations (averaged over eight participants)

4. DISCUSSION AND CONCLUSIONS

We have used DCS to measure in vivo changes of blood flow in human tissues during LLLT and thermal stimulation.
We observed that LLLT induces significant changes in blood perfusion, which is in line with our previous reports that
LLLT induced significant hemodynamic changes in human tissues.***> Our results demonstrate the potential of DCS as a
non-invasive technology in mechanistic study of LLLT on humans.

Although it is clear that LLLT induces an increase in blood flow, the exact cause is still unclear as to whether it is due to
CCO-related metabolic change or other reasons. We have explored one such possibility here by inducing thermal energy
to the target tissue and we observed similar changes in blood flow. It is presumably that such a change during thermal
stimulation is mainly contributed by the skin as a process of temperature control in human body. It is evidently clear
from this study that although LLLT is referred to as a non-thermal treatment, we should be still cautious on the thermal
effects of LLLT as it does induce some thermal energy to the target tissue. Future studies should test this treatment under
more controlled conditions (such as temperature). Multi-parametric measurements should also be considered (e.g.,

measuring blood flow and oxygen metabolic rate together) which will help distinguish the metabolic effects of LLLT
from the thermal effects.
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New Technology and Techniques

Light Reflectance Spectroscopy to Detect Positive
Surgical Margins on Prostate Cancer Specimens

Monica S. C. Morgan,* Aaron H. Lay,* Xinlong Wang, Payal Kapur,
Asim Ozayar, Maryam Sayah, Li Zeng, Hanli Liu, Claus G. Roehrborn
and Jeffrey A. Cadeddut

From the Departments of Urology (MISCM, AHL, AO, MS, CGR, JAC) and Pathology (PK), University of Texas

Southwestern Medical Center, Dallas and Department of Bioengineering (XW, HL), and Department of Industrial and
Manufacturing Systems Engineering (LZ), University of Texas at Arlington, Arlington, Texas

Purpose: Intraoperative frozen section analysis is not routinely performed
to determine positive surgical margins at radical prostatectomy due to time
requirements and unproven clinical usefulness. Light reflectance spectroscopy,
which measures light intensity reflected or backscattered from tissues, can be
applied to differentiate malignant from benign tissue. We used a novel light
reflectance spectroscopy probe to evaluate positive surgical margins on ex vivo
radical prostatectomy specimens and correlate its findings with pathological
examination.

Materials and Methods: Patients with intermediate to high risk disease
undergoing radical prostatectomy were enrolled. Light reflectance spectroscopy
was performed on suspected malignant and benign prostate capsule immedi-
ately following organ extraction. Each light reflectance spectroscopy at 530 to
830 nm was analyzed and correlated with pathological results. A regression
model and forward sequential selection algorithm were developed for optimal
feature selection. Eighty percent of light reflectance spectroscopy data were
selected to train a logistic regression model, which was evaluated by the
remaining 20% data. This was repeated 5 times to calculate averaged sensitivity,
specificity and accuracy.

Results: Light reflectance spectroscopy analysis was performed on 17 ex vivo
prostate specimens, on which a total of 11 histologically positive and 22 negative
surgical margins were measured. Two select features from 700 to 830 nm were
identified as unique to malignant tissue. Cross-validation when performing
the predictive model showed that the optical probe predicted positive surgical
margins with 85% sensitivity, 86% specificity, 86% accuracy and an AUC of 0.95.

Conclusions: Light reflectance spectroscopy can identify positive surgical mar-
gins accurately in fresh ex vivo radical prostatectomy specimens. Further study
is required to determine whether such analysis may be used in real time to
improve surgical decision making and decrease positive surgical margin rates.

Key Words: prostatic neoplasms, spectrum analysis,
prostatectomy, diagnosis, pathology

laparoscopic prostatectomy has be-
come the most common technique in
North America.! The primary goal is

SURGICAL extirpation is the gold stan-
dard treatment for clinically localized
prostate cancer and robot-assisted
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480 LIGHT REFLECTANCE SPECTROSCOPY TO DETECT POSITIVE SURGICAL MARGINS

to completely excise malignant tissue with negative
margins. However, the rate of PSMs on radical
prostatectomy specimens can range up to 38%.%7°
PSMs place patients at higher risk for local and
systemic recurrence, thereby increasing the likeli-
hood of adjuvant or salvage radiation and androgen
deprivation therapy.’

Along with a successful oncologic outcome
achieving an optimal result after radical prostatec-
tomy involves the recovery of continence and erectile
function. Nerve sparing radical prostatectomy is
associated with higher continence and erectile
function recovery rates.®” However, the closer
dissection plane can be associated with an increased
risk of PSMs.® Currently to our knowledge no tech-
nology exists to allow for rapid detection of PSMs
intraoperatively since margin status is determined
at pathological analysis after surgery is completed.

LRS measures light intensity reflected or back-
scattered from tissue within a range of wavelengths.
Two major optical parameters that determine the
path of light through tissue are light absorption
and scattering, of which the latter highly depends
on the morphological and cellular properties of the
tissue. The spectrum measured by LRS can be used
to quantify absorption and scattering and, thus,
differentiate tissue types, including malignant from
benign tissue, using characteristic signatures in the
spectrum.

In recent years LRS has been investigated for
medical applications such as localization of specific
brain lesions to guide functional neurosurgery,®
monitoring apoptosis in living cells in real time®°
and rapid diagnosis of different types of cancer in
a variety of medical and surgical settings.!'™'6 In
this study we hypothesized that quantitative mea-
surement of light scattering could identify PSMs
of radical prostatectomy specimens using a novel
LRS probe.

METHODS

This prospective study was performed in compliance with
and was approved by the institutional review board at our
institution. Patient inclusion criteria comprised interme-
diate to high grade (Gleason score 7 or greater) and
moderate to high volume prostate cancer (at least 2
contiguous biopsy cores each with 20% or more cancer
involvement and/or radiographic T3a disease by endo-
rectal magnetic resonance imaging). All patients under-
went robot-assisted laparoscopic prostatectomy between
June 2013 and July 2014. Resected prostate specimens
were immediately rinsed with saline and submitted for
LRS measurements.

The LRS System
The LRS system consists of the HL-2000-HP tungsten-
halogen light source and a single channel charge coupled

USB device 2000+ array spectrometer (Ocean Optics,
Dunedin, Florida), which includes a spectral range of
350 to 1,000 nm, and a laptop computer used to measure
the optical spectrum (fig. 1). Data acquisition is controlled
by the computer using OOIBase32 software (Ocean Op-
tics). A previously described novel optical probe with a
diameter of 1 mm and a detection depth of up to 2 mm*®
was placed on the prostate capsule at select sites.

Immediately after extraction each prostate specimen
was evaluated by an experienced genitourinary patholo-
gist. For each prostate 1 area at risk for PSMs and 1 area
suspected to be benign based on palpation and biopsy/
magnetic resonance imaging were identified. Urethral
and bladder neck margins were not included. At each site
LRS was performed. Reflectance curves in the wavelength
range of 530 to 830 nm were analyzed and later correlated
with pathological analysis. Six LRS readings were per-
formed per location and spectral averages were used for
analysis.

Pathological Evaluation

After LRS measurement the suspected malignant and
benign margin locations were marked with red and yellow
ink, respectively. A thin slice of the inked capsule loca-
tions 1 to 2 mm deep and with a 3 x 3 mm area were
removed. These thin margin slices were embedded ink
down and routinely processed. A genitourinary patholo-
gist (PK) evaluated the hematoxylin and eosin stained
sections to determine positive (any amount of tumor) or
negative margin status.

Feature Selection

LRS features were selected using a forward sequen-
tial selection method. Each LRS curve was divided into
7 segments, including segment 1—530 to 540 nm, seg-
ment 2—540 to 560 nm, segment 3—560 to 580 nm,
segment 4—580 to 595 nm, segment 5—595 to 640 nm,
segment 6—640 to 700 nm and segment 7—700 to 830
nm (fig. 2). A polynomial model was then fitted to
each segment. Coefficients of the polynomial model were

Figure 1. LRS system, including optical probe (a), single
channel, charge coupled device array spectrometer (b) and
tungsten-halogen light source (c).
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Figure 2. Representative LRS used for feature selection using
forward sequential method subdivided by segment (S) 1, 2, 3,
4,5,6 and 7.

treated as the features of the segment. Through a forward
sequential selection algorithm the slope (a’) and the
intercept (b’) of a straight line fitted for segment 7 (700 to
830 nm) were determined to be the significant features
that differed between malignant and nonmalignant pros-
tate tissues (fig. 3).

Performance Evaluation

Randomized cross-validation was performed to assess
how well LRS predicted PSMs of prostate specimens. Of
the data 80% were randomly selected to form a training
set and the remaining data formed the testing set. A
logistic regression model was built using the training
set. Predictions were made for the testing set based
on this model. This process was repeated 10 times in
random fashion to simulate a larger data set and the

——normal
0.9
—=—cancer

calibrated intensity

480 580 680 780 880 980
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Figure 3. LRS of average malignant (red curve) and benign
(blue curve). For cancer tissue mean + SD a’ = —1.01 £+ 0.18 and
b’ = 1.37 + 0.18. For normal tissue mean + SD a’ = —0.71 £+ 0.19
and b’ = 1.02 + 0.15. Difference in a’ and b’ for normal vs cancer
tissues was highly significant (each Student t-test p <0.001).

corresponding sensitivity, specificity, accuracy and ROC
AUC were calculated. To test the prediction performance
of this cross-validation we further performed 5 runs to
achieve averaged values for each evaluation parameter
(ie sensitivity, specificity, accuracy and AUC).

RESULTS

A total of 17 prostate specimens met inclusion
criteria. After pathological analysis there were 22
negative (benign) surgical margin samples and 11
PSM samples. The supplementary table (http:/
jurology.com/) lists final pathological data. A pre-
liminary evaluation of the LRS study revealed that
1 benign sample was an outlier as the reflectance
curve was not measurable. Thus, this sample was
removed from further analysis. Figure 3 shows the
average LRS taken from true pathological prostate
capsule tissue with negative surgical margins
and PSMs.

After 5 repeat cross-validation runs LRS pre-
dicted prostate specimen PSMs with 86% sensi-
tivity, 85% specificity, 86% accuracy and an AUC of
0.95 (see table).

DISCUSSION

PSMs are generally reported at final pathological
analysis such that real-time intraoperative adjust-
ment during radical prostatectomy and excision of
additional tissue are not practical. Currently to our
knowledge the only alternative is to perform IFSs,
which are time intensive and have unproven clinical
usefulness. Previous reports demonstrated that
IFSs have low sensitivity (40.7% to 70%) but good
specificity (95% to 100%).1772° Developing new
methods or technologies to detect PSMs intra-
operatively could significantly impact surgical
technique and patient outcomes.

LRS is an emerging technology that captures in-
formation from the interaction between light and
target tissue. This noninvasive technique can pro-
vide information on tissue structure and function
by measuring chromophore concentrations such as
deoxygenated and oxygenated hemoglobin, and
light scattering, which reflect cell size and density.?
One evident morphological difference between
normal and cancerous cells is the increase in nu-
clear size in the latter. Previous reports demon-
strated that changes in nuclear area can be detected
by LRS.22726 In fact reflectance spectroscopy is a
promising technique for diagnosing renal cell car-
cinoma, Barrett esophagitis, and breast, prostate
and skin cancers.!'"1¢

In this preliminary study we used LRS to mea-
sure and obtain ex vivo light reflectance curves from
the capsule of intermediate to high grade PCa
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LRS prediction of radical prostatectomy specimen PSMs

Predictive Value

Run No. Sensitivity Specificity Accuracy AUC Pos Neg
1 0.883 0.813 0.842 0.957 0.767 0.938
2 0.835 0.847 0.853 0.951 0.768 0.927
3 0.900 0.804 0.858 0.956 0.801 0.971
4 0.908 0.873 0.860 0.944 0.801 0.927
5 0.800 0.904 0.872 0.946 0.782 0919
Mean + SD 0.86 & 0.05 0.85 + 0.04 0.86 4 0.01 0.951 + 0.006 0.78 + 0.02 0.94 4+ 0.02

surgical specimens. We were able to identify fea-
tures in the 700 to 830 nm wavelength range
that distinguished malignant from benign tissue,
allowing for the possible detection of PSMs.
Although a limited number of sites per prostate
was evaluated, the method attained 85% or greater
sensitivity and specificity, demonstrating the po-
tential of LRS detection of PSMs and warranting
further evaluation. Most promising is that unlike
IFS, which logistically and financially must be
limited to at most a few samples per specimen,
LRS could be used to assess numerous sites across
a specimen with no significant additional cost per
measurement.

The application of LRS to assess surgical margins
in this series builds on our previous study assessing
benign and malignant regions in the resected pros-
tate specimen. Sharma et al collected and analyzed
LRS and autofluorescence spectra from 37 ex vivo
human prostate specimens with high volume, in-
termediate to high grade PCa (Gleason score 7 or
greater).'® By evaluating benign and malignant re-
gions in the prostate we found that benign prostate
tissue has a lower light scattering coefficient (u')
than PCa tissue. While Sharma et al used poly-
nomial model fitting to develop a data classification
model, the select features in the current study, ie
the slope and intercept (a’ and b/, respectively) be-
tween 700 and 850 nm, match the characteristic of
light scattering of tissue well.?” The values of a’ and
b’ represent the dependence of a decreased light
scattering coefficient (p') on wavelength (%), which
served as a biomarker for PCa in the study by
Sharma et al. Furthermore, the advantage of
selecting the wavelength range of 700 to 850 nm for
data analysis in the current series allowed us to
eliminate or minimize optical signal contamination
from blood since hemoglobin absorption is minimal
in this spectral range. Of note autofluorescence
spectroscopy was abandoned in the current study
since it requires a bulky probe and is more costly
and less practical to perform in real time.

In the only other spectroscopy study that we
are aware of in which PSMs were assessed on
radical prostatectomy specimens Baykara et al
investigated elastic light single spectroscopy in the

range of 450 to 750 nm wavelengths in 18 ex vivo
prostate specimens.?® They reported 86% specificity
and 97% sensitivity to differentiate benign from
malignant tissue with a positive predictive value of
0.92, a negative predictive value of 0.94 and an AUC
of 0.87. These findings are similar to ours and
corroborate the potential of spectroscopy to differ-
entiate malignant from benign prostate tissue.

There are several limitations to our technique
that must be addressed before this technique can
be translated into clinical intraoperative use.
Although the LRS probe is highly sensitive and
specific, it is only able to focus on a small area.
Current developments are under way to design a
larger multifiber probe for clinical use. Data pro-
cessing during the actual LRS measurement is not
automated, which would add to surgical time if
clinically implemented in its current form. Howev-
er, automation and software improvements are
feasible such that immediate assessment of the
surgical specimen would be possible. The current
optical probe has a penetration depth of only 2 mm.
Therefore, it is possible that LRS may predict a
PSM but a true negative surgical margin would
be noted if PCa was less than 2 mm from the
capsule. This is a possible explanation for why the
sensitivity and specificity measures fall short of
100%. Designing a probe that penetrates only a few
cell layers would likely improve LRS performance.
All measurements were made ex vivo in a non-
perfused organ. Further hardware improvements
are needed to perform in vivo measurements. To
what degree active perfusion in the prostate and
the vicinity of the neurovascular bundle might in-
fluence the ability to measure LRS and differentiate
malignant from benign tissue remains to be tested
if LRS is used as in vivo guidance to find PSMs.

Finally, this study was performed in a small pilot
population with intermediate to high grade PCa.
Additional experience and validation studies are
needed.

CONCLUSIONS

PSMs of fresh ex vivo intermediate to high grade
PCa specimens can be identified by LRS. Further
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testing and studies of the optimal probe design
must be completed to determine whether spec-
troscopic analysis can be used rapidly in real

rates.

time during radical prostatectomy to improve
surgical decision making and decrease PSM
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EDITORIAL COMMENT

PSMs, which are found in up to 38% of patients
who undergo radical prostatectomy, are associated
with an increased risk of recurrence requiring
secondary treatment (reference 3 in article). While
the etiology of PSMs is multifactorial, emerging

optical

imaging technologies hold promise to
improve intraoperative tissue interrogation beyond
direct visual inspection or standard white light.! In
this pilot study of 17 radical prostatectomy speci-
mens the authors applied LRS to differentiate
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between malignant and benign prostatic tissues
with 85% sensitivity and 86% specificity. This
promising study adds to similar findings reported
recently by Baykara et al (reference 28 in article).
As acknowledged by the authors additional hard-
ware and software advances are needed before the
technology can be translated to the dynamic
setting of the operating room. This report adds to

the growing number of technology platforms on
the horizon that aim to improve the oncologic and
functional outcomes of cancer surgery.

Dimitar V. Zlatev and Joseph C. Liao
Department of Urology

Stanford University School of Medicine
Stanford, California
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Objective
To assess the efficacy of light-reflectance spectroscopy (LRS)

to detect positive surgical margins (PSMs) on ex vivo radical
prostatectomy (RP) specimens.

Materials and Methods

A prospective evaluation of ex vivo RP specimens using
LRS was performed at a single institution from June
2013 to September 2014. LRS measurements were
performed on selected sites on the prostate capsule,
marked with ink, and correlated with pathological
analysis. Significant features on LRS curves differentiating
malignant tissue from benign tissue were determined
using a forward sequential selection algorithm. A logistic
regression model was built and randomised cross-
validation was performed. The sensitivity, specificity,
accuracy, negative predictive value (NPV), positive
predictive value (PPV), and area under the receiver

operating characteristic curve (AUC) for LRS predicting
PSM were calculated.

Results

In all, 50 RP specimens were evaluated using LRS. The LRS
sensitivity for Gleason score >7 PSMs was 91.3%, specificity
92.8%, accuracy 92.5%, PPV 73.2%, NPV 99.4%, and the
AUC was 0.960. The LRS sensitivity for Gleason score >6
PSMs was 65.5%, specificity 88.1%, accuracy 83.3%, PPV
66.2%, NPV 90.7%, and the AUC was 0.858.

Conclusions

LRS can reliably detect PSMs for Gleason score >7 prostate
cancer in ex vivo RP specimens.

Keywords

spectroscopy, positive surgical margins, prostate cancer,
prostatectomy

Introduction

Oncological surgery is extirpative by nature. The primary goal
is to perform wide resections to remove all cancerous tissue
to provide the patient with the best chance for cure. In
radical prostatectomy (RP), this goal is balanced by the
interest in preserving quality of life in patients [1,2]. The
anatomical nerve-sparing RP was introduced in 1982 and has
been shown to have favourable results for erectile function
and urinary control recovery after RP [3-5].

At RP, manoeuvres to spare the cavernosal nerves require the
surgeon to dissect and develop a surgical plane along the
capsule of the prostate to separate the neurovascular bundles
from the surgical specimen [6]. This places the patient at risk
of having a positive surgical margin (PSM) if the cancer is
not organ-confined or if the capsule is violated.
Unfortunately, a PSM leads to increased risk of disease

© 2016 The Authors
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recurrence, increased risk of needing adjuvant radiation
therapy, and earlier initiation of androgen-deprivation
therapy [7,8]. Presently, intraoperative RP surgical margin
status can only be assessed with frozen tissue section [9,10].
Systematic neurovascular structure-adjacent frozen-section
examination (NeuroSAFE) was evaluated in a large cohort of
patients and found a higher rate of nerve sparing with this
technique along with fewer PSMs [11]. Other attempts to
establish margin status have involved photodynamic diagnosis
using fluorescence markers to illuminate cancerous tissue
[12].

We have previously published our pilot experience in using
light-reflectance spectroscopy (LRS) to detect surgical margins
in patients with high-risk prostate cancer after RP [13]. Due
to different tissue properties related to nuclear sizes and cell
density, we have found that malignant tissues have different
light reflective patterns than benign tissue. Our previous

BJU Int 2016; 118: 885-889
wileyonlinelibrary.com
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study focused on patients with high-risk disease (clinical T3a
disease and Gleason score >7), and was limited to 17
prostates. In the present study, we expanded the inclusion
criteria to all prostate specimens after RP to evaluate the
efficacy of LRS in detecting PSMs.

Materials and Methods

A National Institutes of Health (protocol # R01-CA1386620)
funded prospective evaluation of ex vivo RP specimens using
LRS was performed at a single institution from June 2013 to
September 2014. The study was conducted in compliance to
and approved by the Institutional Review Board. Prostate
specimens were procured from patients undergoing robot-
assisted laparoscopic RP for biopsy confirmed prostate cancer.
LRS measurements were performed immediately after RP
specimens were removed.

An optical probe 1 mm in diameter with a detection depth of
2 mm is placed on various points on the capsule of the
prostate (Fig. 1). The probe contains two 100-um fibres, one
of which is connected to a tungsten-halogen light source
(HL2000HP; Ocean Optics, Inc., Dunedin, FL, USA) and the
other connected to a spectrometer (USB 2000+; Ocean
Optics, Dunedin, FL USA). Sites on the prostate capsule were
selected based on palpation to select suspicious nodular areas
and also soft smooth areas for controls. Urethral and bladder
neck margins were excluded from analysis, as we wanted to
evaluate the technology on a smooth surface. LRS curves
from the wavelengths of 530-830 nm were collected and
analysed from each selected site on the capsule, which was
subsequently marked with ink and sectioned for pathological
analysis. Slice of the inked locations (3-mm” with a 1-2 mm
depth) were histologically processed and analysed by a
genitourinary pathologist to determine the existence of a PSM
or negative margin.

Our method for analysing LRS curves is described in a
previous study [13]. In brief, significant features on the LRS
curves differentiating malignant tissue from benign tissue
were determined to be the slope (2') and the intercept (b’)
from the wavelength range of 700-830 nm using a forward
sequential selection algorithm. Additional features were
selected and tested in this study, including the slope
between 580 nm and 600 nm (¢’), the absolute change in
intensity between peak and trough at wavelengths of 530—
630 nm (d’), and the intensity at 750 nm (¢') (Fig. 2).
Cross-validation was performed by bootstrapping to assess
how well LRS predicted PSM. To form a training set, we
randomly selected 80% of the data and a logistic regression
model was built. The remaining data points formed the
testing set and prediction of PSM was made based on the
model. Randomised cross-validation was repeated 10 times
and the average sensitivity, specificity, accuracy, positive
predictive value (PPV), negative predictive value (NPV), and

© 2016 The Authors
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Fig. 1 (A) LRS system: (a) Optical probe, (b) Single-channel charge-
coupled device array spectrometer (USB 2000+, Ocean Optics, Dunedin,
FL USA), and (c) Tungsten-halogen light source (HL2000HP, Ocean Optics,
Inc., Dunedin, FL, USA). (B) Placing the optical probe on the surface of
the prostate for LRS measurement.

Fig. 2 Graph of representative LRS curve used for feature selection. o’
(slope) and b’ (intercept) of the line from wavelength range of 700-830
nm were significant features distinguishing benign and malignant tissue.
Additional features include the slope between 580 nm and 600 nm (c’),
the A between peak and trough at wavelengths 530-630 nm (d"), and
the intensity at 750 nm (e’).
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area under the receiver operating characteristic curve (AUC)
were calculated.

Results

In all, 50 RP specimens were evaluated using LRS. The
patient demographic and tumour characteristics are presented
in Table 1. In all, there were 197 sites selected for LRS
readings. Pathologically, 32 sites had PSMs with a Gleason
score of >7, 12 sites had PSMs with a Gleason score of 6, and
153 sites had normal tissue (negative margin).

The LRS curves for Gleason score >7, Gleason score 6, and
normal tissue pathologically confirmed at the selected margin
were averaged over the given sample size and plotted in

Fig. 3. Using the significant features (a’ and b’) developed
from our earlier experience, we found a significant difference
in @’ and b’ values between the Gleason score >7 group
compared with the Gleason score 6 and normal tissue groups
(P < 0.001). However, there was no significant difference in
the a’ and b’ values between the Gleason score 6 and the
normal tissue groups (Table 2).

Table 1 The patients” and tumour characteristics.

Variable Value

Number of patients 50
Mean (range)
Age, years 61.3 (38-77)
PSA level, ng/mL 7.21 (2.1-25)
%
Gleason score >7 88.2
Pathological stage T3 45.1
PSM rate 58.8

Fig. 3 The mean LRS curves of benign, Gleason score 6 (GL 6), and
Gleason score >7 (GL 7,8,9) tissue.
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Detecting PSMs using light-reflectance spectroscopy

Additional features (c’, d’, ¢’) were added and randomised
cross-validation was performed to assess how well LRS
predicted a PSM. First, the ability to identify all PSMs
(Gleason score 6 with Gleason score >7) was assessed. Based
on the logistic regression model built on the randomised
training set using the five significant features, LRS sensitivity
for Gleason score >6 PSM was 65.5%, specificity 88.1%,
accuracy 83.3%, PPV 66.2%, NPV 90.7%, and the AUC was
0.858. A separate randomised training set was built by
grouping Gleason score 6 LRS data with normal tissue. Based
on this model, LRS sensitivity for Gleason score >7 PSM was
91.3%, specificity 92.8%, accuracy 92.5%, PPV 73.2%, NPV
99.4%, and the AUC was 0.960 (Table 3).

Discussion

The ‘pentafecta’ in RP outcomes include continence, potency,
biochemical recurrence-free survival, postoperative
complications, and negative surgical margins [14]. Despite
using new technological advances such as robot-assisted
surgery and refinement in surgical technique, the rate of PSM
in RP is 13.6-19.5% [15-17]. Unfortunately, PSM is
associated with an increased risk of biochemical recurrence,
local disease recurrence, and the need for secondary cancer
treatment [8,18,19].

LRS is an emerging technology with promising applications
in the biomedical field. Its utility is based on the principle
that different tissue types have varying optical properties that
can be differentiated by spectroscopic analysis. LRS can
provide information on tissue structure and function by
measuring chromophore concentrations, such as
deoxygenated and oxygenated haemoglobin, along with light
scattering, which varies by cell size and density [20]. Previous
reports have shown that LRS can detect the increase in
nuclear size of malignant tissues [21-25]. Additionally, LRS
has been studied to diagnose various pathological states such
as Barrett’s oesophagitis and various malignancies, including
breast, skin, kidney, and prostate [26-30].

In the present study, we have shown the utility of using LRS
technology in identifying PSM in ex vivo RP specimens. We
found a 91.3% sensitivity of identifying Gleason score >7
prostate cancer at the margin. We previously reported our
initial results of 17 high-grade prostates and found a
sensitivity of 86% [13]. With refinement of our technique and
using additional LRS features, we were able to increase our
sensitivity in detecting Gleason score >7 to 91.3%. However,
if detection of Gleason score 6 disease is included in the
statistical analysis for PSM identification, then there is a
decrease in sensitivity to 80.4%.

Given that increasing Gleason score is associated with
increase in cellular density and nuclear sizes [31], it is not
surprising that LRS was not accurate in distinguishing low-

© 2016 The Authors
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Table 2 Significant features of LRS curves for Gleason score >7, Gleason score 6, and benign tissue.

Mean (sp) Benign Gleason score 6 Gleason score >7 P P

Gleason score 6 vs benign Gleason score >7 vs benign
a/ 0.009 (0.003) 0.009 (0.002) 0.013 (0.004) 0.732 <0.001
v 15.6 (3.1) 15.1 (2.1) 21.0 (4.2) 0.500 <0.001

Table 3 Prediction of PSM by LRS.

Mean (sp) Gleason score >7 Gleason score >6
Sensitivity 0.91 (0.04) 0.66 (0.05)
Specificity 0.94 (0.01) 0.88 (0.03)
Accuracy 0.925 (0.004) 0.83 (0.01)
AUC 0.96 (0.02) 0.858 (0.004)
PPV 0.73 (0.04) 0.66 (0.04)
NPV 0.98 (0.01) 0.91 (0.01)

grade Gleason score 6 tissue from benign tissue. Multi-
parametric MRI also has a lower sensitivity in identifying
low-grade disease compared with high-grade disease due to
different tumour characteristics [32—34]. However, we think
our present results demonstrate the clinical value of LRS, in
that it can confidently identify a negative surgical margin
from clinically significant Gleason score >7 cancer. The
inability to distinguish Gleason score 6 at a margin is not as
clinically important given the indolent nature of Gleason
score 6 prostate cancer [35,36]. Of note, it must be
acknowledged that currently our LRS system may
overestimate the number of PSMs accounting for the lower
PPV. This is explained by the following: the novel optical
probe has a detection depth of 2 mm. As such, cases where
there is Gleason score >7 cancer within 2 mm of the
resection margin may be read by the optical probe to have
malignant features on the LRS curves. However, when
examined under the microscope, as the malignant cells are
not at the true resection margin, this will be reported as a
negative pathological margin and therefore a false-positive
LRS margin. Further refinement in the optical probe to
measure an even shallower depth of light reflectance will
improve sensitivity.

Although the present results are encouraging, there are
several limitations to the technology at this time. Firstly, the
readings are taken after the prostate has been removed
instead of in real-time. As such, it will be necessary to mark
the location of the PSM and then correlate it to the surgical
bed to direct further resection if necessary. This could be an
imprecise venture, although much quicker than frozen section
analysis. In vivo examination of the specimen, on the other
hand, could be complicated by the presence of blood,
particularly in the wavelength region of 500-600 nm due to
strong light absorption by haemoglobin concentration. Other
potential confounders include immune infiltration and
prostatic inflammation, which could alter light absorption and

© 2016 The Authors
888 BJU International © 2016 BJU International

scattering. Further studies need to be conducted in the near
future using in vivo models to validate this technology.

Other limitations to this technology include the 1-mm
diameter size of the detection probe, such that it will be time
consuming to measure the entire surface of the prostate to
identify areas of PSM. In addition, the lower PPV at this time
can lead to unnecessary resection of additional tissue, which
may compromise the quality of life of the patient after RP.
The future of PSM detection may use LRS, although the
practicality of this technology will rely on incorporating the
optical probe into the camera used in minimally invasive RP,
so that readings can be performed in real-time.

In conclusion, LRS can reliably detect PSMs for Gleason score
>7 prostate cancer in ex vivo RP specimens. Further advances
in LRS technology to identify PSM may involve cameras with
real-time spectroscopy capabilities.
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C.1

Measurement of optical properties of ex vivo prostate tissues and design of

trans-rectal ultrasound coupled optical probe
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C.1.1 Introduction

Prostate cancer (PCa) is one of the leading causes among cancer deaths for men in the
United States. Despite many advances in the diagnostic techniques, fundamental questions
about how to differentiate the aggressive PCa from localized PCa still exists. Statistics indicate
that the lifetime risk of PCa for men in the United States is as high as 15.33%, but only 2.71% of
men will die for it[137]. An autopsy study with 249 cases found that 64% of men in their seventh
decade of life had undiagnosed invasive PCa and died of other causes[138]. Current treatment
options for localized PCa such as radical prostatectomy and external radiation therapy (XRD)
are effective in curing patients, but they carry significant risks. A 5-year outcome study indicates
that, 79.3% patients suffered from erectile dysfunction due to radical prostatectomy and 63.5%
due to XRD[139]. Incontinency rates about 15% in radical prostatectomy and 4% in external
beam radiotherapy patients. Bowel urgency and painful hemorrhoids were more common in the
external beam radiotherapy group than in the radical prostatectomy group. On the other hand,
radiation therapy is associated with acute proctitis and cystitis at the rates of 20% and 30%
respectively. There are dilemmas associated with the diagnosis and prognosis of PCa which
has lead to the over diagnosis and over treatment of the disease.

Prediction tools for PCa have been developed to assist in the accurate diagnosis and
treatment of the disease, and address a wide variety outcomes; e.g. the Partin tables[140, 141],
Partin nomogram[142], Kattan and Stephenson nomograms[143] and, CAPRA score[144]. The
Partin table uses clinical stage based on digital rectal exam (DRE), Gleason score (GS) of the

prostate needle biopsy and serum prostate specific antigen (PSA) to predict stage[145, 146].
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These specimens subject to sampling error since they are based on blind random biopsies of
the prostate. Imaging modalities are also used to determine PCa stage and aggressiveness.
However, these also have several limitations regarding sensitivity and cost of the procedure.
Positron Emission Tomography (PET) has low sensitivity and is unable to detect differences
between benign and malignant tissue. Novel methods, such as multi-parametric MRI, have
demonstrated the potential for improved detection of high grade cancer and risk stratification in
newly detected PCa, but confirmatory biopsies are still required. Other imaging modalities such
as ultrasound and computed tomography also lack sensitivity and specificity. Further, these
modalities often require the use of intravenous contrast to improve detection rates.

Because of the currently employed imperfect tools for PCa detection, many men
undergo unnecessary treatment for a disease that would not have caused their deaths. Studies
estimate that, in order to prevent one PCa-specific death, 100 men with low-risk PCa need to be
treated[147, 148]. Another study indicates that, 42% of men diagnosed with PCa by prostate
specific antigen (PSA) testing will be over-diagnosed[149]. Over-diagnosis results in increased
health care costs and unnecessary morbidity from treatment-related complications. Patients with
life expectancy of less than 10 years may die of other causes before experiencing any benefit
from screening but are still exposed to potential harms from the screening test itself, a resulting
diagnostic work up, or unnecessary treatments. An improved method to detect PCa and risk-
stratify those with PCa prior to definitive therapy may reduce the over-treatment rate, while
maintaining or improving mortality.

Near-infrared spectroscopy (NIRS) refers to the use of near-infrared light to non-
invasively detect functional information of tissue[150, 151].Because NIR light is harmless
electromagnetic radiation that can penetrate deep in soft tissue. Diffuse Optical Tomography
(DOT) is the tomographic application of NIRS in imaging tissue vasculature. Since cancer has
more vasculature than the surrounding tissue, hemoglobin-based absorption in tumors provides
optical contrast in DOT. When imaged at multiple wavelengths, DOT is capable of measuring
chromophores concentrations, such as oxy-hemoglobin, deoxy-hemoglobin, water and ICG etc.
Usage of DOT for breast cancer detection and diagnosis has been extensively studied for nearly
20 years[152, 153]. DOT instrumentation can be divided into three categories based on the
principle of operation. (1) Time resolved systems,[154-156] (2) Frequency domain systems[157]
and (3) Continuous wave (CW) systems[158]. Measurements are made in transmission,
reflection, or both. Time resolved system relies on photon counting or gated imaging which
provides time of flight of photons through the tissue. However, these systems are very

expensive in comparison with CW and frequency domain systems. The frequency domain
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system modulates the laser diode typically in radio frequency range (~100MHz) and measures
the amplitude and phase shift of the detected signal. This is similar to the mean time of flight
measurements in the time resolved systems except the cost is comparatively less. Nevertheless
it is still higher than CW systems. CW systems are the simplest, least expensive, and fastest in
collecting the data. They are also used in video rate imaging. However, CW systems are limited
by the measurement of the constant intensity of reflected/transmitted light. Therefore the
absorption and the scattering of the tissue cannot be separated from CW measurements [159].

To best of my knowledge, research studies of PCa by DOT is very limited. Thus far, in
vivo optical properties of prostate have been reported by references #24 to #28[160-164], and
ex vivo specimen were investigated by literatures[91, 165]. Specifically L. K. Leeet al. [166]
investigated PCa with interstitial trans-pernial method to collect pert using CW diffuse optical
technique. Reference literatures [161-164] performed the same method (interstitial trans-pernial
method using CW light) on recurrent PCa (RPCa) and utilized differential evolution algorithm
developed to recover both absorption and scattering of RPCa. Svensoon et al. utilized time
domain technique to record absorption and scattering of PCa using interstitial trans-pernial
method[160]. In ex vivo prostate measurements, Pantelides, M. L et al. [165] examined normal
prostates using CW light. Prostates were collected from cadaver donors who died from non-
urological cause. Sharma et al.[91]examined PCa and benign tissues using auto-fluorescence
lifetime spectroscopy (AFLS) and light reflectance spectroscopy (LRS). AFLS used excitation at
447 nm with four emission wavelengths (532, 562, 632, and 684 nm), where their lifetimes and
weights were analyzed using a double exponent model. LRS was measured between 500 and
840 nm and analyzed by a quantitative model to determine hemoglobin concentrations and light
scattering. On top of Sharma's findings, targeting on the cost-effective LRS system, M. S.
Morgan et al.[94]and Aaron H. Lay et al.[78]investigated with larger sample size of ex vivo
prostate specimens by spectroscopic feature analysis. They demonstrated that, scattering is
one of the major signatures in determining cancer tissue for point measurements (measured by
170 um source-detector separation needle like probe). However, among all related studies, the
optical signatures for PCa are scattered. For better sensitivity and accuracy, it is nowadays
preferred to be measured through invasive approaches.

The goal of this study is to show that DOT has the ability to image PCa and to
differentiate aggressive cancer from slow growing cancer in order to help clinicians make
necessary treatment decisions. DOT has a weakness of not being able to provide anatomical
images or locations for the measured organs or specimens. Since prostate cancer

measurements are endoscopic, the weakness of DOT makes the measurements blind
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folded. This implies that | cannot identify the exact anatomical locations of the measurement
sites and reconstructed images. In order to overcome this problem, an optical attachment that
can be clipped on an existing transrectal ultrasound (TRUS) probe needs to be developed. In
this study, | (1) measured optical signatures of both benign versus prostate cancer tissues from
ex vivo human prostate specimens right after prostatectomy in order to determine the feasibility
of DOT as a possible imaging tool, (2) designed and tested a clip-on TRUS-coupled DOT

assembly that can be easily attached on and used with the existing clinical TRUS utility.

C.1.2 Materials and Methods
C.1.2.1 Instruments

To investigate the feasibility of using DOT to diagnose and locate prostate cancer, a
frequency domain optical system was employed to measure the differences between benign
and cancerous tissues. Specifically, ISS oximeter (OxiplexTS, ISS Medical, Champaign, IL) with
four channels (four sources and one detector) has been utilized. The frequency domain system
contains 2 Photo Multiplier Tubes (PMT) with 16 emission laser diodes at 4 different near-
infrared (NIR) wavelengths (i.e. 690 nm, 750 nm, 785 nm and 811 nm). There are 4 emission
laser diodes for each wavelength. All laser outputs were modulated as 110M Hz with
consistently calibrated intensity and coherently calibrated phases. When light propagates in
tissue, intensity and phase information will be altered (usually decreased and delayed) due to
absorption and scattering features[44]. Therefore, by detecting the intensity and phase changes
at 4 different source-detector separations through PMTSs, absolute values of bulk absorption and
scattering coefficients can be calculated[44]. The detection depth of the optical measurement
bulk is determined by the penetration depth of light in tissue, which is related to photon
wavelength and source-detector separations[167]. Because the common diameter of a prostate
is 3to 4 cm. In this study, the maximum detection depth was controlled as 0.8 to 1.2 cm, which
was proper for two non-overlap bulk measurements at suspicious-malignant and visually normal
regions on two opposite lateral sides of prostates. Although ISS oximeter was designed to
measure and determine the absolute values of scattering and hemoglobin oxygenation in
tissues with multi-wavelength detection, a single wavelength (i.e. 811nm) has been utilized in
this study. Reduced scattering coefficient and absorption coefficient at 811 nm were recorded

on prostate specimens.
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Figure C - 1(a). Source detector geometry used for the custom probe of frequency domain system; (b) the

actual probe used for prostate measurements;

A custom probe holder was designed in Solidworks®. And the 3D printing was
performed by a 3D printer (Makerbot®). Figure C -1(a) shows the source-detector geometry of
the customized FD-NIRS probe holder made for the measurements. The nearest distance
between the source and detector pair detector is 0.5 cm and the farthest is 1.4 cm. In Figure C -
1(a), the large blue dot represents the detection fiber bundle, while the other 4 red dots
correspond to the laser emission fibers. The custom FD-NIRS probe holder was designed as a
user-friendly hand-held shape. And the diameter of the measuring surface was designed as 2
cm to ensure proper contact on prostates (Figure C -1 (b)).

(b)

.
.
g
i

® NIR sources
© NIR detectors

Figure C - 2 (a). The design of clip-on NIR probe to fit for BK® 8818 ultrasound transducer can fit into the

probe assembly; (b) Source detector geometry of the clip-on NIR probe.

While DOT probe holders have been well developed for functional brain imaging and for
breast cancer detection, studies and probe development on prostate cancer detection/imaging

150



by DOT are very limited due to technical challenges involved. One of the challenges in prostate
cancer imaging is the rectal probe design. Since the prostate is an internal organ, only limited
space is available to place optical source and detector fibers. The probe holder has to be
designed with large enough source-detector separations for light to pass through the human
rectum and reach a ~2 cm depth within the human prostate, but without significantly increasing
the diameter of a trans-rectal probe. In my design, the axial dimension of the probe assembly
was restricted within 2.5-3 cm in diameter, which should be tolerable for most of human
subjects. The inner dimensions of the probe were adjusted such that BK® 8818 ultrasound
transducer can fit into the probe assembly (See Fig. C -2 (a)). | deployed 18 optodes (2X9) in a
very limited space by utilizing custom-made optical fibers (1.2 mm in diameter) with a thin
jacket. The NIR sources and detectors were arranged as it is shown in Fig. C - 2 (b).
Commercially available DYNOT system has been used to validate the newly developed probe.
In DYNOT, two wavelengths between 700 nm and 850 nm are provided by two laser diodes and
the light is sequentially coupled into different fiber bundles. These optical fibers deliver the light
to various positions on the surface of the tissue and are used to collect transmitted light

intensities.

C.1.2.2 Experiments

A total of 16 patients with age of 60.7 £ 6.0 (years) were recruited for this study (12
patients were measured with both scattering and absorption, 4 patients were measured with
only scattering). Each patient underwent robotic-assisted radical prostatectomy and the prostate
glands were extracted after being disconnected from their blood supply for at least 30 minutes.
Patients were selected with (a) an intermediate-to-high grade of disease (GS = 7) and (b) a
moderate-to-high volume of prostate cancer (at least two contiguous biopsy cores, each of
which had 20% or more cancer involvement and/or bulky disease by endorectal MRI), so as to
optimize spectral yield in this initial study. Measurements were performed on both prostate
capsule and intra-prostate tissue (i.e. parenchyma). As it is shown in Figure C - 3, the upper
diagram shows the capsule measurement and the bottom one shows the intra prostate
measurements after the prostate was bivalve. The dashed line denotes the location where
bivalve was administered. Four regions of interest (ROI) were selected and measured on
capsule and intra-prostate tissue. The first ROl on capsule was the cancer-suspicious region,
and the second ROI was far away from the suspicious region on the capsule (usually on the

opposite side of prostate). The frequency domain NIRS (FD-NIRS) data were collected on the
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capsule (see Fig. C - 3) before the prostate was bivalve. Then another set of measurements
were performed directly on intra prostate tissue after the prostate was bivalve. The ROIs on
intra-prostate parenchyma were selected at the regions that were cancer-suspicious (ROI3,
solid circle in Fig. C - 3) and visually normal (ROI4, dashed circle in Fig. C - 3) respectively. At
each ROI, five measurements were taken. Specifically, the five optical readings were recorded
by rotating the probe with ~30 degrees steps and averaged to a single data point. After the
measurements, the measured tissue samples were removed from the gland (inked with
appropriate colors) and sent to the histology lab for histology confirmation. Then, pathological

analysis was performed to confirm the cancer and benign regions.

Figure C - 3Selection of ROIs on capsule (up) and intra-prostate tissue (bottom). Dashed line marks the
plane, alone which prostates were bivalve. ROI1 denotes the capsule cancer suspicious region. ROI2
denotes the capsule visually normal region. ROI3 denotes the intra-prostate cancer suspicious region.

ROI4 denotes the intra-prostate visually normal region.

Initially, only the scattering coefficients of prostate tissues were measured and recorded.
After a few cases, encouraged by the differences in scattering between benign and cancerous
tissues, absorption coefficient at 811 nm was also included in the experiment. Finally, out of 16
patients, 12 patients were measured with both scattering and absorption coefficients, 4 patients

were measured with only scattering coefficients.
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Figure C - 4Experimental setup of testing TRUS-NIR probe with cubical inclusion in tissue-mimicking
phantoms. (a) top view of experimental set up, (b) diagram of side-view absorption contrast imaging and

(c) diagram of side-view scattering contrast imaging.

The probe and a newly developed algorithm, hierarchical clustering method(HCM)[168],
have been tested with liquid laboratory phantoms. As it is shown in Figure C - 4 (a), a
homogeneous liquid tissue-mimicking phantom was prepared by filling a container with Intra-
lipid solution. A cubical inclusion with dimensions of 1x1x1 cm® was placed at 1.5-cm depth
from the surface of intra-lipid. The clip-on probe assembly was placed on the surface of the
intra-lipid and was connected to a linear translational stage (See Fig C - 4(b) and (c)). The initial
location of the probe was adjusted such that the tip of the probe assembly was able to sense
the inclusion (i.e., the probe tip was placed on top of the inclusion). Next, the assembly was
translated to make the center of probe right above the inclusion and then to make the probe
base sit above the inclusion. Finally, the probe was placed on the calibrating phantom to collect
the reference data. In absorption contrast experiment, the background absorption was set to
0.005 mm* and scattering was set to 0.69 mm. The absorption of inclusion was 0.01 mm and
scattering was 0.69 mm-. In scattering contrast experiment, the background absorption was set
to 0.0047 mm™ and scattering was set to 0.51 mm. The absorption of inclusion was 0.0046
mm?t and scattering was 1.05 mm. Absorption-contrast (i.e. C - 4(b)) and scattering-contrast

(i.e. Fig C - 4(c)) cubical inclusions were involved in two separate experiments.
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C.1.2.3 Modeling

The light transport in the biological tissue can be modeled by diffusion approximation
(DE) to the radiative transport equation (RTE) assuming that the scattering is much greater than

the absorption. In the frequency domain the diffusion equation is given by[169]

—VD(NVO(r, o) + (1, (r) +10/c)D(r, @) = Qy (r, ») c1

Where ®(r, w) is the photon density at the position r, and w is the modulation frequency
of light. QO(r, w) represents the isotropic source, c is the speed of light in the medium and pa is
the absorption coefficient and D(r) is the optical diffusion coefficient, which is defined as

D(r) =1/3{ug + p15 (1)] oo

Where s'(r) denotes the reduced scattering coefficient which is defined as ps'=ps*(1-g).
Here s is the scattering coefficient and g is the anisotropic factor. Equation (C -1) is solved by
applying robin-type (known as type Ill or mixed) boundary condition to model the refractive
index mismatch at the boundary. In my study | used both continuous wave (CW) domain (w =0)
andfrequency domain (w =110). Specifically frequency domain instrument was used to measure
bulk optical properties of prostate and CW instrument was used to validate my clip-on optical
probe. For frequency domain, the following equations were used to calculate the bulk optical

properties,
—kr
G(ro)=—°
47D r C-3
with
v, —iw
k:( 1, j
vD c-4

In the above equations v is the speed of light in the tissue. The three measurements
recorded by the oximeter are the amplitude of the light intensity (IAC), the average light intensity
(IDC) and the phase (¢). Knowing these values at different source-detector separations allows
for the slopes of IAC, IDC and ¢ to be calculated (SAC, SDC, and Sy). SAC corresponds to the
slope of In(r*IAC) plotted against r, and Sy denotes the slope of phase (¢) against r, where r is
the source/detector separation. Absorption (ua) and reduced scattering (us'), coefficients can be
calculated from the slope of Sy and either SAC or SDC. Since SDC is affected by room lighting,
SAC and S, are used.

DOT reconstruction is to recover the optical properties from NIR measurements taken on

the boundaries. The objective function for this procedure can be written as
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where y is the measured data, F is the forward operator that generates model response,

C-5

[|.]|? is the L2 norm, A is the regularization parameter and 4o is the initial estimate of light
absorption coefficient. By minimizing equation (C -1), which is achieved by setting the first
derivative of eq. (C -1) with respective to Ua to be zero following a Taylor series and ignoring the
higher order terms, | arrive at the update equation

(373 +U)(S) =37 (y - F (1) + AL(D, 11,) - (D, pt0)] C-6

where J is the Jacobin matrix and | is the identity matrix. Using the Levenberg-Marquardt

method and assuming (Opa= Ha- Mao) leads to
(T3 +221)(S) = 37 (Y = F (15)) o7
Note that changes only in pa are considered here, because my DOT measurement

utilizes (CW) NIR light with an assumption that variation in light scattering across the medium is
minimal. The Jacobian matrix in Eq. (C -3) was then modified to J* and is given by[2]

J*=JC e

where C matrix had the size NN x NC (number of nodes x number of clusters). The

1 ifieGS.
C. o= J
@) 0 else

At the end of each iteration, the solution vector was mapped back to each node using
Eqg. (C-6),

elements of S matrix are given as follows:

C-9

*
Su.. =C(5,
1y =C(ouy) 10

C.1.2.4 Statistical analysis

In the ex vivo prostate optical property experiments, one out of 16 samples was
excluded because the sample has necrotic tissue. After data collection, | sorted the data into
four different categories according to the pathological analysis. The four categories included,
capsule normal, capsule cancer, parenchyma normal and parenchyma cancer. For example, if
the measurement from capsule cancer-suspicious locations turns out to be normal then | treated
that sample as normal. Table.C-1 shows the final number of samples after sorting into four
tissue types. Both scattering and absorption data were analyzed with one-way ANOVA and

post-analysis with Tukey’s multiple comparison test. Tukey's test is essentially a t-test with
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corrected error rates. Since multiple groups of tissue were compared, the probability of having
type-I error compounded. Therefore, applying Tukey's t-test was to maintain and ensure a
statistically meaningful significance level. To further check the validity of the estimators, residual

analysis was performed in order to check ANOVA assumptions.
TableC-1 Table showing number of measurements made per tissue type

Tissue Type Scattering | Absorption
Cancer on capsule 11 9
Normal on Capsule 18 14

parenchyma 14 12

parenchyma 16 12

C.1.3 Results
N=15 ANOVA p<0.0001
10 -

I % % % |
:.-' 8 [~ | 11 1 | 1
€
L6 |
bR
£
> AT 7.73
(]
2

0

m Capsule Cancer Parenchyma Cancer

B Capsule Normal ® Parenchyma Normal
Error bars indicate standard deviation of mean
* Tukey’s pairwise comparison @ confidence level of 95%

Figure C - 5 Bar plot showing the optical scattering of four prostate tissues. Error bars represents
standard deviation of the mean. * represents significant differences with Tukey’s pair-wire comparisons.

n=15.

Figure C - 5 shows the calculated scattering coefficients from the ex vivo human
prostate measurements performed on intra- and extra-capsule tissues in two regions of interests
(1) on a cancer-suspiciousregion and (2) a visually normal region. It is evident that the
pathology-confirmed cancer has higher scattering values on both tissue types than those of
benign tissue. Moreover, the measured optical properties of PCa taken from intra- and extra-

capsule tissues are very consistent. The mean reduced scattering for cancer on capsule is
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7.52+1.26 cm™ and on parenchyma is 7.73+1.51 cm™. The benign tissue scattering on capsule
has reduced about 5.37+1.27cm™ and parenchymal benign tissues has about 5.40 + 0.9 cm™.
The p-values from ANOVA (<0.001) indicate that there is a significant difference in optical
scattering between cancer and normal tissues. From the Tukey’s pair-wise comparisons (bars in
figureC-5) | can statistically conclude the following: (1) | am 95% confident that the optical
scattering coefficients of cancer on the capsule are different from those of benign tissues of
capsule and parenchyma of the human prostate. (2) | also are 95% confident that the optical
coefficients of PCa of the parenchyma are different from those of benign parenchyma.

0.18 N=12 ANOVA p<0.0001

%
_0.15 * * |
£0.12
§0.09
o
50.06
<0.03
0

B Capsule Cancer Parenchyma Cancer
B Capsule Normal = Parenchyma Normal

Error bars indicate standard deviation of mean
* Tukey’s pairwise comparison @ confidence level of 95%

Figure C - 6Bar plot showing the optical absorption of four prostate tissues. Error bars represents
standard deviation of the mean. * represents significant differences with Tukey’s pair-wire comparisons.
n=12.

Figure C - 6 shows the recorded absorption coefficients on the ex vivo human prostate
measurements performed on intra- and extra-capsule tissues in two regions of interests (1) a
cancer-suspiciousregion and (2) a visually normal region. It is evident that the pathology-
confirmed cancer has slightly higher absorption values on both tissue types than those of
benign tissue.Moreover, the measurements from intra- and extra-capsule tissues are similar.
The mean absorption coefficient for cancer on capsule is 0.125+0.02 cm™ and on parenchyma
is 0.13+0.027 cm™. The benign tissue on the capsule has reduced absorption about
0.109+0.026 cm™and parenchymal benign tissues has about 0.094 + 0.011cm™. The p-values
from ANOVA (<0.001) indicate that there is a significant difference in optical absorption between
cancer and normal tissues. From the Tukey’s pair-wise comparisons (bars in figureC - 6) | can

statistically conclude the following: (1) | am 95% confident that the optical absorption
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coefficients of cancer on the capsule are different from those of benign tissues of capsule and
parenchyma of the human prostate. (2) | also are 95% confident that the optical absorption
coefficients of PCa of the parenchyma are different from those of benign parenchyma. Further
assumption validation procedures are illustrated in Appendix.

Three panels in Fig. C - 7 provide reconstructed images of the embedded inclusion,
where the probe assembly was placed at three different locations with respect to the absorption
contrast inclusion. Figures C - 7a-c clearly show reconstructed image of the included absorber.

The depth location of the absorber was also recovered accurately.

=20 &=

0 3.0 38

Figure C - 7 Panels (a) (b) and(c) shows the reconstructed images which depicts the translation of the
inclusion (absorption contrast). Black dotted rectangles shows the target locations. White dotted lines

marks depth D (cm).
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Figure C - 8 Panels (a) (b) and(c) shows the reconstructed images which depicts the translation of the
inclusion (scattering contrast). Black dotted rectangles shows the target locations. White dotted lines
marks depth D (cm).

Clear reconstructed images were also observed in scattering contrast experiments.
Three panels in Fig. C - 8 provide reconstructed images of the embedded inclusion, where the
probe assembly was placed at three different locations with respect to the scattering contrast
inclusion. Figures C - 8a-c clearly show reconstructed image of the included scatterer. The
depth location of the scatterer was also recovered accurately. The experiment results prove that

the designed clip-on probe assembly is promising and useful to image prostate cancer in future.

C.1.4 Discussion

My long-term goal is to develop a combined NIR and TRUS probe, which can be used to
detect and risk-stratify PCa prior to definitive therapy. With combined NIR and TRUS, the
information from TRUS can be utilized as prior in DOT reconstruction. While the combined
TRUS-NIR method improves accuracy of reconstructed DOT images, it highly relies on the
ability of TRUS to locate the prostate cancer lesion. | solved the problem by creating
hierarchical clustering method, which improves the image reconstruction in the absence of prior
information about cancer in prostate cancer imaging using DOT. In this study, | further explored

prostate cancer imaging using DOT by (1) measuring optical signatures of both benign versus
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prostate cancer tissues from ex vivo human prostate specimens. (2) Designed and tested a clip-
on TRUS-coupled DOT assembly that can be easily attached on and used with the existing
clinical TRUS utility. Specifically, four types of prostate tissue were compared by their optical
scattering and absorption coefficients measured by frequency domain optical system.
Significant differences for scattering coefficient and absorption coefficient at 811 nm were
observed between cancer and normal tissue on both prostate capsule and intra-prostate
parenchyma regions. In addition, using the self-designed clip-on optical probe | successfully
reconstructed an optical absorption inclusion and an optical scattering inclusion embedded in an
optical tissue-mimicking phantom. In the next paragraph, morphological reasons behind
increase of scattering and absorption in cancer tissues will be discussed.

Origin of scattering and absorption signals has been well understood and described in
the literature of biomedical optics. Micrometer-sized organelles such as vesicles, mitochondria,
and nucle. | am responsible for the origin of scattering signal. The increased scattering
coefficient in cancerous tissues indicates larger cell sizes and higher densities (cancer cells are
poorly differentiated). In my study, frequency domain data collected from ex vivo prostate
specimen showed a consistent scattering and absorption differences between benign and
cancerous human prostate tissue. Before explaining the specific reason for increase in
scattering, the basic morphology of prostate tissues will be explained.

The normal prostate is composed of glands and fiboromuscular stroma(see Fig C - 9(a)
and (b)). The epithelial cells of the glands are organized as acini, which denotes a cluster of
cells resembled berry that is secreted into the luminal space. Within the prostatic epithelium,
there are at least three distinct cell types that can be distinguished by their morphological
characteristics, functional significance and relevance for carcinogenesis[170]. The predominant
cell type is the secretory luminal cell, which produces prostatic secretions. The second major
epithelial cell type corresponds to the basal cells, which are found between the luminal cells and
the underlying basement membrane, which form a continuous layer in the human prostate.
Finally, the third prostatic epithelial cell type is the neuroendocrine cell, a minor population of
uncertain embryological origin, which is believed to provide paracrine signals that support the
growth of luminal cells. Fibromuscular stroma is situated on the opposite side of the basal cells.
Stroma is composed of fibroblasts, smooth muscle cells, and an extracellular matrix rich in
collagen fibers that intervenes between the secretory acini. The fibromuscular stroma between

the glands accounts for about half of the volume of the prostate.

160



Figure C - 9Figure showing pathological slides obtained from biopsy samples. (a) Benign prostate glands
(b) Benign prostate glands with stroma (c) PIN (d)Adenocarcinoma (e) Benign prostatic hyperplasia (f)

Prostattitis.

Scattering changes in PCa tissues majorly comes from four conditions in the prostate:
(1) Prostatic intraepithelial neoplasia (PIN), (2)Adenocarcinoma, (3) Benign prostatic
hyperplasia and (d) Prostatitis. From histopathological studies of PCa tissues it is believed that
PIN represent the primary precursor of human PCa[171]. A microscopic image of PIN depicts a
collection of irregular luminal cells and they are confined to prostate acinus or duct (see Figure
C - 9(c)). The architecture of the glands and ducts remains normal. In PCa, the abnormal cells
spread beyond the boundaries of the acinus and form clusters without basal cells. Nuclei of PCa
cells are enlarged round and have a single prominent nucleolus. In both PIN and PCa
(adenocarcinoma) luminial cells will abnormally multiply and leads to increased scattering.

However, from the Fig. C - 9(e) and (f) BPH and Prostattit is also has increased number
of cells than normal tissues. Benign enlargement of the prostate (BPH) is a hyperplastic growth
of the epithelium and fiboromuscular tissue of the transition zone and periurethral area (around
urethra where ejaculatory ducts enter prostate)[172, 173]. Stromal changes are increased
smooth muscle, lymphocytes and ducts (not associated with infectious process of Prostattitis in

161



most cases), reduced elastic tissue. Prostatitis is swelling and inflammation of the prostate
gland. In Prostattitis the glands and stroma are filled with neutrophils explaining the presence of
neutrophils on urine microscopic examination. Scattering also changes with BPH and Prostattitis
and in principle it is difficult to separate scattering change is due to cancer, BPH, or Prostattitis.
However, in both FD-NIRS and TRUS-NIR scenario the probing depth are approximately 1 to 2
centimeters. BPH occurs in transition zone that is in deeper location for NIR measurements to

reach.

162



Table C -2Comparison of optical properties of prostate and various wavelengths in literature

Study Year | wavelength technology Measurement Cancer type Ha Hs Meff
Pantelides etal. | 1990 633 steady state Ex vivo normal whole prostates 3 | 0.7+0.2 8.6£0.5 | 4.3x0.5
Whitehurst etal. | 1994 633 steady state In vivo untreated BPH and PCa | 11 3.6£0.2

Lee et al. 1995 665 steady state In vivo untreated BPH and PCa | 11 3.9+0.5
Lee et al. 1995 630 steady state In vivo untreated BPH and PCa | 11 3.2+0.5
Lee et al. 1999 660 steady state In vivo untreated PCa 3.510.7
Svensson etal. | 2007 660 time-resolved In vivo untreated PCa 0.5#0.1 | 8.7x1.9 | 3.6x0.8
Weersink et al. 2005 762 steady state In vivo recurrent PCa 22 | 0.440.2 | 3.4+1.6 | 2.0+0.6
Zhu et al. 2005 732 steady state In vivo recurrent PCa 13 | 0.4+0.2 | 11.848.2 | 3.3x0.5
Svensson etal. | 2007 786 time-resolved In vivo untreated PCa 9 | 04+0.1 | 7.1#1.6 | 2.9+0.7
This study 2014 811 F:jec?r‘#;?ncy Ex vivo untreated PCa 15 7.731.5
Svensson etal. | 2007 916 time-resolved In vivo untreated PCa 9 | 0.6+0.1 | 7.7+1.8 | 3.8+0.8
Essenpreis etal. | 1992 1064 Integrating sphere Ex vivo normal whole prostates 1.5+0.2 6.4
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Absorption in NIR region is related to chromophore concentrations, such as HbO and
HHb. Studies such as reference #43[174] indicates that there is immunohistolocal evidence that
micro vessel density were associated increased long-term risk for death from PCa. However,
the absorption of cancer tissue measured from ex vivo specimens is not expected to be
representative. Because the blood concentration can be varied by external blood on prostate
surface after prostatectomy.Also because no blood circulation exists in ex vivo prostate
specimens and they are lack of natural vascular environment.

In addition, the scattering results from this work have been compared with precious
literature (see Table C - 2). When comparing my results to previously published data, two
important facts must be noted. First, differences such as patient groups (e.g., untreated or
recurrent PCa) measurement type (ex vivo and in vivo) must be taken into account. Because
the prostate physiology changes drastically upon radiation therapy. Ex vivo studies measures
the prostate after isolation from blood circulation. So the measured absorption coefficient from
ex vivo studies is not reliable as in vivo studies. Secondly, in some studies, CW instrumentation
and global minimization techniques are utilized to calculate absorption and scattering. In
addition, evolution-strategy (ES) algorithm and genetic algorithms (GAs) were applied to find
global minima of objective functions. However, the noise in the measurements has significant
impact on the calculated absorption and scattering values. Nevertheless, the comparison of
scattering coefficients between my results with most of previous studies showed great
consistency, indicating a noticeable optical signature of prostate cancerous tissue due to higher
cell densities in glandular space and stroma of prostates. On the other hand, future in vivo
measurements are needed for more convincing validation of absorption as a consistent

signature for prostate cancer.

C.1.5 Conclusion

In this study, | measured the bulk optical properties of normal and PCa tissues from
human ex vivo specimens. It is clear that the cancer tissues carry different optical signatures
from the benign tissues. It is important to learn that a change in light scattering from benign to
cancer tissues is more noticeable or prevailing than that in absorption. This change is attributed
to higher cell densities in glandular space and stroma of prostate. Light absorption, on the other
hand, remains to be further tested, as a valid optical signature of PCa for DOT, by performing in
vivo human prostate measurements. In addition, | have designed and tested a clip-on optical

probe compatible with existing clinical TRUS facility. Therefore, light scattering seems to be a
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robust and promising biomarker for DOT to image if | wish to use DOT for high-grade PCa
detection. In near future, | plan to image and characterize the prostate cancer of ex vivo

prostate specimen with this newly developed probe.
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