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Examining Cerebral Hemodynamics in a Two-Layer Model of the
Human Head using Broadband Near-Infrared Spectroscopy
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Abstract

The development of a continuous-wave method is presented, to quantify accurately the
optical properties of a two-layer model of the human head using a broadband spectral approach.
In particular, focus is put on the reconstruction of the absolute absorption and scattering
properties of a two-layered phantom ’model of the human head with steady-state multi-distance
measurements by performing differential fit analysis of the near-infrared (NIR) reflectance
spectrum between 700 nm and 1000 nm. The two-layer model approximation was fitted to
experimental broadband absorbance measurements obtained from two-layered phantoms with
known optical properties. Results demonstrated that the suggested method was able to determine
the optical properties of the lower layer with minimal error at specific source-detector distances.
Preliminary results on the non-invasive measurement of the optical properties of the adult human
brain in a two-layer approximation are presented. Finally, a mobile wireless NIR device is used
to measure changes in the temporal characteristics of cerebral hemodynamic responses to
functional brain activity, in particular the effect of smoking. Results suggest that assuming
homogeneous medium for the adult human head severely underestimates the changes in cerebral
hemodynamics. Hence, it is important to take surrounding layers into consideration when

performing cerebral measurements using NIR spectroscopy.
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1 — Introduction

1.1 — Light Transport in Tissue

Light is a set of electromagnetic waves, and biological tissue is a highly scattering
heterogeneous medium composed of many cells, organelles, and membranes that all have
different indices of refractions [1]. Therefore, when light enters tissue, the electromagnetic
waves will refract at different angles when encountering a random interface [1]. When an
electromagnetic wave in the form of a beam enters biological tissue, it splits into infinitely many
new beams due to the scattering (Figure 1-1). At these conditions the properties characterizing
the medium are the scattering and absorption [2]. Some of the light energy is absorbed and
converted into heat and chemical energy. Tissues absorption is represented by the absorption
coefﬁéient Ua, Which is defined as the linear attenuation rate of irradiance per unit of length [3].
The scattering characteristic of tissue is described using the scattering coefficient x; which
represents the probability per unit path length that a light wave will encounter a scatterer [3]. The
inverse of u; has units of length and can be interpreted as the mean free path of a wave. The
angle at which the wave scatters is a function of the size and shape of the scatterer as well as the
wavelength of the electromagnetic wave, in addition to the angle at which the incident wave
reaches the particle interface surface [4]. This introduces a new parameter to describe the fate of
electromagnetic waves when interacting with tissue, which is called the anisotropy factor of
scattering, or the mean cosine of the scattering angle, g.  Different tissues interact with light
according to their specific absorption and scattering properties as well as the tissue’s anisotropy
factor [5]. In order to obtain any information on tissue from an optical measurement, a model of

light transport in tissue is required.



b)
Light Input

Figure 1-1- Random walk depiction of electromagnetic wave propagation in a) a homogeneous medium b) in
biological tissue. When electromagnetic waves in the form of a beam enter biological tissue, it splits into
infinitely many new beams due to the scattering. When electromagnetic waves are scattered it changes the
direction of propagation of the wave. a) From Goode, T.L et. al. [6] and b) From Hecht, E. [4].

The fundamental equation governing light transport in highly scattering media, is the
radiative transfer equation (RTE) which takes account of scattering for inhomogeneities and of
absorption by the medium [7, 8]. The RTE has been used successfully to model light transport in

diffusive media [3]:

{E Vo ,(r) + 1,() +%}1<r, 5,0 =q(rn 5,0+, (V[ (SG,5.0-1(n5.0)d 5. (L1)
c g

‘The RTE is a conservation equation that describes the change of the radiance I(7,5,¢) at time ¢ at
position r into direction §. g(7,5,?) is the source term at r at time t travelling in direction §, c is the
speed of light in tissue, and f{5,5,) is the scattering phase function which gives the probability of

a wave scattering from direction §’ to direction §.



At source-detector distances much longer than the mean free path, a physical model
based on the diffusion approximation to the radiative transfer equation is adequate to describe the
propagation of light in highly scattering materials [3]. The diffusion equation has been widely
and successfully used to model light transport in tissue [9, 10]. It is essentially the
approximation where no particular direction of transport is preferred for light energy being
transported. This means that every time a wave changes its direction of propagation due to
scattering, it may take off in a new direction with a uniform probability. The diffusion

approximation of the transport equation is represented by the diffusion equation [11]:

cu U(r,t)+ Q? — eDAU(r,t) = O(r, ) (1.2)

3

where U(r,t) represents the “photon density”, i.e. the volume energy of light, in units of J /cm ,
2

D=3u,+3u ’s)‘1 is the diffusion coefficient in units of cm /s and u'y represents the reduced

scattering coefficient u;" = us(l - g). The purpose of u;', is to describe the diffusion of
electromagnetic waves in a random walk of step size of I/u;’ [cm] where each step involves
isotropic scattering [1]. The source term Q(r,¢) in general represents an intensity modulated
source. The diffusion approximation can be applied to any medium where the scattering is
dominant over the absorption, i.e. u,’ » s [3]. This condition is generally true for tissues (such as
muscle and skin) where near-infrared (NIR) wavelength between 600 to 1000nm is used. Hence
the diffusion approximation becomes an appropriate approximation for many biomedical
applications at NIR wavelengths [3]. Examples of tissue for which this approximation does not

hold true include cerebrospinal fluid, eye lenses and nails.



1.2 — Near Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) along with other neuroimaging methods has inspired the
development of biophysical models and hypotheses to gain a better understanding of brain
physiology [12]. These methods have shown promising information on the hemodynamic
processes of the brain. In the NIR region of the electromagnetic spectrum, between 700-900 nm,
a significant amount of light can be transmitted through biological tissue over longer distances
[13]. The combined attributes of low absorption and high scattering in tissue allows for NIR
light of penetrate deep within tissue noninvasively, on the order of centimetres [13]. A typical
tissue spectrometer has a light source that emits light of different NIR wavelengths on the scalp,
and detectors that detect backscattered light [14] as depicted in Figure 1-2. When an NIR light
penetrates a medium, the light scatters in all directions. However, when a detector is placed at a
certain distance from the source, most photons travel, from the source to the detector in a random
path following a banana shaped volume (Figure 1-2). This is due to the fact that scattering
increases the optical path length [15, 16]. Changes in the amount of backscattered light can be
transformed into the concentration changes in oxyhemoglobin (HbO2) and deoxyhemoglobin

(HHD) using a modified Beer-Lambert Law [15, 17].



Emitter Detector

gt
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Figure 1-2- Representation of how light travels from source to detector following a banana shape volume. To
account for the average increase in pathlength of the very complex beam trajectory within the banana shape
volume, a factor is introduced known as the differential path length factor (DPF). From Izzetoglu et. al. [16].

1.2.1 Different NIR Spectroscopy Measuring Techniques

Progress in NIRS and in the imaging of tissues has demonstrated that the optical
properties in a turbid medium can be obtained using NIR [18]. There are three main different
approaches to implementing NIRS: Time-Resolved Spectroscopy (TRS), Frequency Domain
Spectroscopy (FDS) and Continuous Wave Spectroscopy (CWS). Each has advantages and

disadvantages when used for different applications.

1.2.1.1 — Time-Resolved Spectroscopy

Time-Resolved Spectroscopy transmits short light pulses into a medium and measures the
light after it passes through the medium. The group of light paths produced by scattering leads to
a broadening of the pulse. The time at which the maximum detected intensity occurs relative to
the input pulse is the mean arrival time of light waves and is used to calculate mean optical path
length [19]. The system detects the temporal distribution of light energy as light waves arrive to
the detector; the shape of this distributlion provides information about tissue scattering and
absorption (Figure 1-3) [10]. TRS has decent spatial resolution but a low signal-to-noise (SNR)

5



ratio. It is able to accurately determine absorption and scattering properties, however requires
long acquisition times to achieve reasonable SNR ratios. TRS also requires stabilization of the
instrument and since short pulses of laser and photon counting detection is required it is the most

expensive out of the three techniques and not directly suitable for clinical monitoring [10, 19].

Scattered Wave

Input Wave

Scattering and Unscattered Wave

Absorbing Tissue

Figure 1-3- Depiction of the influences of scattering within a medium for TRS. A short pulse of light will be
detected at a time dependent upon scattering events, from Rolfe, P. [19].

1.2.1.2 - Frequency Domain Spectroscopy

Frequency Domain Spectroscopy transmits light from a sinusoidally modulated source
into the tissue and the detected energy exhibits a phase shift in comparison with the modulating
signal, due to the propagation delay as well as attenuation due to absorption and scattering [19].
The phase shift allows for the optical path length to be calculated as shown in Figure 1-4.
Measurements of the absorption and scattering coefficients of the homogenous infinite medium

can be calculated using the diffusion approximation expressions for the phase shift, and the DC

6



and AC components of the photon density [19]. Measurements at a single modulation
frequency can be sufficient to isolate the contribution of the scattering from that of the
absorption. However, this is strictly true only for homogeneous medium and measurement
locations of 7-8 mm or farther from the light source [19]. FDS provides the same information as
TRS, however it offers a faster acquisition time and cheaper hardware than TRS. While FDS is

able to measure scattering effects, the phase noise remains a significant problem [19].

Intensi

Phase-shift

Figure 1-4- Phase shift and waveform parameters used in FDS. Found at Rolfe, P. [19].

1.2.1.3 — Continuos Wave Spectroscopy

Continuous Wave Spectroscopy (CWS) consists of a CW light source, which transmits
light waves at constant amplitude, and a detector that that measures the fluence of the attenuated

light after it passes through a medium [15]. CW systems measure only the amplitude decay of



the incident light and do not provide sufficient information to quantify baseline absorption and
scattering separately at an arbitrary wavelength [19]. CWS is the least expensive out of the three
techniques mentioned; however it is difficult to distinguish contributions of absorption and
scattering to the light attenuation [15]. CW imaging can achieve image frame rates faster than
100 Hz at practical SNR. CW measurements such as those first used by Jobsis [2] and Chance
[20], as well as others have shown its ability to quantitatively monitor the absorption optical

properties if the scattering properties are known [20].

1.2.2 — NIR Spectroscopy of Chromophores

Near infrared spectroscopy (NIRS) has become an increasingly preferred imaging
technique of choice with its sensitivity to oxy-(HbO2) and deoxyhemoglobin (HHb)
concentration changes. The main components of biological tissues which contribute to light
absorption in the NIR waveband are water, fat and hemoglobin. Water and fat concentrations
remain relatively constant over short periods of time; however hemoglobin changes occur
relative to the function and metabolism of the tissue [2]. Hence corresponding changes in
absorption by hemoglobin can provide clinically useful information about different physiological

parameters such as oxygenation levels and blood flow [21].

Visible and NIR molecular absorption spectra result from the electronic transitions
broadened by vibrational motions of the atomic nuclei [22]. The chromophore absorption
coefficient at a particular wavelength is determined by the product of the specific absorption

coefficient (also known as the extinction coefficient) of the chromophore and the concentration



of chromophore molecules [22]. The total tissue absorption coefficient is also equal to the sum of

absorption coefficients of all chromophores.

1.2.2.1 — Oxyhemoglobin and Deoxyhemoglobin Absorption Spectra

Hemoglobin is a molecule in a red blood cell with the role of delivering oxygen to tissue
cells [23]. Hemoglobin is composed of four heme molecules and a protein group known as a
globin (Figure 1-3). The heme molecule in hemoglobin is responsible for binding oxygen
molecules and has its own characteristic NIR absorption spectrum [24]. The presence of oxygen
significantly alters these properties. A hemoglobin molecule can carry four molecules of oxygen

as seen in figure 1-5 [24]. Hemoglobin with bound oxygen is called oxyhemoglobin.

helical shape of the
polypeptide molecule

Figure 1-5- a) Molecular composition of hemoglobin found at Mader, S.S [25] b) molecular structure of a
heme molecule found at Brown et. al. [23].

In the NIR spectra, at specific wavelengths in the window of 700 to 900nm the absorption of
deoxyhemoglobin (HHb), oxyhemoglobin (HbO2), lipid and water is relatively low (optical

window displayed in Figure 1-6) and therefore the light at these wavelengths can penetrate



deeper or thicker tissues. On the other hand, using NIR extinction coefficients of these
chromophores known from the literature [26-29], the absolute concentrations or changes in the
concentrations of species can be measured. =~ Water and lipid absorbs NIR light at higher
wavelengths, around 960 nm and 940 nm respectively [28, 29]. HbO2 has a specific NIR
absorption spectrum with a maximum at approximately 870nm (see Figure 1-6). Once oxygen is
delivered to the specific tissue, the hemoglobin no longer has bound oxygen to its heme groups
and hence is known as HHb which has specific absorption maximum near 760nm [18]. Benefits
arise from these characteristic spectra of HbO2 and HHb (Figure 1-6), which is the ability to

measure oxygenation saturation of blood noninvasively using optical means [30].

16210 . . : . : :
— HHb
1.4L | — HbO2 i
s | ipidl
Water

=
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|

Optical Window

-
T
1

o
()]
T
|
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H
T
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o o
N (0]

1 | i
800 850 900 950 1000
Wavelength (nm)

0 1 :
650 700 750

Figure 1-6- Specific absorption coefficient spectra of HHb, HbO2, lipid and water according to wavelength in
the NIR optical window [26-29].
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1.2.2.2 — Modified Beer Lambert Law

For spectroscopy purposes, experimenters have used Beer-Lambert’s law to develop a
relationship between light absorption as a function of hemoglobin concentration. This theory

applies to any kind of absorption in a scattering medium [31]. Beer-Lambert’s Law states that:

u, =&C (1.3)

Where , is the absorption coefficient (mm™), C is the concentration (uM) and ¢ is the specific
absorption coefficient of the absorber per unit of path length and concentration (uM'mm™).

Chromophore concentration can be quantified using a modified Beer-Lambert law [18, 31, 32]:

A= —10%%1i = U po, (1.4)

0
where 4 is the absorbance, /) is the incident light intensity, 7 is the detected light intensity, p is
the distance between the source and detector and o is the differential path length factor (DPF)
which accounts for the increase in the average optical path length from the source to the detector,
caused by tissue scattering. A change in the absorbers concentration causes the detection
intensity to change, hence when the concentration changes, x4, changes and it is assumed p and o

remain constant. Therefore, the above equation gives [32]:

1.
AAZ—IOg Final =EA[C]pO', (1.5)

Initial

where AA=Arina-Amiia 1S the change in the absorbance, Irina and Ipiqa are the measured

intensities before and after the concentration change, and A/C] is the change in concentration.
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To apply this theory to changes in HbO2 and HHb concentrations, equation (1.5) must be

expressed as:
A4 = Ap, po, =(ef*?AlHbO2] + ;"™ AlHHb]) po ; , (1.6)

where A represents a particular wavelength. Equation (1.6) accounts for independent

concentration changes in HbO2 and HHD at those specific wavelengths and is dependent on the
baseline optical properties. Once the temporal changes in the absorption coefficients Ay of

the tissue at the wavelengths A, and A, are computed, the changes in the hemoglobin content can

be obtained from (1.6) in the form [11, 32]:

Aum - S uiz Al
N4 a HHb a HHb
A[Hboz]—gu sz _SM gxz
HbO2 HHb  HHb HbO2 (1.7)
and,
g Fay
Mo Cmon —Aua € 102
. a
A[HHb] = g v o (1.8)
HHb  HbO2 HHb  HbO2

where gu'"? and eymy'” are the specific absorption coefficients of HHb and HbO2,

respectively, at wavelengths A, and A,.
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1.2.3 Advantages of NIR Spectroscopy

There are several advantages of NIRS over other imaging modalities. NIRS provides
accurate quantitative information about physiological parameters, such as the hemodynamic
parameters, that are not available in other modalities and has a high temporal resolution, on the
order of milliseconds. NIR is sensitive to features such as scattering and changes in the

refractive index which results in the sensitivity to neuronal processes [18, 31, 33].
1.2.4 — Mobile NIR Spectroscopy

Most of NIRS systems use electrical or optical cables to connect the sensor attached to
the body of the subject to the acquisition device. These cables cause motion artifacts and can be
inconvenient in some applications, for example in situations where NIRS is used to monitor
freely moving subjects such as those exercising (to mbnitor muscle oxygenation), and subjects in
social interaction (to monitor brain activity) [15, 34]. To overcome these limitations mobile
NIRS systems were created recently, allowing for advancements in experimental data being
acquired from test subjects in their natural environment [34]. Having the ability to monitor
physiological changes while subjects perform daily routines allows for parameters to be
measured with much more comfort and accuracy than with fibers, and opens new fields of

application such as in medical emergency situations.

1.3 — NIR Spectroscopy in Medicine

Over the last three decades, many researchers evaluated NIRS in medical applications.
The most promising attribute of NIRS is the ability to measure fast changes in optical properties

of cerebral tissue [35]. NIRS is being promoted as an effective method of monitoring cerebral
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oxygenation during carotid, cerebrovascular and cardiopulmonary bypass surgery in head-injured
and other intensive care patients [36]. In addition to the investigation of functional cerebral
hemodynamics in humans, several studies have shown NIRS being tested in clinical applications.
One study by Steinhoff et al. used a NIR device to evaluate patients with epilepsy [37]. They
were able to conclude that NIRS is a simple, cost-effective, non-invasive addition to determining
primary epileptogenic zones in temporal lobe epilepsy. Kirkpatrick et al. [38] discovered
promising features to his use of NIRS in adult subjects that had head injuries and carbon dioxide

stress testing [38].

Since recently, NIRS is being used in pediatric critical care, to help deal with cardiac
surgery post-op [34]. Indeed, NIRS is able to measure venous oxygen saturation (SVO2), which
is determined by the cardiac output, as well as other parameters (for example hemoglobin and
oxygen uptake). Therefore, following NIRS gives critical care physicians a notion of the cardiac
output [39]. NIRS can also be used to quantify blood volume and oxygenation, a form of
oximetry. Different applications of NIR oximetry include detection of illnesses which affect the
blood circulation (e.g. peripheral vascular disease), the detection and assessment of breast
tumors, and the optimization of training in sports medicine [35]. NIRS has advantages over

other techniques because it is non-invasive, painless and doesn’t rely on ionizing radiation.

1.4 NIR Spectroscopy and Cerebral Hemodynamics

The brain is the most dependent organ on oxygen for its normal function. Studies of
hemodynamics in the human brain are important for understanding mechanisms involved in
brain function and the development of diagnostic and treatment strategies in different

cerebrovascular disorders [33]. Determination of a non-destructive method for quantifying
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spatial-temporal response to oxygenation changes in the brain was achieved in the 1960’s by
studying the fluorescence emission of cell mitochondria of rat brain [40]. Cytochrome
components found in the mitochondria has a large absorption band from 390 nm to 500 nm, and
oxidation of these components allows for these components to be highly susceptible to
fluorescence emission in exercised tissue [40]. A section of the animal’s skull was removed and
measurements were made directly on the cortex. They were able to quantify tissue hypoxia
through corresponding changes in hemoglobin concentration on animal models using
spectrofluorometers [40]. The use of NIR wavelengths was shown in the 1930’s by Kramer [41],
to produce greater tissue transmission in studies through the animal skull, and was applied by

Jobsis [42] to neonatal head in hypoxic studies.

Many NIRS studies have demonstrated that hemodynamic changes in relation to
functional brain activity can be assessed non-invasively in adult human subjects [18,30,43,44].
There are two different signals related to brain activity that can be monitored using NIRS. One
of the most promising attribute of NIRS is the ability to measure fast changes in optical
properties of cerebral tissue [44,45,46]. A neuronal signal caused by a change in the optical
scattering properties of the neurons upon activation and occurs within milliseconds of the onset
of stimulation [46]. In few seconds after the beginning of activation, the hemodynamic response
of the cortex can be measured as the increasing oxygen consumption in the activated area results
in an increase in blood perfusion which leads to changes in hemoglobin concentration and blood
oxygenation levels and hence a change in the tissues optical properties [43,44,45]. Using NIRS

to monitor brain activity was shown to be an effective addition to electro-encephalography
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(EEG), magneto-encephalography (MEG), functional magnetic resonance imaging (fMRI) and

positron emission tomography (PET) [45].

1.5 — Current Alternative Techniques Used for Cerebral Imaging

There are several neuroimaging techniques available for examining functional brain
activity. Historically, EEG was the first to appear followed by other modalities such as MEG,
PET and more recently fMRI. These can be categoized in terms of whether they provide direct
or indiect information about neuronal function. EEG and MEG are the direct methods, wereas
PET and fMIR are indirect methods that are in general called hemodynamic techniques because
they investigate neural activity by measuring hemodynamic changes [47]. A less known
technique for monitoring brain funtion is Diffuse Optical Tomography (DOT) which is a
multichannel form of NIRS. Each of these techniques has its own distinct advantages and

disadvantages.

1.5.1 — Electro- and Magneto- encephalography

Electro-encephalography provides direct measurements of neuronal activation. It records
electric potentials on the scalp produced by the firing of neurons within the brain [48]. The main
diagnostic application of EEG is epilepsy, as epileptic activity can create abnormalities that are
easily determined using EEG. In MEG, the same magnetic fields produced in EEG are detected
outside the head with SQUID (Superconducting Quantum Interference Device) magnetometers
[49]. The magnetic fields are produced by the electrical activity in the brain. There are two
processes that can be studied by means of MEG [49]. The first is evoked responses which
sensory stimuli are presented to the test subject and the magnetic field created, is recorded at
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several locations on the head. Second is spontaneous brain activity resulting from localized
events in the brain such as epileptic activity [49]. Presently, MEG is considered to have much

better spatial resolution than EEG.

1.5.2 - Positron Emission Tomography

Positron Emission Tomography (PET) is a nuclear medical imaging technique that
provides 3-dimensional (3D) images of the functional processes in the body [50]. A short-lived
positron-emitting radioactive tracer isotope is injected into the body and a PET scan is taken
which is converted to a complex picture of the brain function of the patient. The system detects
pairs of gamma rays emitted by the positron emission decay of the radioisotope. Once the
radioisotope is injected, it undergoes beta decay where a position is emitted [51]. The positron
travels till it encounters an electron and annihilation occurs in which two gamma photons are
created that travel in opposite directions. This pair of gamma photons is detected by the
photodetector array, and images of tracer concentration in 3D within the body are reconstructed
by computer analysis. PET measures the concentration of the tracer. The tracer is either
biologically active or chemically bound to a biologically active molecule [52]. Therefore, PET
measures what the active molecule is sensitive to. The specific tracer given to the patient is
dependent on what brain function is being monitored and each tracer closely resembles a natural
molecule utilized by the body [52]. For example, 2-fluoro-2-deoxy-D-glucose is similar to
glucose with the addition of the radioisotope fluorine. The gamma rays detected from the
positron emission from fluorine by the PET scanner shows in fine detail the metabolism of
glucose in the brain [52]. PET can also measure regional cerebral blood flow and cerebral

metabolic rate of oxygen. Oxygen-15 is used as the tracer to label oxygen gas for the

17



measurement of oxygen metabolism in order to study these cerebral functions [53].
Disadvantages of PET include: continuous monitoring is not possible due to a relatively low
resolution time, it is very expensive and the requirement of the application of a radioactive

contrast agent makes this imaging technique invasive [12, 54].
1.5.3 — Functional Magnetic Resonance Imaging

Functional Magnetic Resonance Imaging (fMRI) is a medical imaging technique that
measures the hemodynamic response related to brain activity. It uses strong magnetic field to
align the nuclear magnetic moments of hydrogen atoms of water found in the tissue [55]. Radio
frequency (RF) electromagnetic waves are briefly turned on which cause the protons in the
hydrogen atoms to alter their alignment of magnetization relative to the magnetic field. The RF
is then turned off and the protons return to their original alignment with the magnetic field. The
alignment changes create a signal with a specific Larmor frequency of the magnetic resonance
and this RF field is detected by the scanner [55]. Increases in neural activity causes changes in
blood volume and oxygenation, where an increase in the concentration of HHb will change the
magnetic susceptibility [56]. When a brain region is activated, HbO2 in the region increases
beyond the actual oxygen demands, and the associated decrease in HHb concentration yields the
signal detected with blood oxygenation level dependent (BOLD) MIR [57]. fMRI has a high
acquisition time (around 50 ms) and spatial resolution (0.5cm or better) and absence of any
penetration limits [58]. However, changes in HHb are not measured quantitatively and fMRI
does not pr(;vide any information on HbO2 concentrations [57]. fMRI is very sensitive to

motion artifacts. It is non-invasive and provides both structural and functional information [12,
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23], but its physiological sensitivity is limited to unquantifiable HHb concentration changes. It is

quite expensive both in terms of equipment and service costs.
1.5.4 — Diffuse Optical Tomography

Diffuse optical tomography is the only imaging technique that is potentially able to
provide simultaneous, noninvasive measurements of neuronal and hemodynamic signals from
the brain cortex [31]. Essentially it is a version of NIRS which uses multiple channels where
light is shone onto the scalp from multiple sources and detected as it exits the head at different
locations. Then through the use of the specific absorption spectra of the main tissue
chromophores, DOT can measure local changes in chromophore concentrations. The advantages
of DOT over the other previously mentioned imaging modalities are that it has the capability to

measure concentrations of oxy- and deoxy- hemoglobin, water, and fat in tissues, and it is the

most cost-effective and least invasive method of imaging [48].

Figure 1-7- How light travels from source to detector when place on top of the human head. Light is shone
onto the scalp and detected as it exits the head, from Izzetoglu et. al. [16].
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1.6 — Anatomy and Physiology of the Human Head

The human head has a complex anatomy with nested structures that intertwine into one
another. The human brain is protected by a number of tissue layers that can be seen in Figure 1-
8(a). These layers include the skull, which shields the brain from impacts, the meninges, which
consists of three membfanes surrounding the brain to shield it from damage by contact with the
skull, and the cerebro-spinal fluid (CSF) [59]. CSF circulates through the ventricles and between
the pia and arachnoids matter of the meninges. Its purpose is to cushion blows to the head and
reduce pressure at the base of the brain [59]. The three layers of the meninges consist of the dura
mater, the arachnoid mater and the pia mater. The outer layer is the dura mater which is a tough
layer of collagenous connective tissue. The middle layer consists of the arachnoid mater that is a
translucent membrane through which the subarachnoid space, cerebrum and the blood vessels are
found. Lastly, the inner layer is composed of pia mater which directly supplies blood for the
cerebrum and lines its gaps. The subarachnoid space contains the major cerebral arteries and the
superficial cerebral veins and is filled with cerebralspinal fluid and envelops the brain [59]. The
structure of the brain can be broken down into two main parts: grey and white matter (Figure 1-
8(b)). The cerebral cortex, or gray matter, is a structure within the brain that haé the key role in
cognition. It is the outer layer of the cerebrum and is composed of dendrites of cerebral neurons
[59]. White matter is composed of neuronal axons that connect various gray matter areas of the

brain to each other and carry nerve impulses between neurons [59].
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Figure 1-8- a) The anatomy of the human head which demonstrates the many layers which surround the
brain. b) The brain itself is composed of white and gray matter. From Schiinke et. al [S9].

1.7 —-NIR Spectroscopy and Current Two-Layered Models of the Human Head

As described in the previous section, the human head is a very complex structure, where
there are many layers which surround the brain. Most of previous cerebral NIRS studies
neglected the influence of the extracerebral tissue on brain signals. However, it is obvious that
extracerebral tissues indeed should strongly affect the behaviour of light [60, 61]. Therefore,
when performing cerebral hemodynamic measurements using NIRS, it is important to consider
the influence of layers surrounding the brain. The thickness of the layers between the surface of
the human head and the brain was determined by Li et al. [62] to be approximately 10-15mm for
an average adult human head [62]. Ongoing research is being preformed to develop NIR
imaging methods for heterogeneous tissue. The approach has been to model the head as a layered
problem, and the use of the diffusion approximation to the radiative transfer theory to determine

non-invasively the optical properties of internal tissue in the human brain, through the external
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tissue layers (for example, the extra cranial head tissue) [8, 60, 63]. In the case of heterogeneous
medium, a two-layer medium can be considered an appropriate model for the human head, where
the top layer represents the skull and the surrounding tissue layers as one effective homogeneous
layer, and the bottom layer models the brain as shown in Figure 1-9. General baseline optical
properties of the human head in vivo have been determined by past researchers using methods
such as frequency or time domain tomographic apparatuses and integrating spheres [19, 64, 65,
66-75]. However these methods are much more expensive and have lower SNR than CW
methods. Baseline refers to data collected to establish and understand existing conditions before
any experimental manipulation occurs. A compiled a list of tissue baseline optical properties
may be found elsewhere [66]. It presents data that has been produced by many groups over the
years, both experimental and compiled in vivo and in vitro optical properties [19, 64, 65, 66-75].
There is a large variation among reported values due to the different methods and the conditions

of measurements applied.
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Figure 1-9- Two-layer medium approximate model of the human head, where the top layer represents the
scull and the surrounding tissue layers as one homogeneous effective layer, and the bottom layer models the

brain.
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1.8 — Naturally Administered Smoke and Cerebral Hemodynamics

It is well known that that cigarette smoking causes lung cancer, emphysema, and other
serious diseases [76]. Smoking is one of the leading causes of death in North America, where
approximately 5 million Canadians alone ages 15 years and older smoke [77, 78]. The chemicals
inhaled during the smoking of a cigarette cause a number of physiological changes in the human
body. Of particular interest it has been shown through the use of blood-oxygenation level
dependent (BOLD) fMRI, smoking causes a global change in the amount of oxygenated
hemoglobin found in the brain [18,79,80]. The disadvantages of these studies were that they
used direct nicotine administration into test subjects rather than natural cigarette smoking, and
fMRI provides only a qualitative indicator of hemodynamic changes. Reports have shown that
smoking affected cerebral oxygenation levels [81]. Brody et. al [82], studied the effect of
cigarette smoking on the brain by examining nicotinic acetylcholine receptors (a4p2* nAChR)
occupancy in tobacco-dependent smokers using PET. Nicotine with nicotinic acetylcholine
receptors increases the positive need for nicotine, which in turn increases nicotine addiction.
They used a recently developed radiotracer 2-[18F] fluoro-3-(2(S)azetidinylmethoxy (2-FA)
which was developed for the in vivo imaging of a4p2* nAChR with PET. It was found in past
research that the receptor binding of 2-FA can be decreased with the administration of nicotine
or inhalation of cigarette smoke. They evaluated eleven smokers, in which PET scans were
preformed on them while they smoked cigarettes. They found that cigarette smoking in amounts
used by typical daily smokers lead to complete occupancy of a4B2* nAChR in the brain, which
indicates that tobacco-depended smokers maintain a4f2* nAChR saturation all day. They
concluded that prolong binding of nicotine to a4f2* nAChR causes these receptors to be

desensitized for a long period which suggests alleviation from tobacco withdrawal. Small
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amounts of nicotine do not bind to these receptors for a long period of time, hence causing
tobacco cravings much more frequently for those individuals that smoke less often. Siafaka et.
al. [79] used NIRS to study long-term effects smoking has on skeletal muscle microcirculation.
Vascular responses to brachial artery occlusion measured by NIRS were compared for groups of
smokers and non-smokers. The conclusion of the study was that vascular microcirculation in
skeletal muscles in smokers is significantly impaired. Birkner et. al. [81] examined if cigarette
smoking causes an increase in cerebral blood flow velocity (CBFV) and reduce vasomotor
reactivity using doppler sonograph and NIRS. They found that smoking significantly increased
CBFV in the middle cerebral artery compared to baseline values. As well, HbO2 and total
hemoglobin concentrations rose, while HHb concentration and tissue oxygenation index (TOI)
did not change for the entire protocol. During smoking there was an increase in mean arterial
blood pressure, heart rate and skin blood flow. After smoking CBFV remained elevated while
HbO2 concentration levels returned to baseline. Changes in TOI during and after smoking were
correlated with changes in HbO2 and HHb concentrations. An increase in HbO2 concentration
with no changes in HHb cannot be explained by dilation of vessels. Usually when there is an
increase in HbO2, it is paralleled with a decrease in HHb. Hence their research did not support
their hypothesis that the increase in CBFVs caused by smoking, accompanied by the increase in
HbO2 and total hemoglobin concentrations, are explained by the constriction of cerebral arterial
accompanied by arteriolar dilation [81]. It was concluded that the increase in CBFV may be due
to the constriction of the middle cerebral artery and therefore contribute to the increased risk of
stroke in smokers.

Many obstacles arise when determining the effects naturally administered smoke has on

cerebral hemodynamics using the available types of imaging modalities. This is due to a number
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of factors such as safety, discomfort, cigarette odors and residue, and the technical aspects of
drug delivery [81]. Smoke is composed of hundreds of chemicals and in order to study the
effects these chemicals have on cerebral hemodynamics, as opposed to direct administration of

nicotine, smoke must be administered naturally during experiments.

A mobile NIR sensor easily allows for the effects of naturally administered smoke on
cerebral hemodynamics to be determined on test subjects in their natural environments, rather
than in a magnetic resonance scanning room. In past research done on the human head to
determine the effect smoking has on cerebral hemodynamics, it was assumed as one
homogeneous medium. Surrounding layers of the brain were not taken into consideration, which
as mentioned previously does influence the behavior of NIR light. Hence applying a two-layered
approach to the human head can quantify accurately changes in cerebral hemodynamics of the

brain during smoking.

1.9 — Thesis Organization and Objectives

The goal of this research is the development of a method to quantify accurately and non-
invasively the hemodynamic changes in the brain by accounting for the presence of the extra-
cerebral tissues and using broadband CW NIRS. The approach is based on the two-layer model
of the human head where the top layer represents extra-cerebral tissue, and the bottom layer
represents the brain. Recovery of optical properties for the different layers can quantify
accurately both HbO2 and HHb concentrations in the brain. It is hypothesized that cerebral

hemodynamics can be quantified accurately by determining the optical properties of a two-
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layered model of the human head using broadband optical spectroscopy of tissue over the NIR

spectrum.

The method consists of two steps shown in the flow chart found in Figure 1-10. The first
step is to measure the effective absorption and scattering parameters of the two-layered model of
the human head by performing a multi-distance fit of the spectral differential of the absorbance
in the 650-1000 nm waveband. The second step is to quantify changes in the optical properties
of the brain through the external tissue layer using the DPF values for the cerebral and

extracerebral components calculated using the optical properties obtained at the first step.

There are three main experiments presented in this thesis: 1) Phantom validation, 2) In
vivo baseline measurements, and 3) In-vivo measurements of hemodynamics during smoking.
Before performing measurements on test subjects the approach was validated using phantoms
with known optical properties. After the method was proved to provide accurate optical
properties for each layer, in vivo baseline measurement were performed on adult humans.
Lastly, in-vivo measurements were performed using the mobile NIR to determine the effect of

smoking on temporal changes in oxyhemoglobin and deoxyhemoglobin concentrations.
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Chapter 2 presents a journal manuscript on the boradband two-layered model approach
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results. The final Chapter presents conclusions and future work ideas.
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MODEL OF THE HUMAN HEAD USING BROADBAND NEAR-
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ABSTRACT

We present the development of a continuous-wave method to quantify accurately the optical
properties of a two-layered model of the human head using a broadband spectral approach. In
particular we focus on the reconstruction of the absolute absorption and scattering properties of a
two-layered phantom model of the human head with steady-state multi-distance measurements
by performing differential fit analysis of the NIR reflectance spectrum between 700 nm and 1000
nm. The two-layered model approximation was fitted to experimental broadband absorbance
measurements obtained from two-layered phantoms with known optical properties. Our results
demonstrated that our method was able to determine the optical properties of the lower layer
with minimal error at specific source-detector distances. We also present our preliminary results
on the non-invasive measurement of the optical properties of the adult human brain in a two-
layer approximation. Our results suggest that broadband NIRS can detect cortical hemodynamic

disorders in humans.

1. INTRODUCTION

Studies of the human cerebral hemodynamics are important for understanding the mechanisms of

brain function and for the development of diagnostic and treatment strategies in different cerebrovascular
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disorders. In recent years, studies have shown the feasibility to measure hemodynamic changes
associated with functional brain activity non-invasively using near-infrared spectroscopy (NIRS) [1-4].
However, methods for non-invasive NIRS quantification of the absolute physiological parameters of the
brain still need to be furthered.

Most applications of NIRS have used the diffusion approximation to the radiative transfer model to
predict light propagation in tissue, which in turn can be used to examine physiological parameters.
However, the drawback of many studies has been an explicit or implicit assumption that the tissue was
homogeneous [5]. In actuality, the brain is a complex structure surrounded by many layers such as the
skull, dura mater and cerebrospinal fluid [6]. Therefore, when performing cerebral measurements using
NIRS, it is important to account for the influence of the surrounding layers of the brain on light transport
[7, 8].

Some cerebral NIRS studies have tried to determine non-invasively the optical properties of the
human brain through the external tissue layers using frequency or time domain systems [9-12]. In
particular, it was shown that the measurements of optical properties of a two-layered turbid medium with
a thin (1-2mm) top layer is possible [9,10]. However the time- and frequency-domain methods have a

drawback of high equipment costs at relatively low signal-to-noise ratio.

Although the separation of the absorption and scattering properties of even homogeneous turbid
medium at a particular wavelength is impossible using the continuous-wave (CW) approach, it was shown
that using the quasi-continuous spectral data one can quantify optical properties of a homogeneous
medium at least in the vicinity of distinct spectral features, such as the water absorption peaks [13]. In
this study, we present the development of a method to quantify the optical properties of a two-layered
model of the human head using a CW broadband approach. In particular we focus on the reconstruction
of the absorption and scattering properties of a two-layered model of the human head with steady-state
multi-distance measurements by performing differential fit analysis of the NIR reflectance spectrum

between 700 nm and 1000 nm. We assume a fixed thickness for the top layer of about 15 mm and
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perform multi-distance CW broadband measurements to allow for the interrogation of different layers by
varying source-detector (SD) distances. As an experimental validation of our method, we reconstruct the
optical properties of a two-layer phantom from the absorbance measured at varying SD distance on the
surface of the phantoms with known optical properties of layers. We also present our preliminary results
of the in-vivo depth-resolved measurements of the optical properties of adult human subjects in a two-

layer approximation.

2. MATERIALS AND METHODS

2.1 Broadband Optical Spectroscopy of Tissue: The Light Source and Detector

The NIR light source used in the experimental set up was a stabilized halogen fan-cooled
AvaLight-HAL Tungsten Halogen Light Source (Avantes Inc., Broomfield, CO) with an adjustable
focusing connector in order to maximize light coupling into the source fiber. The optical fiber bundle
with a diameter of 3mm and a 400um diameter single fiber was used to transmit the light from the source

to the medium. The optical power at the source fiber tip was about 5 mW.

The detector fiber was connected to a QE65000 Scientific-grade Spectrometer (Ocean Optics,
Dunedin, FL), which had a spectral range between 650 and 1100nm. The detector was cooled down to -
15°C to reduce the dark noise. The spectrometer had a dynamic range of 25000:1 and a signal-to-noise
ratio of 1000:1. The optical fibers collected and transmitted the light from the sample to the spectrometer.
The spectrometer output was digitized using the Spectral Suite software (Ocean Optics, Dunedin, FL).

The absorbance spectra were calculated using the equation:

SA—DNl
B _log |
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Where DN, was the dark spectrum, R, was the reference intensity, and S; was the sample intensity.
Measurements were taken with the following acquisition parameters: integration time of 5 seconds, 20

scans averaged and the 5-point moving averaging to smooth the spectra.

2.2 Data Processing

2.2.1 Broadband Approach to Forward Modeling

Tissue is a highly scattering medium where the scattering coefficient is approximately hundreds
of times larger than the absorption coefficient. This is the case of validity of the diffusion approximation
to the radiative transfer model [15]. Although the mammal head is a complex structure containing many
tissue layers, as a simplest modification to the homogeneous model, we modeled the human head as a
semi-infinite two-layer medium with the 10-15mm thick planar top layer representing the skull and the
scalp, and the bottom layer representing the brain. The corresponding solution of the light diffusion

equation was first obtained by Kienle et a/. in the form of a Hankel transform [16]:

Dp,2) =5 [958 50)ds .
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Here ® represents the fluence rate in units of W/m’, p is the source-detector distance, / is the thickness of
the top layer and D; and D, are the diffusion constants where D=(3p,+3 1) in units of cm. For a given
layer a°=(D;s* + i+ joci)/D; where s is the dummy variable in the Hankel transform image space, 4, is

the absorption coefficient in cm™ of the top and bottom layers respectively, ¢; is the speed of light in both
p
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layers of the medium and w is the circular amplitude modulation frequency of the incident light. z,and z,
are the approximate boundary parameters defined by the expressions z;=3D and z, =2D, z is the depth of
the scattered beam in the upper layer, and x;' represents the reduced scattering goefﬁcient. Equation (3)
can be applied to any source modulation type, however we used continuous wave and thus the term joc;
was zero. This model was depended on six parameters, which were the source-detector distance (SD), the
absorption and reduced scattering coefficients of the top and bottom layers, and the top layer thickness.
We have developed a special numeric procedure that allowed for fast and accurate calculations using
Equations (2) and (3), which was necessary at top layer thickness more than 1 cm [20]. In order to further
speed up the algorithm we computed the two-layer medium reflectance in a wide range of all parameters

mentioned previously.
2.2.2 Regression Analysis

To model the absorption coefficients of the animal head layers, a combination of known
absorption spectra of water and fat and the specific absorption spectra of deoxyhemoglobin (HHb) and

oxyhemoglobin (HbO2) were used as follows:

K 7 )= [Hboz]n,zg(l)ﬂboz +[HHb]L28(/1)HHb +(%FCH20 ),ua +(%FCﬁ” )ya‘ 4)

”20 JSat

12

where, the quantities in square brackets represented the concentration of oxy- and deoxyhemoglobin and

&(4) represented their molar extinction respectively. g and g were the absorption coefficients of
a

a
H20 fat

water and fat, and (%FC) was their volume fraction.

Similarly, the absorption coefficient of the two types of phantom media was modeled as:

p D=p  +[CB] &), 4,

1,2 silicone
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Where u was the silicone absorption coefficient, the quantity in square brackets was the

a.\'i/iconc
concentration of carbon black and &()cz was its molar extinction coefficient. &(4) of each specie was
found in the literature [17-20]. To model the reduced scattering coefficient spectral dependence we

assumed that ' as a function of 4 obeys the power law [20]:
H(A)=4r" (6)

with specific values of 4 and a for each layer.

At the initial step, the measurement at a short SD distance (10-20 mm) most sensitive to the top
layer was used to determine the optical properties of the top layer. Then the measurement at a longer
source-detector distance (25-30 mm) was used to obtain the optical properties of the bottom layer. At both
steps the first or second spectral derivative of the experimental absorbance (calculated using Equation (1))
was compared with the derivatives of theoretical absorbance calculated using equations (2)-(6). The use
of the absorbance given by Equation (1), which includes the reference signal, allowed for the elimination
of instrumental spectral artifacts, and the use of derivatives allowed for the elimination of the uncertain

source-medium and detector-medium contact terms and for the magnification of the spectral features.

The two-layer model was applied assuming known optical properties for the top layer and only
finding the optical properties of the bottom layer from the differential fits of the theoretical absorbance to
the 10/20mm, 10/30mm and 20/30mm absorbance data. The parameters of the fit were the concentrations
of chromophores, 4, and a. To calculate the reflectance as a function of wavelength the six-dimensional
matrix of pre-computed reflectance values was used with the interpn Matlab function. Statistical

regression analysis was performed using regstats function in Matlab.
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2.3 Phantoms

The experimental setup used in our phantom study is displayed in Figure 1. We used four silicone
based blocks (ISS, Champaign, IL, USA) with two different sets of tissue-like optical properties. The
blocks were comprised mainly of silicone, with small additions of titanium oxide and carbon black
(volume fraction less than 1%). The optical properties at two distinct wavelengths, 690 nm and 849 nm,
were known from frequency-domain measurements. Two blocks were 14 mm thick and the other two
were 100 mm thick. They were designed to create two-layer phantoms simulating the structure of the
head, where the 14 mm blocks represented the extracerebral and the 100 mm blocks represented the brain.
One type of medium (Type I) had absorption coefficients of 0.202 em™ and 0.210 cm” and reduced
scattering coefficients of 8.7 cm™ and 7.6 cm™ at 690 nm and 849 nm respectively. The other type of
medium (Type II) had optical properties with the following: the absorption coefficients of 0.134 cm” and
0.141 cm™ and the reduced scattering coefficients of 4.2 cm™ and 4.4 cm™ at wavelengths of 690 nm and

849 nm respectively.

We combined two types of phantom media into two types of two-layer phantoms. The first
model had a Type I top layer and Type II bottom layer which created a two-layer phantom model with a
bottom layer having lower absorption and scattering than the top layer (Two-Layer I) and vise versa for
the second model (Two-Layer II). The source and the detector fibers were always securely attached to the
“top” layer. The phantom experiments contained three types of measurements: one with both blocks
having the same optical properties, hence representing a homogeneous medium, the other with the
“bottom” layer having the optical properties different from the “top” layer, and the third a control
measurement with both layers having the same properties in order to ensure that no artifacts were
introduced due to switching the bottom layers. Figure 2 shows the Two-Layer I and control absorbance
spectra. In both absorbance spectra the same homogeneous medium spectrum (acquired before switching
the bottom layer) was used as a reference. The comparison of spectra in Fig. 2 indicates a good spectral

sensitivity of the detector to difference in the optical properties of the bottom layer of the phantom.
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For the two-layer model analysis the quantitative optical properties of phantom media, the carbon
black extinction coefficient, and the silicon absorption were required in the entire spectral band.
Knowing p' at two wavelengths of each phantom, we were able to calculate the parameters 4 and a for
the reduced scattering coefficient in equation (6). In order to measure the optical properties, the
absorbance measurements were taken on both 100 mm blocks. Reference intensities were acquired at the
SD distance of 10mm and sample intensities at distances of 20mm and 30mm. A total of 10
measurements were taken for each SD combination and averaged accordingly for the analysis. Then
using the measurements of absorbance on homogeneous phantoms at two distances and applying a
solution of the diffusion equation for the semi-infinite homogeneous medium [20] (which is identical to
the one given by Equations (2) and (3) in the case of homogeneous medium), we were able to solve for
the values of the absorption coefficient over the NIR spectrum using fzero function of MATLAB and
starting at the wavelengths with known p,. Reconstructed absorption and reduced scattering spectra for

the homogeneous phantoms are shown in Figures 3 and 4 respectively.

Since the absorption due to silicone in both types of phantom materials was the same and the
concentrations of carbon black C; and C, were known, the carbon black extinction coefficient could be

found using the equation:
‘ual _ﬂGZ = (Cl _Cz )SCB (4) ).

The absorption coefficient of silicone (Figure 5) was found by subtracting the contribution of

carbon black from the total absorption coefficient of the material:

’uasit T ‘ual _ngCB (4) ®).
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Once this was determined the molar extinction of carbon black was calculated (Figure 5) using
equation (5). The two-layer model was applied assuming the top layer optical properties known and only
finding the optical properties of the bottom layer for the fitting of the theoretical absorbance to the 10/20

mm, 10/30 mm and 20/30 mm absorbance data.
2.4 Human Subject Procedures

A total of 10 measurements were performed on adult subjects between the ages of 19 and 51.
After informing each test subject of the nature of the study, each gave their consent. The protocol was
approved by the Ryerson University Research Ethics Board (file number REB 2008-003). The human
subject was then placed on comfortable seating. To avoid the sinuses the optical sensor was always
attached to the top of the forehead, using a sterile roller bandage. This was to ensure that the sensor
remained as stable as possible to the subjects head, allowing for minimal movement disturbance. Ten sets
of data were acquired at each SD distance (11 and 25 mm) at different locations (left to right) on the
forehead of each subject in the dark room with the same acquisition parameters as described for

phantoms. Spectra for the same distances were averaged excluding the outliers.

3. RESULTS

3.1 Phantoms

In order to determine the ability of our method to yield the optical properties of turbid media, we
first applied it to the data acquired on each separate homogeneous phantom. These values are given in
Table 1. For both homogeneous phantoms, the errors in the recovered carbon black concentration values

were within 4% and the corresponding R values were above 0.9.
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During our data analysis, we observed that our fitting was highly sensitive to the silicone
component in the phantoms, having distinct absorption spectral features at the wavelength range of 730-
760 nm and 890-940 nm. The differential absorption spectrum values of carbon black were low in these
areas and hence very hard to fit over the parts of the spectrum where the spectral features of silicone had a
greater influence over those of carbon black. In Figure 6 we present the sensitivity of the theoretical
differential absorbance to changes in the bottom layer carbon black concentration (at constant scattering),
for our two-layer phantom model over the entire NIR spectrum. Each curve presents the change in
absorbance derivative for a range of concentration values, relative to the actual carbon black
concentration of the bottom layer. The range of concentration was set to be 25% below and above the
actual concentration value with iterations of 3% between the set ranges. One can observe that greater
changes occurred between the wavelength range of 780-890nm. Using this specific wavelength range in
our two-layered fitting analysis, we were able to obtain the best estimates of the optical properties of the
bottom layer. Figure 7 represents an example of the first differential absorbance fit for the Two-Layer I
phantom. For the Two-Layer I phantom, the best estimate of the optical properties of the bottom layer
was obtained using a SD distance combination of 20/30 mm (see Table 1). Although the R* value of
0.8491 corresponding to Figure 7 was moderate, the recovered optical property values present in Table 1
were very close to the actual optical properties of the bottom phantom. In particular, the error in the
concentration of carbon black was as low as 0.0862%. The SD distance combination of 10/20 mm and
10/30 mm gave a higher error in recovered optical properties for this phantom. For our second two-
layered phantom model, Two-Layered II, the recovered optical property values were very close to the
actual optical properties for the bottom layer with a percent error of 2.60% for its concentration of carbon
black at a SD distance of 10/30 mm. At a SD distance combination 10/20 mm, the linear regression
yielded a low R’ value of 0.7038 and a much higher concentration of carbon black than the actual one.
For measurements taken on this phantom (Two-Layer II) at a SD distance of 20/30mm, a R’ value 0.4471,

and a high concentration of carbon black compared to the actual concentration were found. For all
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phantoms and all SD distance combinations, the errors in the recovered values of the reduced scattering

coefficients were below 10%.

Figure 8 presents a comparison of the reconstructed absorption spectrum of the Type II bottom
layer of the Two-Layered I phantom with the absorption spectrum obtained from the measurements on the
homogeneous Type Il medium. We observe very little difference between the two absorption coefficient
spectra, in which they have an R? value of 0.9929. A comparison between the reconstructed absorption
spectrum of the Type I bottom layer of the Two-Layered II phantom with the absorption spectrum
obtained from measurements on the homogeneous Type I medium is found in Figure 9. An R? value of
0.9911 was determined. Therefore, we can conclude that the reconstruction of the bottom layer phantom

optical properties in our two-layered models proved to be successful.
3.2 Measurements on Human Forehead

Since the main goal of this paper is to show the validity of our broadband multilayer approach in
the phantom study, we include only a brief description of human study results. The detailed report on
human studies will be published elsewhere. Our first idea was to follow exactly the approach developed
during our phantom studies, namely to acquire spectra at short (10 mm) and long (25 mm) SD distances
on the forehead, to obtain the “top” layer optical properties from the short distance measurement, and then
to reconstruct the optical properties of the “bottom layer” using the short-distance measurement as a
reference and assuming the thickness of the skull to be 10-15 mm. However, this approach yielded a poor
goodness of fit between the theoretical and experimental differential absorbance and unrealistically high
[HbO,] in the brain. We supposed that that such a mismatch between the optical properties measured at
short and long distance resulted from the optical non-homogeneity of the scalp and skull, and therefore, in
order to use the two-layer model, some effective optical properties of the “top” layer must be obtained
from a long-distance measurement. Since the “top” layer corresponding to tissue between the brain and

the surface was assumed to be quite thick (10-15 mm) so that most of light energy propagated through
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this effective “top”, we decided that a good measure of the effective top layer optical properties can be
obtained simply from the homogeneous model fit. The homogeneous model fit (Fig. 10) yielded typical
values of [HbO,], [HHb] and water fraction of 10 uM, 5 uM and 30%, respectively. The reduced
scattering coefficient of the “top” layer at 800 nm was found to be close to 1.0 cm” and 0=5. Assuming
these parameters for the “top” layer of our two-layer model and the water fraction of 80-90% for the brain
[14] we obtained for [HbO,] and [HHb] in the brain the values of the order of 40 uM and 15 pM,
respectively. (This corresponds to a tissue oxygen saturation (StO2) of 72%). The reduced scattering

coefficient of the brain at 800 nm was found to be close to 6.0 cm™ and a=6.

4. DISCUSSION

Other groups have already applied multi-layer approach in biomedical NIRS [5, 7, 8, 9, 13,14]. In
particular, Alexandrakis et al. investigated the possibility of determining the optical properties of a two-
layered medium using spatially resolved FD reflectance [13]. They used two phantom models: the first
consisted of skin overlying muscle and the other of skin overlying fat, each having varying top-layer
thicknesses between 1-4mm. It was assumed the upper layer thickness was unknown, and they
determined the optical parameters in both layers. The Monte Carlo simulation model and the two-layer
diffusion solution were fitted to experimental frequency-domain reflectance measurements of their
models, and both could determine the optical properties of the lower layers [13]. In their research, the use
of FD measurements with light from a 677nm laser diode, intensity modulated at 100Hz, only allowed for
the researchers to examine data at a discrete wavelength. In addition, the use of Monte Carlo simulations
to determine the optical properties of two layers requires a high amount of computational time [14].
However, here we present a very first study combining multi-layer diffusion theory with the broadband

CW type of measurements.
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Unlike previous broadband approaches [14] we use not the second but the first spectral derivative
of the absorbance and we fit it using tabulated chromophore spectra and concentrations as the fit
parameters. Another new point addressed in this study is the feasibility to reconstruct with a good
accuracy the optical properties of the bottom layer covered with a thick top layer (15 mm), which

corresponds to the structure of adult human head.

Our method relies on spectral features of natural tissue chromophores. Although the extinction
spectrum of carbon black used in phantoms is relatively smooth, our phantom tests confirm the feasibility
of the proposed approach.  Since tissue chromophores, especially water and deoxyhemoglobin, exhibit
much more pronounced NIR spectral features, we expect our method to be practical in biomedical NIRS.

Particular areas of applications can be the detection of cerebral hematoma or hypoxia in adults, children,

and neonates.

Our preliminary results on the measurements of the absolute optical properties of the two-layer
heterogeneous model of human forehead give reasonable values of oxy- and deoxy-hemoglobin
concentrations consistent with previous studies [9, 14]. A decrease in the scattering at longer NIR
wavelengths is in qualitative agreement with the theory, but quantitatively it appears to be too steep. This
and other issues of the accuracy of the CW broadband method to measure optical properties of

heterogeneous tissue will be addressed in future studies.

5. CONCLUSION

We have presented a broadband spectral approach to measure absolute optical properties of
heterogeneous tissue with layered architecture. Our approach is based on the diffusion approximation
solution for the semi-infinite homogeneous two-layer medium and a least squares fit of the first spectral

derivative of the absorbance. We have successfully measured the optical properties of the bottom layers in
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two-layer phantoms with 15mm thick top layers. Our preliminary in-vivo results provide reasonable

cerebral hemoglobin concentrations and oxygenation in healthy adult humans [9].
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Sourcet+Detector Error in [Carbon Error in p'
Phantom Model o e a B R?
istance (mm) Black] (%) (%)

Type ] 10+20 5113 0.9 8.76 0.8106
10+30 13.4 152 7.89 0.7907

20+30 3.78 1 5.67 0.901
Type I 10+20 239 1.2 5.67 0.7436
10+30 43.7 1.5 5.67 0.7593
20+30 0.42 1.5 7.14 0.9541

Two-Layer I 10+20 23.9 1.2 9.1 0.859

10+30 21.9 12 9.1 0.86
20+30 0.09 12 9.1 0.8491
Two-Layer II 10+20 36.8 123 7.89 0.7038
10+30 2.61 15 7.89 0.8395

20+30 9.32 13 553 0.4471

Table 1. Recovered optical properties for homogeneous phantoms with the higher optical properties
(Type I) and the phantoms with lower optical properties (Type II), and two-layered model fitting for
bottom layer having lower optical properties than top layer (Two-Layer I ) and vise versa for Two-
Layered II. Reference intensity was measured at the smaller source/detector distance and sample
intensity at the larger distance.
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Figure 1. Experimental setup of phantoms.
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Figure 2. Relative absorbance spectra of phantoms to demonstrate sensitivity of system to bottom layer in
a two-layered model.
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Figure 3. Absorption spectra of each homogeneous phantom.
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Figure 4. Reduced Scattering Coefficient Spectra of homogeneous phantoms.
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Figure 5. Silicone absorption spectrum and molar extinction of carbon black.
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Figure 6. Theoretical differential absorbance sensitivity to relative changes in p, of carbon black with
constant scattering for two-layer phantom model.
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Figure 7. The experimental spectral derivative of the absorbance for the Two-Layer I phantom and the
theoretical fit.
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Figure 8. A comparison of the reconstructed absorption spectrum of the Type II bottom layer of the Two-
Layer I phantom with the absorption spectrum obtained from measurements on the homogeneous Type II

medium.
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Figure 9. A comparison of the reconstructed absorption spectrum of the Type I bottom layer of the Two-
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medium.
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56



3-Methods

3.1-Differential Path Length Calculation

From data acquired by the mobile sensor, changes in absorption can be used to accurately
quantify the changes in [HbO2] and [HHb] in just the brain (Equation 1.7 & 1.8). Hence to
determine the changes in absorption in just the brain, baseline measurements are needed from the
two-layered broadband NIRS approach presented in Section 2. Change in the attenuation of light
with respect to baseline, is determined using Modified Beer Lambert Law (Equation 1.5). This

approach can be extended experimentally to two layers for broadband spectroscopy:

AA
";‘ =Ap 0+ Ap,0, G.1)

where Ap, and Ay, represent the changes in absorption for the top and bottom layers
respectively, o; is the DPF for the top layer and o, represents the DPF for the bottom layer.
Using a probe with multiple light channels one could use Equation (3.1) to separate changes in
the top (scalp and skull) and bottom (brain) layers. However, since the probe used in this
research had only one fixed source-detector distance, it was assumed that the top layer does not
change and that all hemodynamic changes occur just in the brain. Therefore assuming changes
in absorbance only correspond to changes in Au,, 0, can be determined numerically using the
baseline optical properties for the bottom layer measured in the previous section,. Fluence is

dependent on the absorption coefficients of both top and bottom layers assuming scattering
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remains constant. If it is assumed that all physiological changes occur in the bottom layer, the

corresponding change in fluence @ is:
Ap = Au, (3.2)

Recalling equation 1.5 and using above Equation (3.2), an expression for the DPF can be derived

as follows:

~log(2) = Au,po

o

= log(w) = —log(l +%) =Au,po

s Q, (3.3)
Assuming a small relative change in ¢, Equation (3.3) yields:
Ap
f e =\
%o (34

Replacing 4 @ with Equation (3.2) allows for an expression to be obtained for the DPF:
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Where p represents the source-detector (SD) distance and ), is the fluence at baseline

conditions. Using the above equation, baseline DPF corresponding to the path length which
reaches the brain (0,) was calculated over the entire NIR spectrum for a SD distance of 25mm

(the distance of the SD of the mobile sensor).

3.2- Smoking Measurements

3.2.1-System Overview

A mobile near-infrared (NIR) sensor was used for acquiring changes in cerebral HbO2
and HHb concentrations during smoking. The portable sensor (Figure 3-1) was small in size and
light in weight (about 50g), making the device easily wearable on the head. The device had four
bi-wavelength (at 730 and 830 nm) light emitting diode sources, and four light detectors. The
distance between each source and detector was 25mm, which is considered optimal distance for
light to reach the human brain for an average adult head [47]. Data acquired by the sensor was
transmitted to a Personal Digital Assistant (PDA) via a Bluetooth channel and then retransmitted
to a server via the GSM wireless network using the HTTP protocol. Loadable software to the

PDA was developed which supports the above wireless data transfers [83].
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c)

Figure 3-1- a) Mobile NIR sensor with portable phone b-d) Mobile sensor light emitters and detectors. The
device had four bi-wavelength (at 730 and 830 nm) light emitting diode sources, and four light detectors.
Sensor courtesy of M. Wolf (Arquatis GmbH, Rieden, Switzerland).

3.2.2- Human Subjects and Experimental Protocol

A total of 20 measurements were preformed on 11 different adult subjects between the ages
of 19 and 51. After informing each test subject of the nature of the study, each gave their
consent. The protocol was approved by the Ryerson University Research Ethics Board (file
number REB 2008-003). Each test subject reported that they have been smokers for at least one
year and during the experiments they each used their own legally purchased brand of cigarettes.
The human subject was then sat on a comfortable seating outdoors in a shelter covering to

protect them from precipitations and direct sunlight at daylight. The NIR sensor was attached to
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the top of the right side of the forehead, using a sterile roller bandage. This was to ensure that
the NIR device remained as stable as possible to the subjects head, allowing for minimal
movement disturbance and to prevent signal detection of surrounding natural light. Each record
continued for 15 minutes, which included a five-minute baseline period, a five-minute smoking
period, and a five-minute recovery period without smoking. During the smoking period the
subject was asked to inhale the smoke from the cigarette every 30 seconds. Such a regular timing
of the procedure was used in order to determine correlations between smoke inhaling and
observed hemodynamic changes. Test subjects were asked to smoke normally, not to over inhale

while smoking or breathing, and to move the cigarette to their mouth very slowly.

3.2.3- Data Analysis

All data processing was performed using MATLAB 2007b (The MathWorksTM). Out of
20 data sets, 7 indicated the presence of artifacts due to motion or ambient light, hence were
excluded from the analysis. Using the DPF (o, calculated in baseline measurements mentioned
in Section 3.1) and the changes in absorbance acquired with the mobile sensor, changes in the
absorption coefficient were calculated at the optical signals of 730nm and 830nm using the

following relationship:

i
_log(IFmal )
AA nitia
A = = P (.6)
PO, P,
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Where I, and I, are the measured intensities before and after the concentration changes
measurements obtained from the mobile sensor and p is the SD distance of the mobile sensor.
Once Au, was determined for the wavelengths of 730 and 830nm, the changes in oxy- and
deoxy-hemoglobin concentrations were computed with exclusion of the surrounding layers of the
brain, using Modified Lambert-Beer’s law [18, 31, 32] expressed earlier in Section 1.2.2.

Comparison was made between hymodynamic changes in the human brain determined using

the two layered modeling, and those computed assuming homogeneous modeling.
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4 — Differential Path Length Factor and Mobile Sensor Results and Discussion

4.1- Differentiai Path Length Factor and Mobile Sensor Results

This section discusses only DPF and mobile sensor results. Results and discussion on the

two-layered approach and in vivo baseline measurements are found in Chapter 2.

The DPF for a SD distance of 25 mm was calculated as a function of wavelength (Figure
4-1) using Equation 3.5. The general trend was as wavelength increased, DPF decreased except
for the longer wavelengths where a peak around 960 nm was present. This is due to the strong

feature of water at these wavelengths.
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Figure 4-1- Differential path length factor for the second layer as a function of wavelength calculated using
baseline optical properties of the bottom layer of a two-layered model of the human head, using broadband

NIR spectroscopy at SD distance of 25mm.
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The DPF required for corresponding measurements obtained with the mobile sensor was

found to be 0.227 and 0.1613 at the wavelength of 730 nm and 830 nm respectively.

Figure 4-2 presents the group averaged long-time hemodynamic changes assuming
homogeneous medium during baseline, smoking and recovery periods. Figure 4-3 displays the
averaged long-time hemodynamic changes from just the brain by applying the DPF’s at 730 nm
and 830 nm found in Figure 4-1 and Equations 1.7 and 1.8. To obtain the smoking data set
assuming homogeneous medium (Figure 4-2), it was assumed that DPF remained the same for
both wavelengths having a value of 6 [84], and Equations 1.7 and 1.8 was used. However, from
Figure 4-1, it was found that DPF differs for the two wavelengths, hence Equation 1.7 and 1.8 is

modified to account for the different DPF at the two wavelengths:

VG = Ve 4
( O./“ )SHHb oo 0'/12 )SHHb
A[HbOz] = B Y )

E &k g ¥ 4.1)
HbO2 HHb HHb HbO2

and,

AAM i AAAZ .
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o HbO2 o HbO2
e D 4.2)

HHb HbO2 HHb HbO2

A[HHbJ=
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Where A4 */2 represents the change in absorbance and ¢/ is the DPF for the brain at the
wavelengths of 730 nm and 830 nm respectively. Equations 4.1 and 4.2 were used to calculate
the changes in [HbO2] and [HHb] for heterogeneous tissue, accounting for the calculated DPF’s
of the brain at each specific wavelength. Comparing Figures 4-2 and 4-3, one can see the
changes in hemoglobin concentrations were greatly underestimated when assuming
homogeneous medium then compared to those found using DPF for the brain, by a factor of

approximately 3.

Qualitatively different types of the temporal behavior of cerebral hemodynamic changes
during baseline, smoking and recovery periods were observed (Figure 4-3). [HbO2] and [HHb]
increased for the first 150 seconds before leveling off and remaining stable for the rest of the
baseline period. During smoking, a simultaneous increase in both [HbO2] and [HHb] in the
beginning of smoking was found, however [HbO2] reached a peak at approximately 520 seconds
and decreased for the rest of the smoking period. Whereas, [HHb] steadily increased during the

entire smoking period of the experiment.
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Figure 4-2— Group averaged long-time hemodynamic changes assuming homogeneous medium during
baseline, smoking and recovery periods. Traces were averaged over four channels in 13 subjects. Error bars

show the standard error.
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Figure 4-3— Group averaged long-time hemodynamic changes from just the brain by using the DPF’s at 730
nm and 830 nm from Figure 4-1, during baseline, smoking and recovery periods. Traces were averaged over
four channels in 13 subjects. Error bars show the standard error.
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4.2- Differential Path Length Factor and Mobile Sensor Discussion

Okada et. al. [65], examined light propagation in a model of adult head with the cerebral
spinal fluid (CSF) layer using Monte Carlo simulations to investigate the effect the scattering
caused by the arachnoid trabeculae has in the CSF layer [65]. They determined the partial
optical path length in brain tissue for an adult head model as a function of SD distance. Values
were comparable when examining the values they obtained to those found in Figure 4-1. They
found the DPF at a source-detector distance of 25mm and wavelength of 780 nm, to be
approximately 0.3 [65], where the DPF shown in Figure 4-1 ranges between 0.1 to 0.33 over the
entire NIR spectrum. A study performed by Zhao et. al. [84] assumed a homogeneous medium
and found DPF at the surface of the forehead using time-resolved NIRS at a SD of 30mm and
wavelengths of 759 nm, 700 nm and 834 nm. They found DPF values for a homogeneous
scattering medium to average around 6.5, much larger than those found for the bottom layer of
the heterogeneous medium, however for the top layer DPF values are still large. When assuming
homogeneous medium this yields larger DPF values used in the calculation of cerebral
hemodynamic changes. One can see in Figure 4-2 and 4-3 that assuming homogeneous medium
for the human head leads to underestimated cerebral hemodynamic changes and when
heterogeneous layers are taken into consideration, much lower and different DPF values are
found over the entire NIR spectrum. This allows for quantitatively greater cerebral
hemodynamic changes to be determined. NIR measurements of cerebral hemodynamics
assuming homogeneous medium for the human head will reveal much smaller scale of changes

of hemoglobin in the brain. Therefore, it is important to account for the surround layers of the

brain.
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A combination of increases in [HbO2] and decreases in [HHb] is typical for changes
observed during functional brain activations, and usually results from increases in cerebral blood
flow, which causes a washout effect [85]. From the results presented in Figures 4-2 and 4-3, it
seems that at the end of the smoking and beginning of recovery periods cerebral blood flow
sharply decreased at some point during smoking causing a decrease in [HbO2] and increase in
[HHb] concentrations. At baseline conditions, [HbO2] increased and leveled off at greater
concentrations then [HHb]. This may be due to factors such as the test subjects not being fully
relaxed at the beginning of the experiment and eventually calming half way through the baseline
period. During the recovery period, both [HbO2] and [HHb] began to stabilize at the end of the
time period. This suggests that smoking effects lasted longer than 5 minutes and a longer

recovery period was required for [HbO2] and [HHb] to return back to the baseline.

A recent positron emission tomography (PET) study by Brody et al. [82] showed that
smoking a regular cigarette resulted in 88% occupancy of the human brain nicotinic
acetylcholine receptors. Since binding of the nicotine molecules to these receptors resulted in
excitation in neurons and the release of neurotransmitters, hence one can expect that smoking
can also cause a continuous increase in oxygenation and cerebral blood flow. The averaged data
showed increases in both [HbO2] and [HHb] and hence in blood volume. An increase in blood

volume can indicate an increase in cerebral blood flow.
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5 — Conclusions and Future Work

5.1- Conclusions

Studies of cerebral hemodynamics require fast, non-invasive measuring techniques.
NIRS provides a versatile method for non-invasive studies of the circulation system of the
human brain, but it requires elimination of signal contribution from the skull. This work
supports the previously stated hypothesis such that, through the use of broadband NIRS the
optical properties in a two-layered model of the human head are determined. It also revealed the
significant underestimation in the quantification of changes in [HbO2] and [HHb] when

assuming a homogeneous medium for cerebral measurements.

A broadband spectral approach to measure absolute optical properties of heterogeneous
tissue with layered architecture has been presented. The approach is based on the diffusion
approximation solution for the semi-infinite homogeneous two-layer medium and a least squares
fit of the first spectral derivative of the absorbance. The optical properties of the bottom layers
in two-layer phantoms with 15mm thick top layers were successfully measured. Encouraging
preliminary in-vivo results provide reasonable cerebral hemoglobin concentrations and
oxygenation in healthy adult humans. Past research has already applied multi-layer approaches
in biomedical NIRS [9, 60, 63]. In particular, Alexandrakis et al. investigated the possibility of
determining the optical properties of a two-layered medium using spatially resolved FD
reflectance [86]. They used two phantom models: the first consisted of skin overlying muscle
and the other of skin overlying fat, each having varying top-layer thicknesses between 1-4mm. It
was assumed the upper layer thickness was unknown, and they determined the optical parameters

in both layers. The Monte Carlo simulation model and the two-layer diffusion solution were
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fitted to experimental frequency-domain reflectance measurements of their models, and both
could determine the optical properties of the lower layers [86]. In their research, the use of FD
measurements with light from a 677nm laser diode, intensity modulated at 100Hz, only allowed
for the researchers to examine data at a discrete wavelength. In addition, the use of Monte Carlo
simulations to determine the optical properties of two layers required a high amount of
computational time [87]. However, a very first study combining multi-layer diffusion theory

with the broadband CW type of measurements is presented in this thesis.

In the broadband approach, the first spectral derivative of the absorbance was used,
unlike previous broadband approaches [87] which use the second spectral derivatives, and fit to
experimental data using tabulated chromophore spectra and concentrations as fitting parameters.
In baseline measurements, it was shown that with the broadband two-layered approach, it is
feasible to recover the optical properties of the bottom layer representing the brain, covered with
a thick top layer (15mm) which corresponds to the thickness of the surrounding layers of an
average adult human head [62]. The phantom studies used for testing the method have
supported the feasibility of the broadband approach, even though the extinction spectrum of
carbon black was less distinct in the NIR spectrum than natural tissue chromophores. However,
tissue chromophores, such as water, have much more pronounced NIR spectral features, hence it
is expected that the broadband approach will be more practical in biomedical NIRS such as the

detection of cerebral hypoxia in adults, children and neonates.

Through an extended approach of Modified Lambert Beer Law, the DPF over the entire
NIR spectrum was determined for the bottom layer. Values obtained were consistent with those

found in past research [65]. Determination of the DPF for the bottom layer at wavelengths of

69



730nm and 830nm allowed for the accurate quantification of changes in [HbO2] and [HHb]
obtained with the use of a mobile wireless NIR sensor. Analyzed measurements were those
obtained on test subjects while smoking in order to determine the effect naturally administered
smoke has on cerebral hemodynamics. Comparison made between the group averaged long-time
hemodynamic changes by applying DPF for the brain and assuming homogeneous medium for
the adult human head, displayed a great underestimation in concentration changes in the two
chromophores when assuming a homogeneous medium. Hence it is important to consider the

surrounding layers of the human head when performing measurements related to cerebral

hemodynamic changes.

In regards to the general trends found in [HbO2] and [HHb] changes and smoking, the
results suggested that smoking can cause fast and random spontaneous changes in cerebral blood
flow. The results also indicated that portable wireless NIRS devices can be very useful in
measuring hemodynamic parameters in natural environments. In particular, the mobile
technique presented, is capable of measuring changes in hemoglobin concentrations in the brain
while the test subject is smoking. This allowed for measured effects of naturally administered
smoke, which is a limitation to other imaging modalities. Developing a mobile NIR sensor
technology can provide a significant contribution to clinical practices, allowing for physiological

measurements to be performed on human subjects in their natural environment.
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5.2- Future Work

The following summarizes some key areas that need further investigation in determining
the optical properties of the brain with removal of the effects from surrounding tissue layers
using broadband NIRS, and for determining the effect naturally administered smoke has on

cerebral hemodynamics:

1) Examine the contributions of additional layers in modeling the human head to gain more
accurate measurements of hemodynamic changes in the brain. It has been shown in past research
that specific layers distort the behaviour of NIR light, specifically the scalp fat that can cause a
great effect in the amount of NIR light that reaches the brain and may be more beneficial to
model it as a separate layer. As well, increasing the number of layers in the model for the human

head will allow for a greater accuracy in the obtained optical properties of the brain.

2) Certain issues arose from measurements taken on heterogeneous tissue (described in baseline
measurements Section 2), such as a large decrease in the scattering at longer NIR wavelengths. A

better understanding of this result needs to be gained.

3) Measurements taken on heterogeneous tissue need to be examined for different areas of the
adult head, not just limited to the forehead. This will allow for the examination of optical
properties of the brain at different locations and whether a predominant difference is present.
However, influential factors need to be overcome to obtain measurements on areas of the head,

such as hair.
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4) Examine long term physiological effects of smoking on the brain using broadband NIRS, to
examine cerebral hemodynamic changes in the brain to different stimuli with an inexpensive,

non-invasive alternative biomedical approach.

5) Further study is needed into determining whether certain human parameters cause a
difference in the data measurements, such as gender, age and the number of years the individual

has been a smoker. This will require a larger number of measurements performed on test

subjects.

6) Greater analysis is needed to determine whether [HbO2] and [HHb] changes caused by
smoking are localized to certain areas of the brain and their significance, for the cerebral health
of the smoker. Determining the effects of smoking on cerebral hemodynamics will help advance

research studies on nicotine and its adverse health effects
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6 - Appendix

This appendix contains the Matlab source code for the two-layered spectral analysis employed in

this work.

1) Determination of absorption spectra of phantoms

oe

2
]

o

$This program finds the absorption spectra of each phantoms assuming one
$%homogenous medium and applying a semi-infinite two-distance method

oe
ove

%3Written by:

220livia Pucci and Dr. Vladislav Toronov (August 2008)

o

%% Calculate kappa from the known optical property points
musl=4.9; $known scattering coefficient of phantom at specific wavelength

(690nm) in cm
mus2=4.2; $known scattering coefficient of phantom at specific wavelength

(830nm) in cm

k2=sqrt (3*mus1*0.139); %Known kappa at 690nm

foriN=40%=1%1;
k2=fzero (@ (K) Bottoml (K,N),k2); 2calls function Bottoml to calculate
kappa at the indicated wavelength position
kappa3 (N)=k2;
end

k3=sqrt (3*musl*.139); %Known kappa at 690nm

for:N=41:1:180;
k3=fzero (@ (K) Bottoml (K,N),k3);
kappad (N)=k3;

end

k4=sqrt (3*mus2*0.134); %Known kappa at 830nm

for N=181r:lie851
k4=fzero (@ (K) Bottoml (K,N),kd);
kappab (N) =k4;

end

$kappa=[kappa3(:,
kappa5 (:,182:351)
kappa=[kappa3(:,1

1:40) sqrt(3*musl1*0.139) kappad(:,42:180) sqrt (3*mus2*0.134)
]

:40) kappa4(:,41:180) kappa5(:,181:351)]"; $Kappa Matrix
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valuesToEvaluatel=[650:1:1000]"'; %$Wavelength matrix
%% Calculate Reduced Scattering Coefficient as a Power Law

lambdal=(690); $first known wavelength of block for corresponding scattering
coefficient
lambda2=(830); %second known wavelength of block for corresponding scattering
coefficient

alpha=-((log(mus2/musl))/(log(lambda2/lambdal))); %calculate alpha
a=mus2/ (lambda2” (-alpha)); %calculate coefficient

mus=a.* (valuesToEvaluatel).” (-alpha); %calculate reduced scattering
coefficient for any given spectrum as a power law

%% Calculate Absorption Coefficient Spectra'’s

D =(1./(3.*mus)); %diffusion constant for any given reduced scattering
coefficient

ua=(kappa.”2).*D; %absorption coefficient
figure

plot (valuesToEvaluatel,ua) %plot absorption coefficient spectra over the
wavelength range of 650-1000nm

his prégram is called to calculate the value kappa at the indicated
pecific wavelength, which is needed to calculate the absorption
pectra of the specific phantom of interest

o\
oP oP oP
n 0 3

$%Written by:

o\

$20livia Pucci and Dr. Vladislav Toronov (August 2008)
, function y = Bottom2(K,N)
2% Curve Smoothing and determining wavelength interval and PSI for specific

values

load w %load wavelength
load db20 %load absorbance measurement

PSI=db20(1:1000).*1log(1l0); %convert data to natural logarithm

b=(interpl (w(1:1000), smooth(PSI,30),650:1:1000))'; %smooth and data
interpolation over wavelength

valuesToEvaluatel=[650:1:1000]"'; %wavelengths in nm

clear PSI
PSI=Db;
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%% Calculates wavelength dependence of the reduced scattering coefficient as
a power law

musl=4.9; %known reduced scattering coefficient of phantom at specific
wavelength (690nm) in cm

mus2=4.2; %known reduced scattering coefficient of phantom at specific
wavelength (830nm) in cm

lambdal=(690); %known wavelength of block for corresponding reduced
scattering coefficient

lambda2=(830); %$known wavelength of block for corresponding reduced
scattering coefficient

alpha=-((log(mus2/musl))/ (log(lambda2/lambdal))); %calculate alpha
a=musl/ (lambdal” (-alpha)); %calculate coefficient constant

mus=a.* (valuesToEvaluatel).” (-alpha); %calculate reduced scattering
coefficient for any given spectrum

$Plot reduced scattering coefficient over wavelength range of 650nm to 1000nm
figure

hold on

plot (valuesToEvaluatel, mus)

title('Specific scattering coefficient in relation to wavelength')

hold off

%% Solve for log constant with known absorption coefficient points of phantom
at two different wavelengths

$First Distance 10mm=0.lcm

mual=0.139; %$known absorption coefficient of phantom at specific wavelength
of 690nm in cm

mua2=0.134; %known absorption coefficient of phantom at specific wavelength
of “880nm’ inficm

% Calculate parameters needed to determine reflectance:
D=L/ (3*musl )

D2=1/(3*mus2) ;

Kl=sqrt ( (mual) /D

K2=sqrt ( (mua2) /D )

zbl=2*D1;

z01=3*D1;

zb2=2*D2;

z02=3*D2;

x1=1.0; %first distaneeintcm

$Begin: Reflectance in homogeneous medium for first S/D distance
%****************************************************

xl 1l=sqgrt (x1.72+201°2);

x2_1=sqrt(xl.A2+(zOl+2*zbl)A2);
Fplus_1=exp(—K1*xl_1).*(l+2*Dl*zOl*(l+K1*x1_1 /SR Ce0 ) s X Nk
Fminus_1=exp(—Kl*x2_l).*(—l+2*D1*(zOl+2*zb1) (EEERs 2L 1)y X2 1 a2 ora, Wi
psiO_1=(1/(16*pi*Dl) .* (Fplus_l+Fminus_1)); $calculated reflectance for first
known absorption at 10mm distance
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x1_21=sqgrt (x1i. 2+20212) ;

x2_21=sqgrt{xl. 2h(z02k2*2zb2) 42}

Fplus (2 l=expi(-K2txligal)y. $(1+2%D2%2 02X (1+K2*xli2dii./x1 21, °2) . /=] 21;
Fminus_21=exp(—K2*x§_21).*(— R

1+2*D2% (z02+2Xzb2 18 (1bK2%x2 21) . /%2520 02 /X221 ;
psi0x21=1/(16&piAD2) A (Fplus L21FEninusi2iysitcalculated reflectance for
second known absorption at 25mm distance

psi 1= (PSI(41)); %measured reflectance for first known absorption at both
distances

psi 2=(PSI(181)); %measured reflectance for second known absorption at both
distance

x2=2; %Second distance in cm

%Begin: Reflectance in homogeneous'medium for second S/D distance
%****************************************************

%1 12=sqgrt (x2.72+z01°2) ;

X2 12=sqrt (x2.72+(z01+2*2zbl)"2);

Eplias  12=exp (FKL* %l ~1 22 % (1424 D%z 00 (IR KR 2l 0 AR S/atls B2, SN /i 1 C1800
Fn¥nus@l2=exp (=K1*x2 12) .* (=

L2 X D1+ (Z00 + 2+ 2ol )l -BKx 2 1 200/ 2B 2R oN s/ o

psi0 12=(1/(l6*pi*Dl).* (Fplus_12+Fminus_12)); %calculated reflectance for
first known absorption at distance of 20mm

x1 22=sqgrt (x2.%2+202"2);

%2 22=sqrt (x2: %2+ (202+2%2zb2) *2) ;

Fplus 22=exp (=K2#*%kl 22) .* (1:+2*D2*z02* (1+K2*xl 22} . /xl 22.%2) ./l 22;
Eminus,22=expi(-K2xx2 22| .* (=

1 &2 m2e iz (122 p b~ QSRR 2N 252 0 ) 0 /52 5000 8 A0 /o0

psi0 22=1/(16*pi*D2). (Fplus 22+Fminus 22); #&callenlated reflectance for
second known absorption at 20mm distance

logpsil 1=(log(psi0O _1)); %log constant for first known mua at 10mm distance

logpsi2 1=(log(psi0_21)); %log constant for second known mua atlOmm distance

logpsil 2=(log(psi0O_12)); %log constant for first known mua at 20mm distance
logpsi2 2=(log(psi0O_22)); %log constant for second known mua at 20mm distance

logcl=psi 1-(-(logpsil 2-logpsil 1)); %average log constant at first known
mua for both distances
logc2=psi 2-(-(logpsi2_2-logpsi2_1)); %average log constant at second known

mua for both distances

logce=(logc2+logel) /2;%average log constant .ratio
$% Calculate kappa

i=N;
PSI 1=PSI(i); %measurement absorbance at specific wavelength
musp = mus(i); %specific scattering coefficient at specific wavelength
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D =(1./(3.*musp)); %diffusion constant at specific wavelength

zb =2.*D; $%$boundary parameter

z0 =3.*D; %boundary parameter

x 1=2; %larger §/D distance

xll=sgrt(xiAue2tz0.22) ;

x21=sqrt(x_l.A2+(zO+2.*zb).A2);

Fplus=expil<K* 2 Wlynea* (142%D*20% (1+RKsclaiay i ey /x11 ;

Fminus=exp (=K*x21) .* (=1+2*D* (z0+2*zb)i* (1 +K*x21)./x21.22).. /x2]1;

psi 11=1/(16*pi*D).* (Fplus+Fminus) ; %calculated reflectance at 20mm
distance

x 2=1.0; %smaller S/D distance

x12=sqgrt(x 2.52%z0.°2) ;

x2228qEE(x. 2,72+ (20+2.%2b) .22

Fplus2=exp (sKixbi2)i. R(L+£2*¥D*20* (1+Kex12) 0/ x12.22) . /x12;

Eminus2=exp (=K*x22) .* [=1+2*D* (z0+2*zb)* (L+K*x22) ,/x22.72) . /®22;

psi 22=1/(16*pi*D).* (Fplus2+Fminus2); %calculated reflectance at 10mm
distance

logpsi=(-log(psi 11./psi 22)); %log ratio to determine theoretical
absorbance

y=logc+logpsi-PSI 1; %$solve for kappa (K) in above equations by bringing y to
zero (fzero)

2) Two-Layered Program
$%This program determines the optical properties of the top and bottom

layer of a two-layered model by using linear regression fitting methods to
experimental data
W
M

P op

oL

%
%

oe

Q

oe

ritten by Dr. Vladislav Toronov(May, 2008)
$Modified by Olivia Pucci (September, 2008)

oo

load dbl0_20 % Absorbance data obtained from measurements
dl=dbl10_20(350:600,:);
w=dl(:,1); %Wavelength

$Find optical properties of top layer
[ebl,muspl]=fitTopiwlddfGr =20 *1Log (10) ), [10:20])

$Find optical properties of bottom layer

[cb2,musp2]=fitBotphantom(w, (dl1(:,2).*log(10)),10,30,cbl,muspl)

$This code finds oxy- (oxl) and deoxy- (dxl) hemoglobin concentrations and
reduced scattering coeff at 800nm (muspl)assuming homogeneous tissue for the
top layer
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function [cbl,musl]=fitTop (lambda, psi, x)
load A %loads specific absorption data
load e; %carbon black spectrum

alpha=1.3;

spel=e;

$sp(:,1l)=lambda; 5Wavelength

$sp(:,2)=(interpl (spe(:,1),spe(:,2),lambda)); %deoxy spectrum
$sp(:,3)=(interpl(spe(:,1),spe(:,3),lambda));%oxy spectrum
$sp(:,4)= (lnterpl(spe( l),spe(:,4),lambda));%water spectrum
$sp(:,5)=(interpl (spe(:,1),spe(:,5),lambda));%$ICG spectrum

'This may take a few mlnutes

load MATRIX2;

load uasill; %Silicone spectra

uasil=uasill.*0.1;

load intensity20

load dark20

noise=sqrt (intensity20(:,2)-dark20(:,2)); %%Noise
N=find(spel(:,1)>lambda(l),1, " 'first');
M=find(spel(:,1)>lambda(end),1l, 'first');

spel (M:end, :)= [],

spel(1l:N-1,:)=
uasil (M:end, :)
uasil (1l:N-1,:)=
noise (M:end, :)
noise(1l:N-1, )
ml=find(spel
m2=find (spel
nl=find(spel
n2=find(spel

e

Dpsi=(csaps(spel(l:end-1,1),diff (csaps(spel(:,1), (interpl (lambda, smooth
(psi),spel(:,1))),0.05,spel(:,1))),0.05,spel(l:end-1,1))); %$Differential of
the measured absorbance from experiments

$Plot Measured Differential Absorbance Spectra
figure;
h=plot (spel(l:end-1,1),Dpsi,'r");
1=0;

% for ft=0.:0205¢003;

ft=0; %Fat fraction

% forti=1:5
$'Initial localization'
11=0;
$Find water fraction
for wcl=wc:.l:wc
wcl=wc;

mua=spe (:,2)*dxl+spe (:,3)Foxltwcl*spe(:,4)tft*spe(:,6)+ticgl*spe(:,5);
mua=wcl*spe(:,4);

3Find scattering coefficient
for musl1=0.1:0.1:1.1 %msp800 cycle
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$musl=.07;

muspl=musp (musl,alpha,spel(:,1));

for cb=150:1:350 %carbon black cycle
$for ox=20:1:25 %oxyhemoglobin cycle
9for dx=5:1:15; %deoxyhemoglobin cycle

mua=smooth (spel(:,2),5)*cb+smooth(uasil,15); %Find
absorption coefficient for phantoms
gmua=spe (:,2) *dx+spe (:,3) *ox+wcl*spe(:,4)+ft*spe(:,6); 2*Find
absorption coefficient for heterogeneous tissue

%compute spectrum of reflectance for given hemoglobin, water content
and scattering
for k=1:length(spel)
psiOl(k,l)=PSIO(mua(k),muspl(k),x(l));
psiO2(k,1)=PSIO(mua(k),muspl(k),x(2));
end
d=0;
DPSI=diff (smooth((-log(psi02./psiOl)),10),1);

stats=regstats((Dpsi.*noise(l:end—l)),(DPSI.*noise(l:end—

1)));
d=stats.rsquare;
1=1+1;
s(l,:)=[d,cb,musl];
end
end
[ms,imin]=min(s(:,1));

$Fitting parameters

cbl=s(imin, 2); %Carbon black

%oxl=s (imin, 2); %HbLO2

$dxl=s(imin, 3); %HHDb

musl=s (imin, 3); %Scattering coefficient
$fat=s(imin,5); %Fat

$wc=s (imin, 6); %Water

dd=s (imin, :)

clear s

1=0;

mua=smooth (spel(:,2),5)*cbl+smooth(uasil, 15);
%mua=spe(:,2)*dxl+spe(:,3)*ox1+wc*spe(:,4)+fat*spe(:,6)

muspl=musp (musl,alpha,spel(:,1));
for k=1l:1length(spel)
psiOl (k,1)=PSIO (mua (k),muspl(k),x(1));
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psi02 (k,1)=PSIO (mua (k),muspl (k),x(2)):
end

line(spel(lvend=1; 1), <diff (log (psi02:/psi 01 1)
refreshdata (h, 'caller')

drawnow; pause(.1l)

[ms, imin]=min(dd (epd))s

cbl=dd(imin, 2); %Concentration found for the top layer of carbon black
% oxl=dd(imin, 2);%Concentration found for the top layer of [HbO2]

%2 dxl=dd(imin, 3);%Concentration found for the top layer of [HHDb]
musl=dd(imin, 3); %Scattering coefficient at 800nm for top layer

toc
end

$This code finds oxy- (oxl) and deoxy- (dxl) hemoglobin concentrations and
reduced scattering coeff at 800nm (muspl)assuming homogeneous
$tissue

function [cb2,mus2]=fitBotphantom(lambda,psil,xl,x2,cbl,musl)

$function [ox2,dx2,mus2]=fitBot (lambda,psil, psi2,x1,x2,o0xl,dxl,musl,wcl,wc2)

%load A %loads specific absorption data

$%load Al;

%load cubic;

load e;

alpha=1.4;

%load op

spel=e; %cubic;

load MATRIXZ2;

load uasil2; %$Silicon spectra

uasil=uasil2.*0.1;

load intensity30

load dark30

noise=sqrt (intensity30-dark30); %load noise

N=find(spel(:,1)>lambda(l),1,'first');

M=find(spel(:,1)>lambda(end),1, "first');

spel (M:end, :)=[1];

spel (1:N-1,:)=[

uasil (M:end, :)=

uasil(1:N-1,:)=

noise(M:end, :)=
=
(

I

noise(1l:N-1,

)
1;
1i
[
(
(
(
a

%uasil=smooth(uasil, 15);
m=find (x==x1);

n=find (x==x2);
ml=find(spel(:,1)==770);
m2=find (spel(:,1)==870);

DPSI=( (csaps(spel (l:end-
1,1),diff (csaps(spel(:,1), (interpl (lambda, smooth(psil, 15),spel(:,1))),0.05,sp
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el(:,l))),0.0S,spel(l:end—l,l))));%Caldulate differential absorbance from
measurement

%$Calculate scattering spectra of top layer based on scattering coefficient
$found in topfit program
muspl=musp (musl, alpha,spel(:,1));
mual=smooth (spel(:,2),5).*cbl+smooth(uasil, 15);
$mual=spe(:,2)*dxl+spe(:,3) *oxl+wcl*spe(:,4)+icgl*spe(:,5);
for k=1l:length(spel)
psi0l(k,:)=PSI0 (mual (k) ,muspl (k) ,.xl);
psi02(k, : )=PSI0(mual (k),muspl (k),x2);
end
al=squeeze (ACl2(:,:,:,:,m));
a2=squeeze (ACl2(:,:,:,:,n));
'This may take a while'
$'Initial localization (musp2)'

$Calculate water fraction

$for we=wc2:.01:1.
gmual2=spe(:,2)*15+spe(:,3) *60+wc*spe(:,4);
$for mus2=.4:.1:1. %msp800 cycle
musp2=musp (mus2, 4,spe(:,1));

o\°

o0

sill=psiOl+interpn(mua_1l,mua 2,musp_l,musp_2,al,mual,mua2,muspl,musp2, 'cubic

)i

-9

oe

psil2=psiO2+interpn(mua_1l,mua_2,musp_l,musp_ 2,a2,mual,mua2,muspl,musp2, 'cubic
')

oe

d=0;

$dpsi=diff(log(psill./psil2),2);

dpsi=diff(-log(psil2),2);
d=d+norm (DPSI (ml:m2)-dpsi(ml:m2));

ov

o°

oe

1=1+1;

sl (1, o)=ld,/mus2,wc] ;
end
end

o0 oP oo

$ s, imin]=min (sl (s, 188
g$mus2=sl (imin, 2)
$wc2=sl (imin, 3)
$hold on
figure;
h2=pletiispel (1l send-1,1) ,DPSI,'x');

for mus2=0.3:0.1:0.8; %Fit scattering coefficient for bottom layer
$mus2=0.4371;
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musp2=musp (mus2,alpha,spel(:,1));

%$'Localizing ox2, dx2 and cb2
for cb2=150:1:250;%Carbon black cycle
$for ox2=30:2:50 %oxyhemoglobin cycle
$for dx2=10:1:20; %deoxyhemoglobin cycle
mua2=smooth (spel(:,2),5)*cb2+smooth (uasil, 15);
gmual2=spe (:,2)*dx2+spe(:,3) *ox2+wc2*spe(:,4);

3compute spectrum of reflectance for given hemoglobin, water content and
scattering or carbon black and scattering for phantoms

psill=psiOl+interpn(mua_l,mua_2,musp 1,musp 2,al,mual,mua2,muspl,musp2, 'cubic

&

psil2=psiO2+interpn(mua_1l,mua_ 2,musp 1l,musp 2,a2,mual,mua2,muspl,musp2, 'cubic

"y

dpsi=diff (smooth((-log(psil2./psill)),10),1);

stats=regstats((DPSI.*noise(l:end-1)), (dpsi.*noise(l:end-

1))
d=stats.rsquare;
1=1+1;
S22l i3 y=ld relb2 smuas Zik;
end
end

$Find best fit of theoretical to experimental absorbance using fitting
parameters

U BEis T R

[ms,imin]=min(s2(:,1)):

$h=plot(s2(2:end, 1))

$refreshdata(h, 'caller')

$drawnow; pause(.1l)

$if best==s2(imin,2:4), break, end
best=s2 (imin, 2:3)

$best=s2 (imin, 2:4)
cb2=s2(imin, 2); %Carbon black concentration of bottom layer
mus2=s2 (imin, 3); %Scatting coefficient of bottom layer
% ox2=s2(imin,2); %[HbO2] of bottom layer
% dx2=s2(imin, 3);%[HHb] of bottom layer

mua2=spel (:,2)*cb2+smooth (uasil, 15); %Absorption spectra of phantoms for
bottom layer
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musp2=musp (mus2, alpha,spel(:,1)); %Scattering coefficient spectra
$mua2=spe(:,2) *dx2+spe (:, 3) *ox2+wc2*spe(:,4); %Absorption spectra of
heterogeneous tissue for bottom layer

psill=psiOl+interpn(mua_l,mua_2,musp 1,musp 2,al,mual,muaZ,muspl,musp2, 'cubic
)
psil2=psiO2+interpn(mua_l,mua_2,musp 1l,musp 2,a2,mual,mua2,muspl,musp2, 'cubic

')

h2=1line(spel(l:end-1,1),diff (smooth( (-
log(psil2./psill) )+15) 1)) ;
refreshdata (h2, 'caller')%Plot theoretical differential
absorbance

3) Data Processing of Mobile Sensor Measurements

$%This program calculates hemoglobin changes using DPF acquired from
$%%%two-layered model and data acquired from mobile sensor

oe
oo

Written by:
$%0livia Pucci and Dr. Vladislav Toronov (July 2009)

dpfl1=0.2227; %DPF of brain at 730nm
dpf2=0.1613; %DPF of brain at 830nm

a730=-log([restl(:,3) restl(:,6) restl(:,9) restl(:,12)]1./dpfl); %Data
acquired from mobile sensor at 730nm

a830=-log([restl(:,4) restl(:,7) restl(:,10) restl(:,13)]./dpf2); %Data
acquired from mobile sensor at 830nm

[trr730,deltar 730]=poldetrendM(a730,3); %Detrend data
[trr830,deltar 830]=poldetrendM(a830,3); %Detrend data

EXD=[3854.7,1879.8]; %extinction deoxy[760,870]
EXO0=[1403.3,2875.2]; %extinction oxy[760,870]

denom=EXO (1) *EXD (2) -EXO(2) *EXD(1); %Denominator of Lamberts Beer Law

deltar ox = le6*( cleliEael Y30 XEXD (2 ) ~delitar 830XEXD(1) ) / denom;

deltar . dx: = =leézilBldelitari830*EX0(1)-deltar 730*EX0(2) )/ denom;
tr ox = ( trr730*EXD(2)-trr830*EXD (1) ) / denom; %Calculation of

[HbO2] changes

tr dx. =" - ‘trr8S0iBXOEREGErr730*EX0(2) Vi denom; %Calculation of

[HHb] changes

t=(l:length(tr_ox))*.01/60; $Time of measurements in seconds

figure;
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PlotilEribrsxamC Wair', "D g
i _ox, 'Color','r','DisplayName', '"HbO2'); %Plot [HbO2] and [HHb] over
line(t;tr dx)s
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