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Preface

HE research presented in this thesis, was carried out mainly in the Department of
Physics of Politecnico di Milano. Fundamentally, it deals with the interaction
of light with highly diffusive or scattering media. A particularly interesting ex-

ample of such diffusive media is biological tissue. The capabilities of such diffusive
media to absorb and scatter light are quantified by parameters known as absorption
( a) and scattering ( ). The knowledge of these properties (known generally as opti-
cal properties), particularly for different wavelengths ("colors") of light is very useful
in the assessment and analysis of tissue health, to diagnose diseases and in laser related
treatment methodologies. Such broadband spectral information of these two proper-
ties provides information about the composition and the morphology of the sample.
Considerable progress has been achieved in this field over the last few decades and the
number of applications that it has been used for has only been increasing over time. A
brief description of this theory along with some basic physics and methodology, partic-
ularly relevant to the rest of the thesis, is presented in Chapter 1.

Several techniques have been implemented for the characterization of these optical
properties over a broad spectral range, such as Continuous Wave (CW), Time- Do-
main (TD), Frequency-Domain (FD) and Spatial Frequency Domain Imaging (SFDI).
Of these, the work described in this thesis mainly used the TD approach. An instrument
that can perform TD measurements to recover the broadband optical properties of bio-
logical tissue in the wavelength region of 600 - 1100nm (also known as the therapeutic
window) at multiple inter-fiber distances was developed during this course of the work
leading to this dissertation. The ability of the instrument to perform multi-distance
measurements is very useful as it permits the study of heterogeneous or layered media
with better accuracy. Chapter 2 describes in detail the design, development and some
of the novel features of this system. The system was designed to be portable which
permits its usage beyond the lab and in a clinical scenario. Additionally, the system
was validated using well established performance assessment protocols and will soon
be enrolled in a Hospital in Verona to non-invasively assess the physical frailty of the
elderly and the obese.

Chapter 3 demonstrates the ability of the instrument to accurately decouple the

I



optical properties of layered diffusive media. To this end, two layered samples with
known optical properties engineered using different kind of base materials were de-
signed and an analytical model that employs multi-distance measurements, such as the
ones provided by this instrument, was used to disentangle the optical properties of the
two layers. The results fared better in comparison to the results from the traditional
analysis models. The broadband data also provides information about the composi-
tion of the different two-layer structures which further demonstrates the need of such
instruments and analysis methods while dealing with layered media (e.g. the human
abdominal region or the forehead region). The chapter concludes with some interesting
results from in-vivo measurements on the human forehead region which is known to
display a layered geometry.

Chapter 4 deals with a pre-clinical in-vivo measurement campaign aimed at un-
derstanding the feasibility of the TD spectroscopy technique in the non-invasive as-
sessment of the human abdominal region. A total of 10 healthy male volunteers were
enrolled for the study and multi-distance measurements were performed on five dif-
ferent regions of the abdomen. The results clearly suggest that the stratified nature of
the abdominal region, composed primarily of skin, fat tissue and underlying muscle
has a visible impact on the recovered optical properties and hence demands caution
in the straight forward application of the traditionally used analysis methodologies. A
set of simulations were performed to further validate the results observed from these
measurements.

A novel application of the broadband TD diffuse optics spectroscopy (TD-DOS)
is presented in Chapter 5. An instrument similar to the one developed during the
course of this thesis is used to understand the influence of thermal treatment method-
ologies (e.g. Radio Frequency Ablation or Microwave ablation) on the broadband opti-
cal properties of biological tissue. The measurements are performed on different types
of ex-vivo bovine tissue. Interesting variations are observed in the recovered optical
properties as the tissue undergoes the thermal treatment methodologies. While these
variations need to be further validated in an in-vivo scenario, these findings prove that
optical properties obtained using broadband TD-DOS could be of great value in moni-
toring the above mentioned thermal treatment methodologies in a clinical environment.

Finally, Chapter 6 summarizes some of the initial results from a multi-laboratory
performance assessment exercise titled " the BitMap Exercise" (named after the BitMap
Marie Curie consortium, an EU level consortium which funds the author of this work).
A total of 29 diffuse optics instruments were enrolled for the exercise, making it the
largest of its kind. Instruments with different techniques, applications and levels of
technological readiness are enrolled for the exercise. The exercise is still in progress
with the author of this work playing a key role in its organisation and implementation.
Some preliminary results from this ambitious exercise comparing the performance of
various instruments are presented.
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CHAPTER

Diffuse Optics: an Introduction

This chapter is aimed at offering the reader an introductory perspective on on the theory
of diffuse optics. Firstly, some of the fundamental properties are presented followed
by a basic understanding of how it is employed in the eld of Biomedical imaging
and spectroscopy. Second, the fundamental classi cation of instrumentation used is
discussed. Then, the different strategies and models of analysis, particularly relevant to
this work, are presented. The chapter is concluded by a brief discussion of the state-
of-the-art advances and the pertinent challenges of the eld and the signi cance of this
work in resolving some of these issues.

1.1 Light Matter Interaction

Matter is in uenced by and interacts with light in different ways and the study of these
interactions is something that spans a wide number of disciplines from optical and
atomic physics, electrical and solid state physics, and recently in biology and medicine
too. Depending on the number of interacting particles and the complexity of the in-
teraction different models have been formulated to aid this study. The most accurate
modelling requires a quantization of both the illuminating electromagnetic eld and the
matter under consideration [1]. This however gets exponentially more complex as the
number of atoms or molecules in the sample increase. In such cases, a semi-classical
approach is preferred. This, as the name suggests, quantizes only the material (sam-
ple) while describing the eld using the well-known Maxwell's equations [2]. Further
complexity arises when the matter under consideration is extremely dense and inho-
mogeneous at a micro-level. Such a situation demands a further simpli cation in the
modelling. One good example of this is the highly scatteringitiusive medialike
biological tissue. Biological tissue, which is the primary focus of most of the studies
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Chapter 1. Diffuse Optics: an Introduction

presented in this thesis, is essentially compriseabsiorbing agentsr chromophores
andscattering centersConsequentially, these constituents are responsible for the main
interactions that light undergoes as it interacts with tissue, naafslgrptionandscat-

tering respectively. The interaction of light with such diffusive media is modelled as
photons, which are quantized particles of light, colliding elastically with the scatter-
ing centers and being absorbed by the chromophores. Quanti cation of these features
Is then achieved by considering the probability of the occurrence of an absorption or
scattering event in a unit length of the medium. These quantities are de ned as the
absorption , and scattering coef cientsg, respectively.

1.2 Transparent and Diffusive Media

Matter that is completely devoid of scattering centers is labétltsparent Depend-

ing upon its composition and the wavelength or 'color’ of the light used it either absorbs
the light or lets it pass through undeviated. This interaction can be described using the
famed Lambert-Beer law, which can be expressed as:

| = lgexp[ al] (1.2)

Herel o represents the intensity of the input lightis the intensity of the light after
the interaction and. corresponds to the thickness of the sample along the direction
of propagation of the incident light. As mentioned earlier, this quantity contains in-
formation regarding the chromophores in the transparent media and the concentration
of these chromophores can be obtained from the spectrum of this coef cient using the
formula.

X
a( )= a"i() 1.2)

This is known as the Beer's Law, and is valid as long as the intensity of the incident
light is suf ciently low, to avoid any signi cant non-linear interactions. Heges the
molar concentration ant is the molar coef cient of extinction at a given wavelength

When the number of scattering centers in a medium start to increase, the photons
tend to encounter not just absorption but scattering events as well. In particular, when
the number of scattering events in a medium exceed considerably the number of ab-
sorption events then the medium is considered tdiffasive At this level, the scat-
tering centers in diffuse media tend to scramble the photons in random directions. At
a microscopic level, the size of these scattering centers are comparable to the wave-
length the of light, with different irregular shapes and varying optical properties. This
in-homogeneity at the microscopic level results in a diffusive spread of light at macro-
scopic level. Typically, inbiological tissue the tissues are composed of cells and
organelles with size comparable to light wavelength making them an ideal diffuse me-
dia.
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1.3 Applications of Diffuse Optics in Biological Tissue

1.3.1 Diffuse Optical Spectroscopy (DOS)

Atmospheric scattering, real-time monitoring of ocean water using optics and material
science are some cases where studying the diffusion of the radiation in the material
could be valuable. However, the most important contribution of Diffuse Optics is in the
eld of biomedical imaging and spectroscopy. Biological tissue is strongly scattering
in the visible and NIR wavelength regions. Moreover, the wavelength region below
600nm is absorbed heavily by red' blood cells and the region above 950-1000nm by
water (OH ions). Therefore, most studies involving biological tissue, use radiation
from the 600-1100nm wavelength region, which permits for a better penetration depth
into the tissue [3].

While, valuable information regarding blood oxygenation could be obtained by mea-
suring the diffusion of light at two or three wavelengths, broadband or multi-wavelength
measurements provide us with the unique possibility of estimating the tissue chro-
mophore concentration as discussed in Eq. (1.2). As mentioned earlier, the only pre-
requisite here is the spectra of the extinction coef cients.

The chromophores contributing to most of the absorption in biological tissue in this
wavelength region are: water, lipid/fat, collagen, oxy and de-oxy hemoglobin. The
concentration independent extinction coef ciépt ) of these chromophores is shown
in Figure 1.1.

The concentration of these chromophores could be valuable in monitoring and imag-
ing speci c changes in the tissue. For instance, concentrations of oxy and de-oxy
hemoglobin can be studied to monitor in real-time the functional activation of regions
in the brain [4]. Similarly, studies have shown that the amount of collagen, lipid and
water present in the breast is a key indicator for the assessment of the risk of breast can-
cer and related pathologies [5]-[8]. Recent studies have also employed diffuse optics
for thyroid cancer detection by non-invasively monitoring the concentrations of tissue
constituents in the thyroid region [9].

Further valuable information regarding the physical nature of the biological tissue
can be obtained by analysing the scattering coef cient. Scattering of light, generally
occurs due to the presence of localized non-uniformities in the medium, which tend to
deviate or 'scatter' the incident light from its original direction. For most biological
tissues the scattering spectra can be described by an empirical law in the form

b
s=a — (1.3)
0

Using the Mie theory, the coef cienta andb can be linked to the density and ef-
fective radius of the spherical 'scattering' centers [10]. This assumption does not not
always hold and in such cases numerical simulations are necessary.

The technique described above is termed as Diffuse Optical Spectroscopy (DOS)
and will form the crux of the measurements and results reported in this thesis. It is,
however, interesting to know that an imaging analog of DOS called Diffuse Optical
Tomography (DOT) exists, which basically assigns the optical and physiological prop-
erties mentioned above to multiple volume elements in the tissue sample to create a 2D
or 3D map of the tissue.
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Figure 1.1: (below) Extinction Coef cients of some of the key chromophores and absorbers in biological
tissue over the wavelength region of interest. (above) Absorption coef cient spectra of the human
forehead. Clear correspondence can be observed between the key spectral features of the biological
tissue and the outstanding features of the chromophore spectra.

1.3.2 Diffuse Correlation Spectroscopy (DCS)

More information can be obtained from the light that is diffused in tissues. The motion
of the dynamic scatterers present in ‘'living' tissue like red blood cells (RBCs) could
create uctuations in the speckle patterns of the scattered light. The study of these
dynamic light scattering measurements to measure cell movements of interest such as
the cerebral blood ow (CBF), is known as Diffuse Correlation Spectroscopy (DCS)
[11], [12]. This technique will not be discussed here in detail since it is out of the
scope of this thesis but interested readers can nd further information in the references
presented.

1.4 Techniques and Instrumentation

The estimation of optical properties of diffusive media can be achieved by employing
different techniques. These are classi ed based on the spatial distribution and temporal
characteristics of the source or incident illumination and the detection strategies used.A
brief schematic of four of the most common techniques or modalities employed in this
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1.4. Techniques and Instrumentation

eld are presented in Fig. 1.2. Here we discuss these techniques in detail with some
examples of instruments developed by research groups from different parts of Europe
and the World.

1.4.1 Continuous Wave

The continuous wave (CW) modality [13] utilizes CW light sources like lamps, LEDs
and CW lasers to illuminate the tissue under investigation and detects the diffusely re-
ected light to estimate the optical properties. This modality is widely used and boasts
a considerable presence in the clinics[14]-[16], due to its cost effective and scalable
nature. However, a single CW measurement would measure the relative attenuation of
the light which is not suf cient to retrieving both optical properties. This problem, is
overcome by making multiple measurements spatially, as shown in Fig. 1.2 (a). Exten-
sive models have been developed in this direction but are beyond the scope of this work
[17]. Many successful CW systems have been developed [14], [15] and employed in
various in-vivo studies [16].

1.4.2 Frequency Domain

Another modality that surpasses some of the disadvantages of the CW technique is the
Frequency Domain (FD) based DOS [18], [19]. This is based on light sources that
are amplitude-modulated, with modulation frequency ranging from 100 MHz up to 1
GHz. A radio-frequency oscillator is used to drive the source and also provide the ref-
erence signal for the phase measurement. Propagation of this modulated light through
tissue could be envisioned as low-pass lItering: the amplitude decreases and the phase
increases with increasing frequency [20]. Since the diffusion information is encoded
in phase signal, it is possible to evaluate the scattering coef cient independent of the
absorption, thus allowing the estimation of absolute values of the optical properties
1.2 (b). Moreover, FD instruments can provide fast sampling (up to 50 Hz) which is
of great value when monitoring real-timevivo signal. Apart from the complex and
bulky instrumentation this technique also faces one other challenge: the in-availability
of broadband frequency domain sources. This is however, overcome using a very clever
trick which exploits FD and CW instrumentation together where each of the techniques
can complement the other. The CW instrument performs broadband measurements and
the FD measurements are performed at few points to extract the scattering coef cients
of the diffusive media. These values are then extrapolated over the broadband wave-
length range using the 'Mie' law discussed in 1.3, thus obtaining broadband optical
properties. Some of the successful implementations of FD instruments can be found in
[21], [22].

1.4.3 Time Domain

Finally, we discuss the time-domain (TD) or time-resolved modality which injects a
picosecond scale pulse into the tissue or diffusive medium. The scattering and absorp-
tion events occurring in the tissue lead to a subsequent attenuation and broadening in
the pulse to the nanosecond regimel.2 (c). The early region of the peak is predomi-
nantly effected the scattering properties of the medium as the photons have travelled a
relatively shorter path length and thus have a lower probability of being absorbed by

5
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Figure 1.2: Techniques commonly used in DOS instruments (a) Continuous Wave or spatially resolved
re ectance measurement; (b) Frequency-modulated or frequency domain where the phase shift
and modulation depth [(C/D)/(A/B)] are measured and used to obtain the optical properties (c) Time
Resolved or time domain technique wherein a short temporal pulse is injected into the biological
medium and the temporal point spread function is analysed to retrieve the optical properties and (d)
Modulated Imaging where the source projects a pattern on the sample and the re ectance is analyzed
as a function of the modulation frequencies to retrieve the optical properties
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Figure 1.3: A block diagram of a frequency domain photon migration instrumentation complemented
with a broadband CW instrument. (courtesy of Thomas D O'Sullivan [23])

the tissue. Consequently, the later part of the broadened curve contains information
regarding the absorption events occurring within the tissue at that speci ¢ wavelength.
In this way, a single measurement using TD techniques with necessary analysis allows
for an independent estimation of both optical properties[19].

Instruments based on TD techniques require sources providing pulsed light and de-
tection electronics with high temporal resolution (sub nanosecond). These detectors
should also possess high sensitivity factors and should be able to detect single photon
events. Two such detection technologies exist in the market currently, these are Streak
Cameras and correlated single photon counting (TCSPC).

In theory, frequency domain and time domain are expected to be equivalent but
in practice, the limited number of modulation frequencies limits the information con-
tent of frequency domain techniques considerably in comparison to time domain tech-
niques. This could be utmost relevance when investigating complex heterogeneous or
layered biological media.

1.4.4 Spatial Frequency Domain Imaging

One technique that has seen a rapid rise in applications, in recent times, thanks to
it's capability to provide wide eld gquantitative images of biological tissue, is Spa-
tial Frequency Domain Imaging (SFDI). The basic measurement principle behind this
technique is described below. A two-dimensional pattern of light is projected onto the
sample and the re ected or transmitted pattern is caotured on a digital camera. The
multiple scattering and absorption events occurring lead to a decrease in the amplitude
of the projected pattern. This amplitude is then used to obtain the spatial modula-
tion transfer function of the sample taking into account the in uence of the system's

7
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Figure 1.4: Setup for TR optical diffuse spectroscopy based on two tunable lasers and TCSPC tech-
nique[24]. (developed in the Politecnico di Milano)

response. Repeating this procedure for multiple frequencies and applying some light
propogation model, the optical properties at each pixel can be recovered. Use of mul-
tiple wavelengths, either serially or in parallel, compliments the information further
[25].

Single wavelength setups require a digital projector to be able to modulate the light
source and a CCD or similar imaging detectors to capture the back-scattered image.
Broadband systems need broadband sources and tunable lters to allow for a fast wave-
length selection over a wide spectral range.

1.4.5 Overview and discussion

Each of the techniques reported above has its own advantages and drawbacks. Of all
these, time resolved (TD)techniques has some interesting features such as (i) the abil-
ity to disentangle the optical properties using a single measurement (ii) better depth
penetration encoded in time information and (iii) free from surface artefacts as a con-
sequence of amplitude independent modelling. This is one of the reason to choose this
technique for most of the work reported in this thesis. However, this does not imply
that TD techniques dominate the eld. In fact, both CW and FD modalities are highly
valuable and frequently utilized for many applications.

CW techniques are often cost-effective, compact and user-friendly making them
invaluable in clinical scenarios. However, they often suffer from poor spatial resolution
and require multi-distance measurements to obtain comprehensive information. Also,
they are fundamentally a measure of relative attenuation of the sample and hence cannot
separate absorption from scattering. Finally, in some cases CW based instruments also
need a reference measurement to quantify the absolute attenuation of the medium.

FD techniques, like CW, boast of a superior source stability in comparison to the
TD techniques. Also the advanced electronics used for the modulated signal generation
allows for a robust and quick functionality. The Fourier transform relation between time

8



1.5. Models of Photon Propagation in Diffusive Media

and frequency suggests, in theory, an equivalence in the information content between
TD and FD. However, in reality TD methods excite all the temporal frequencies and
hence provide better information content. More importantly, FD methods, in theory
can estimate the absolute optical properties but need a calibration of the system on
a phantom of known optical properties which is not the case for TD instruments. In
conclusion, the choice of the technique or modality is a complex one and depends on
numerous factors like the application under question, the penetration depth required
and time scale of the reaction/functionality that needs to be monitored.

1.5 Models of Photon Propagation in Diffusive Media

1.5.1 The Radiative Transport Theory

As discussed in 1.1 Maxwell's equations could be the ideal tool to understand the pho-
ton propagation in general. However, for diffusive media, the computational complex-
ity involved supersedes the accuracy and exactness provided by this theory. Therefore, a
heuristic model, developed originally in the eld of astrophysics [26] and subsequently
used for the study of energy transport of neutrons [27] in nuclear reactors was chosen
as the ideal alternative for this purpose. This theory, knowthasRadiative Trans-

port Theory28] considers the particle nature of light and treats the diffusive media as

a random distribution of absorption and scattering centers. The theory is based on the
following assumptions. First, that the no interference effects occur within the diffusive
media. This is a valid assumption since the multiple scattering nature of diffusive me-
dia ensures that the coherence of the incident light is destroyed after a few scattering
events. Secondly, it assumes that the scattering is elastic, i.e. the radiation does not
change frequency or energy after a scattering event.

Equation 1.4 summarizes the key mechanisms that dictate the propagation of pho-
tons in a turbid medium. Known as the Radiative Transfer Equation (RTE), or the
Boltzmann Transport Equation, this integro-differential equation expresses the princi-
ple of conservation of 'light' energy in a volume element of the turbid medium. Let
V be a the volume of a turbid medium bound by the surf@e Eq 1.4 is a balance
between the incident and output radiation along the dire&ian the timet within an
in nitesimal volume elementdV  V at the positionr 2 V [28]

1ORSY _ 8§ 1 R(r;&t) (at+ RS0+
v ot z (1.4)

+ 5 pEBOR(r;)d+ Q(r; &)
4
Here:

* R(r;%;t) is the radiance (or speci c intensity): the power owing in the direction
8, per unit of solid angle and area normabktdvlathematically this would be:

2P

- 2¢r 1 1.5
TdAS T Wm Zsr (1.5)

R(r;8;t) =

where P is the powedA is the area element, dis the solid angle element aifid
is the unit vector normal to dA.
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v is the photon velocity given bg/n where c is the speed of light and n is the
refractive index of the medium.

aand s[m 1] are the absorption and scattering coef cients of the medium (dis-
cussedinl1.1)

8 r R(r;%;t) is the net variation in the radiance due to energy ow.

(at+ s)L(r;%;t)isthe loss in energy due to absorption and scattering

+ s , P(58)R(r;48t)d4%is the net increase in the energy ow which is a
consequence of scattering of light from the other directiqr($; &9 is the phase
function: the probability that a photon travelling in the direct®is scattered to
the direction®®

« Q(r;8;t)[Wm 3sr 1]is the spatial, temporal and angular distribution of a radia-
tion source withinv.

Treatment of Absorption: When the source term is a delta function in time i.e.
Q(r;8;t) = S(r;8) (t), the effect of absorption centers in the diffusive media can be
handled separately. Considg(r;$;t) as a solution of the non-absorbing medium then
the absorption dependent solution could simply be expressed as:

Ra(x8;t) =exp(  avt) R(%8;1) (1.6)
Here, ,is the absorption coef cient of the medium.

1.5.2 The Diffusion Approximation

As mentioned earlier, the presence of an integral on the right hand side of the equa-
tion makes it very dif cult to obtain analytical solutions to the RTE. To overcome this
dif culty, Discretization methodike the Discrete Ordinates Method, [29] the Kubelka
Munk Method, [28] Finite Element Method, [30], [31] or stochastic methods, like those
based on Monte Carlo are usually employed.

However, further simpli cation can be achieved using another approach involving
Expansion methodsAs their name suggests, these methods are based on a series ex-
pansion of the radiance source term and the phase function of the RTE. Spherical har-
monics [32] are usually the base functions of choice. The general nomenclature for
such methods is thBy Approximation Method, where N is the maximum order | of
functionsY), involved in the expansion [19], [33]. The Diffusion approximation (DA)
is a special case of the simplest of theéBgapproximation. The DA reduces the num-
ber of variables that contribute to the energy balance expressed through Equation 1.4
with the help of additional assumptions valid for cases where photons undergo multiple
scattering events thereby randomizing the initial direction of photon propagation[28],
[34]-[37]. The additional assumptions here are:

* Isotropic radiance: The predominantly scattering nature of the interaction allows
for the radiance term to be re-written as:

R(¥; §;t) = 4i( £ 1) + 43J“(+; t) 8 2.7)
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1.6. Analytical Solutions of the Diffusion Equation in the Time Domain

where, ( #;t) and J(¥;t) represent the isotropic Fluence and small directional
Flux respectively.

* Negligible ux variation : The time variation of photon ux in a time correspond-
ing to a mean free path= (v ;) !is negligible compared to the total ux;

» Radial symmetry andIsotropic light source

The assumptions on the isotropic radiance and negligible ux variation allow for a
relation between the uence and the ux known as friek's Law[38] and given by :

J(xt)= Dr ( #t) (1.8)

Implementing the above mentioned changes in the RTE, we realize the Diffusion
Equation (DE) that is a differential equation for the uence rate with several solutions
available. The requisite mathematics is straightforward and can be found in [39]. The
nal equation is presented in 1.9

1@

=& 2 1) = .
Vot Dr o+ a (#t)= op(rt) (1.9)
R
wheregp(+;t) =, Q(#;8;t)d is the isotropic light source term, armdl = 3%,
represents thdiffusion coef cient Fg = (1 g) denotes the reduced scattering

coef cient whereg=< cos > =2 , cosp( )sin d isthe anisotropy coef cient.

The anisotropy on the light scattering in the tissue is given by the average cosine of the
scattering angle. The inverse of the reduced scattering coef cient givesaiigport

mean free path’= (1= 2), which represents the mean distance travelled by photons in
a homogeneous medium before they lose information about the initial direction. Similar
to the case of RTE Eq. 1.6, the affect of absorption is accounted for in the DE using a
multiplication factor. Therefore, ifl +;t) is a solution of 1.9 (non-absorbing medium
with a delta source), then

(£t )= ( Bt a=0)exp( avt) (1.10)

would be the extended solution to a medium with similar scattering characteristics
but an absorption coef cient,. Similarly, the radiant ux for this scenario can be
estimated by extending this analogy to fiek's Law.

1.6 Analytical Solutions of the Diffusion Equation in the Time Domain

1.6.1 Casel: Homogeneous Medium

As mentioned in 1.4.5 this work primarily deals with DOS in the Time Domain (TD-
DOS). Hence, this section brie y discusses some of the solutions of the DE in the time
domain for different geometries that are of particular interest to the different applica-
tions discussed in this work.

Biological systems of interest can, in general, be modelled as slabs of material, or as
semi-in nite media. This nite dimensionality dictates that cases like this require rea-
sonable boundary conditions to complete the mathematical description of the problem.

11



Chapter 1. Diffuse Optics: an Introduction

If there is no mismatch between the refractive index inside and ousate if @/
is a convex surface, the radiance owing outs\dés not re ected. The two commonly
used boundary conditions are the Extrapolated Boundary Conditions (EBC) and Zero
Boundary Conditions (ZBC), both of which approximate the source term as a sum of
Isotropic point sources, by de ning an in nite number of pairs of positive and negative
sources (sinks) that set the uence at the boundary of choice. In the EBC, the uence
rate is assumed to be null at an imaginary surface at distanee 2AD from the
interface, where A is the parameter that accounts for refractive index mismatch and D is
the diffusion coef cient. The ZBC, on the other hand, relies on the assumption that the
uence rate is null at the physical interface. Both give similar soluti@3¥Yariation in
nal output at source detector separation larger than 5mm ). EBC is usually preferred
due to simpler analytical expressions [40]. The Boundary conditions are discussed in
detail in the following references ZBC [19], [31] and EBC [33], [40].

Assuming a - Dirac pulse source, the temporal distribution of photons at distance

= = x2+ y2 from the injection point, for a laterally in nite slab of thickness s is
described by the re ectance (Eq 1.11) and transmittance (Eq 1.12):

2

1 ADut th
R ;t — e 4Dvt
Gt) 2(4 Dv )32t5=2 N 4
X1 2 P (1.11)
Zzme ' zgme o
m=1
1 2 auV
T ,t - e 4Dvt
G1) 2(4 Dv )3=2t5=2 " #
X1 2 . (1.12)
Z]_me 4Dvt sze ﬁ
m=1
where
8
Zom=(1 2m)s (4m 2)z.+ z (1.13)
3 Zm= 2ms 4Amz. z '

These quantities express the power per unit area that crosses the surface in a certain
position. Hereze = 2AD andz, = ( 2 !). These equations can in practice be truncated
to the rst few terms since the with increasing m, the correspondjpddistance of
the image source from the boundary) increases thereby making its contribution to the
solution negligible for relatively shortt.

Eq 1.10 can then be used to obtain the solution for the re ectance from a semi-
in nite medium which can be considered as a limiting case of the slab geometry with
the thickness s going to in nite. In this cas®,, = zs andzyy, = 2z, + zs; and the
equation for re ectance is simpli ed as follow:

12



1.6. Analytical Solutions of the Diffusion Equation in the Time Domain

o 1 o avt
RED= v )ees=® X
2 2 7 (1.14)
e ™ ze

1.6.2 Case2: Multilayered media

Here we brie y discuss the solution for TD-DE in a two-layered cylinder. A detailed
description can be found elsewhere [39].

Figure 1.5: Schematic of the two layered cylinder described in the present model.

Consider a the two layer cylinder of radiugnd volumegd/; as shown in Figure 1.5
divided into two regions of thicknesg ands, respectively. Each region is character-
ized by ,;D; andn;(i = 1;2) that are the absorption, diffusion coef cients and the
refractive index respectively.

With a point-like source located in= (0; 0; z5) as:

aEt) = (+ *) (1) (1.15)

the diffusion equation for the inhomogeneous medium becomes:

%@@tr D@+ o (EH= (£ 'rg) 1) (1.16)
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Chapter 1. Diffuse Optics: an Introduction

The initial and boundary value problem is then formulated in terms,§#; t) and
2(%; t) for the two layers, as:

8 h i
< h%t Dlr 2+ ali l(f'; t) =0 t> 0’ 0 Z<S; (117)
%t Dor 2+ 5 o(t)=0 t>0 s zZ S+ S

and
(E1=0)= vi (F 1) (1.18)

Z1e andz,e are the extrapolated distances at the surface0 and atz = s; + s,
corresponding to the surface of separation of the two regions (EBC). On the other hand,
\ BC were used on the lateral surfaces of the cylinder. The injection in this case is
assumed to be from the rst layer.

The uence rate is de ned for each layer as an eigenfunction expangiert) [39]

. P 1 t .
1(+1t): ln=1 In In1 e n t>0 O Z S1

1.19
2B = oy o2 fe ! t>0 s z s+ (1.19)

The mathematics behind the conditions de ning the eigenfunctigpér) and the
solutions necessary to obtain their coef cients and |, is beyond the scope of this
thesis and can be found in the following reference [39]. However, the following factors
must be taken into consideration to obtain the solution(for,t). To ensure that the
boundary condition at the interface between the two layers is satis ed in Eq 1.19 the
temporal evolution of ; and , needs to be the same (i.e. same coef ciengsand

in ). The sum is expressed over two independent indéxag]n, because the solution
depends on the independent parameters). Transformation into cylindrical coordi-
nates reduces the number of variables in the problem. Finally, the boundary condition
atz = s; must be de ned taking into account the discontinuity of the refractive index
at which point the problem can be solved to get; t):
8 P, ; _

lin=1 Vl‘JO (K I )Sln (Kzlnl + Inl)

. (k2 1D1+ a1)vat

sin Kzin1Zs + in1 N2
n

for0 z<s;
( 'F;t) = P 1 2 .
lin=1 V1JO (K | ) bnz sin (Kzlnz + In2)
o (kB D1+ az)vat
N2 Nan

(1.20)

Sin KzInZZs + 2

fors; z<s;+ s,

WherelJ, is the Bessel function of the rst kind of order zef,, is:

sin(Kzin1S1+ in1) n2 2: SiN[Kzin1 (S1+ Za)] N2 (1.21)
sin(Kzin2S1+ 1n1) M SiN[Kzm2 (S2+ Ze2)] Ny

The coef cientsK | ; K in1; Kzin2; Kinr andK 2 are obtained imposing the bound-
ary conditions as in Equations 1.17 whii;, is de ned as:

bho =
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1.7. Stochastic (Monte Carlo based) Solutions of the RTE in Time Domain:

Z Z
NZ = v in1(f) jna(F)dr+ v2 in2(¥) ;no(F)dr (1.22)

Vel Ve2

and 1, and g, are de ned by:

1n = KzunZze
2ln = K22In (Sl + S+ ZZe)
Finally the re ectance and transmittance is obtained from the expression for the

uence 1.6.2 using the hybrid extrapolated boundary partial current (EBPC) [41]ap-
proach:

(1.23)

R(:t)= ;ZZZO;t)
( ;2 =51+ 5p51) (1.24)
T(;t): ’ 2A1 21

and the Fick's law of Eq 1.8 is used to calculate the outgoing ux. The discontinuity
of refractive index at the surface = s; leads to a discontinuity in the solution of
1(%;t) and its derivatives.

1.7 Stochastic (Monte Carlo based) Solutions of the RTE in Time Do-
main:

While this thesis relies mainly on the analytical solutions of DE, certain applications,
especially those with very low scattering probabilities warrant the use of a more reli-
able and accurate method. In these cases, we utilize probabilistic methods like Monte
Carlo (MC) modelling to solve the RTE. This section brie y discusses the necessary
work ow to achieve this. Since this technique reverts back to the RTE, there is ho need
for the assumptions conjectured for the DE. The accuracy in this case is limited only
by the intrinsic stochastic nature of the method. Table 1.1 presents the variables, their
corresponding probability distribution functions (PDFs) used for a typical MC simula-
tions.

In uenced by | Probability Distribution Function

Scattering step ) (t= at ) | P(D=1 exp( )
. _ 1 1 92
Scattering Phasp( )) | 9 p( )= 4 v g7 29008 )2

Table 1.1: Variables and their corresponding Probability Distributions used typically in MC based
modelling

Other factors like the effect of absorption on the conservation of radiant energy and
the effect of boundary on the survival of the photon are factors that still need further
consideration and are discussed in detail elsewhere [42]. An inversion procedure then
maps the PDFs onto a uniform distribution between [0,1] . A pseudo-random number

generated in the range [0,1] can then be substituted in inverse distribution to decide
the step size and direction of photon propagation until it is either absorbed on reaches
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Chapter 1. Diffuse Optics: an Introduction

a boundary where Fresnel's law and Snell's Law decide the probability of it's refrac-
tion, re ection or transmission. Large number of photond@ are modelled in this
fashion and the pathlength information of the detected photons are tabulated. This in-
formation is then converted into photon arrival times using the formedd,;=v (v =

speed of light in diffusive media arlg; is the pathlength) and plotted as a histogram

to reconstruct théemporal point spread functioffPSF). The temporal resolution is
determined by the bin size of the histogram.

Even though it provides a more accurate result in general, MC technique, suffers
from a setback as a consequence of the central limit theorem. In brief, higher the num-
ber of received photons the better the outcome of MC simulation, making it a computa-
tional intense and time consuming process. In the simulations used in this dissertation,
a standard count rate of 1 million photons was used to reconstruct the TPSF. Also, the
launched photons are considered with zero absorption, later the absorption is added
separately by obeying the Eq. 1.6.

1.8 Optical Properties (., ) Estimation

Time resolved measurements performed using the instrumentation discussed in 1.4.3
provides the Re ectance/ Transmittance temporal distribution of the photons. The mod-
els discussed in the last two sections need then to be applied to these data to extract the
optical properties of the sample. Known as theersionprocedure, this process in-
volves tting the analytical solution to the experimental data.

In practice, the real source is neither an isotropic nor a delta-function thus the convo-
lution of the theoretical curve with the Instrumental Response Function (IRF) is carried
out to take into account the temporal width of the light source injected, the response
time of the detector and the dispersion in optical bers. Since the DA does not account
for the early photons, the tting procedure is performed excluding the points of the
time-resolved curve with a number of counts lower tB&®oof the peak value on the
rising edge. Furthermore, to avoid noise or background related distortions the tail of
the curve is cut al% of the peak value. The freely varying parameters that are used
in this tting routine are( ,; 2). The Levenberg-Marquardt algorithm for non-linear
minimization has been shown to be the ideal optimization tool [43] and is hence the
algorithm of choice. Fig. 1.6 shows an example tting window from the in-house built
tting software employed frequently in this work.

In cases where the diffusion approximation is on the verge of breakdown (for exam-
ple: high absorption and low scattering media, thin samples measured in transmittance),
it would be wiser to use the numerical Monte Carlo method [44]. Here the rst step is
to create a library of MC simulations at different scattering coef cients of interest and
null absorption; a CUDA (Compute Uni ed Device Architecture) accelerated Monte
Carlo code [45]. In particular, pivot simulations are obtained simulating curves at dif-
ferent scattering values according to a geometric progression, this way we have a denser
sampling for low scattering values and a less dense sampling for higher scattering val-
ues. This base set of simulations is then linearly interpolated to obtain the results for
arbitrary reduced scattering with null absorption.Finally, multiplication with the factor
exp( avt) wherev is the speed of light, accounts for the absorption. Then convo-
lution with IRF followed by Levenberg-Marquardt optimization is performed like the
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1.8. Optical Properties (4, ) Estimation

Figure 1.6: A typical example of t. The residual at each tted point is shown below the curves which
can be used to manually check the goodness of the t.

case with the analytical solution.

Apart from optical properties a third variable can also be considered as a as free
varying parameter in the t, that is the time shift between the reference and the data.
This factor is usually not set as a free tting parameter, but is rather xed to an optimum
value, found tting the shift together with the absorption and scattering coef cients for
a sample with the lowest absorption. This procedure helps to compensate for the inad-
equacy of standard diffusion at early times and to account for eventual temporal drifts
due to misalignment or thermal effects. This process is repeated for the different wave-
lengths and the broadband spectra are obtained by plotting these values against their
corresponding wavelengths. The tting procedure in case of a multi-layered model is
slightly more complicated, due to the increase in the number of freely varying parame-
ters and will be discussed in the next chapter.
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CHAPTER

Broadband Multi-distance TD-DOS
Instrumentation for Clinical Use

2.1 Introduction

Though TD Diffuse Optics, in theory, can provide information on a wide range of tissue
chromophore concentrations and on the microstructure of the tissue, this dimension is
hardly exploited in available commercial and clinical instruments. Most instrumenta-
tion and studies, bot vivo and otherwise, assume only oxy and deoxy hemoglobin
as the only absorbers due to usage of limited number of wavelengths. Broadband in-
struments, like the one discussed in this chapter, can effectively quantify other tissue
constituents that are of clinical interest. Lipid, collagen and water are some of the key
constituents of tissue that exhibit particular changes in the wavelength region around
1 m. Recently other chromophores like tyrosine, thyroglobulin and iodine have been
shown to be [46] important absorbers in this wavelength range and were used for the
non-invasive monitoring of the human thyroid. However, the existing silicon based
detectors have very low quantum ef ciency in this wavelength region and hence are
not the ideal choice for this. Another challenge arises from the fact that pulsed light
sources covering broad wavelength range are usually expensive and bulky. Moreover,
lack of suitable technologies for wavelength separation causes further problems in this
endeavour. Carrying out clinical measuremantsivo further complicates the issue.
The instrument of choice needs to be portable, robust, easy to use, well automated
and safe to handle.All these parameters were taken into account while designing the
broadband, multi-distance, time domain, diffuse optical spectrometer.

One key upgrade in this system in comparison to previous embodiments of broad-
band diffuse optical instruments [47] is its ability to automatically perforuiti-distance
measurements. This feature of the instrument is particularly interesting when dealing

19



Chapter 2. Broadband Multi-distance TD-DOS Instrumentation for Clinical Use

with samples that are layered in nature. Some examples in this direction would be mus-
cle tissue lying underneath a super cial fat layer[48] or in the case of human forehead
with compartments like scalp, skull and brain[49]. Many layered models (such as the
one discussed in 1.6.2) have been developed to handle precisely these situations. How-
ever, it has been demonstrated that having multi-distance measurements improves the
accuracy of such models[50]. Depending upon the source-detector separation each of
these multi-distance measurements predominantly probes a particular depth, thereby
increasing the information content available to the multi-layered model regarding each
of the individual layers. In this way, multi-distance measurements improve the accuracy
of the retrieved optical properties of the different layers in the sample.

2.2 Design and Characteristics of Instrument

2.2.1 Optical Layout of the instrument

Fig.2.1 depicts the schematic of the portable multi-distance broadband time resolved
diffuse optical spectrometer. For ease of understanding, the layout is broken into three
arms.

Source armThe source arm comprises of a supercontinuum laser source (SC450,
Fianium, UK) based on photonic crystal bers providing the broadband pulses. An
F2 glass Pellin Broca prism (B.Halle Nach ., Germany) is used to disperse the source
and the minimally deviated wavelength is coupled into an optical ber ( with a core
diameter of 50 m) using a lens (f=150 mm). Wavelength tuning is achieved by rotating
the prism. The rotation is completely automatized using an automated rotation stage
(PI, USA). The ber laser runs at repetition rate of 60MHz. The spectral bandwidth
of the source ranges from 3 nm at 600 nm to 9 nm at 1100 nm which is a result of
nonlinear dispersion of the prism. At this level, the source is further split into two
arms in the ratio 90 : 10 using a ber beamsplitter, the former is used as the source for
measurements on the sample while the latter is used in the reference arm, which will be
discussed shortly. To avoid saturation of detector, variable circular attenuation lIters
(NDC-50C-2, Thorlabs, Germany) are employed in both the arms. The source ber is
then provided as the input to a 1x4 ber optic switch (Leoni, Germany) was employed
to create 3 separate source points 8using three out of the four outputs of the switch)
to facilitate multi-distance measurements. These output bers are then housed in the
probe as shown in the gure. While most applications in this work employ 1,2 and 3
cm as the standard inter- ber distances for multi-distance measurement, these values
can be varied depending upon the design of the ber hosting probe. This concludes the
description on the source arm of the instrument.

Detection arm Light diffusely re ected by the sample, is then collected by a de-
tector ber bundle made of two 1-mm diameter step-index bers bundled together on
the sample side and coupled to two different detectors. The detectors were chosen in
such a way as to achieve a high and rather at bandwidth over the broad range of wave-
lengths. While most applications discussed here utilize only the wavelength region of
600-1100nm, this instrument in theory is capable of a rather good responsivity all the
way up to 1300nm. The two detectors chosen for this purpose are 1) A silicon pho-
tomultiplier SiPM (S10362-11-050C, Hamamatsu, Japan) with home-made front-end
electronics[51], and 2) an InGaAs photomultiplier(PMT) (H10330A-45, Hamamatsu,
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Japan). The two detectors together have a good responsivity/quantum ef ciency over
the wavelength region (600-1100nm). The SiPM has a very good quantum yield from
around 600 to 1000nm beyond which it gradually tapers while the PMT is functional
from around 950nm all the way up to 1300nm. The signal from the detectors was
processed by two time-correlated single photon counting (TCSPC) boards (SPC-130,
Becker& Hickl, Germany) to produce the temporal point spread functions (TPSFs)
displayed and stored on the Industrial PC.

Reference arm A reference arm couples the source light at the selected wavelength
directly to the detectors shifted in time so as to not interfere with the sample response.
This enables a continuous monitoring of the instrument response and for compensating
any temporal distortions or thermal drifts affecting the signal.

Figure 2.1: Schematic of the instrument. Legend on the bottom right represents the three arms of the
instrument.

The scanning of wavelengths and the switching of the injection bers (leading to
different inter- ber distances) is performed sequentially and not parallelly. Simply put,
the =1 cm measurement is performed rst for all the wavelengths in the range and
then the sourcswitchedo the next injection ber with the help of the ber optic switch
and proceeds to measure all the wavelengths at the new inter- ber distance and so on.
A typical measurement performed from 600 to 1100nm with a step size of 20nm for the
three inter- ber distances (i.e. 51 3 = 153 measurements) takes a measurement
time of a little less than 5 minutes.

2.3 Novel Features:

The entire operation of the instrument, from the rotation of the prism and the circular
attenuator, to the switching between the different injection points for the multi-distance
measurement is completely automated using proprietary software developed using the
LabWindows/CVI environment (National Instruments, USA). This is particular rele-
vant for a broadband instrument, since the large number of moving parts could be han-
dled erroneously if left to manual supervision. Apart from this, the system boasts of the
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following novel features introduced during the course of this Ph.D.

Fiber Speci cations: The need to be operational in a clinical scenario imposes
certain restrictions on the nature and length of the different bers used in the instrument.
The three injection bers and the collection ber bundle need to be suf ciently long so
as to be easily adaptable to the bed-side environment of the clinics. All the bers
on the source side of the instruments should be chosen so as to reduce the effective
broadening of the pulse due to material dispersion. The detection bers, on the other
hand, must be chosen so as to maximize the collection ef ciency by providing the
highest possible eld of acceptance with a tolerable amount of temporal dispersion. As
mentioned earlier, the reference pulse needs to arrive at a speci ¢ time interval after
the signal which is directly dependent on the length of the bers in the reference arm.
The multiple round trips that the signal and reference pulses undergo could lead to the
formation of unwanted re ections in the time window of interest which could propagate
with further round trips leading to distortion in the TPSFs or other inaccuracies.

#of bers Type Core diameter NA  Fiberlength Connectors Position

3 Graded 100m 0.29 1.5m SMA and SMA  Source(from switch to probe)
2 Step 1mm 0.39 1.5m SMA and SMA  Detection

2 Step 200m 0.39 2m FC/PC Reference

Table 2.1: Speci cations of the different bers used for the instrument. SMA = SubMiniature version A,
FC/PC = Fiber Connectors/Physical Contact and NA = Numerical Aperture

Table 2.1 summarizes the lengths and key characteristics of the different bers used
in this instrument. To solve the problem of re ections mentioned above simulations
were performed to understand theoretically the in uence of a selected set of ber
lengths on the round trip re ection generation and build up. PSpice A/D (Cadence De-
sign Systems, USA), an Electronic Circuit Optimization and Simulation software was
used for this purpose. This software is often used to understand the broadening and
interference occurring when pulsed electronic signals from multiple transmission lines
are combined. This situation can be extended to the problem of our instrument design
by replacing the multiple transmission lines with the optical bers from the different
arms of our instrument and the input electronic pulse with the optical pulses generated
in our instrument. Generating multiple (>10) pulses with a time gap equal to the repe-
tition rate of the laser we could then study the magnitude and location of occurrence of
any unwanted re ection/ interference between the two pulses. One minor adjustment
required in this scenario is that the transmission lines in the simulation are de ned by
their transmission delay rather than their length, this can however be calculated in our
case by dividing the length of the ber with the speed of light in the medium. Multi-
ple choices of ber lengths were simulated for this purpose and the values tabulated in
Table 2.1 were chosen to be the most ideal for this purpose over the entire wavelength
range. Fig.2.2 shows the output of the simulations for the length of bers presented
in the Table 2.1 at the extreme operational wavelengths of our instrument. The simu-
lations suggests that the area between the signal and reference peak is devoid of any
major re ections or other unwanted signals. Also the nearest re ections of signi cant
magnitude (% of the signal peak) on either sides of the signal and reference peaks are
at least 1.5ns apart. This is crucial since this part of the window is utilized to compute
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the average background value that needs to be subtracted to obtain a better signal to
noise ratio.

Figure 2.2: Simulated re ection pro les of the signal and reference at 550nm (above) and 1300nm
(below) for the lengths of optical bers presented in Table2.1.

The refractive index pro le of the bers were chosen to reduce the broadening of
the pulse. Graded index bers in general have lower modal dispersion and are less
lossy in comparison to step index ber and are hence best suited for the source arm.
However, since they are mainly used in communication, graded index bers are usually
manufactured with low core diameter(below 109). Hence, the detection ber which
need good collection ef ciency have a larger core diameter (1mm) and higher numerical
aperture (0.39) and a step index pro le.

Correction for Drift and Distortion:  The stability of the instrument response
function (IRF) is crucial for the stability and reproducibility of the estimated optical
properties. Relatively minute drift in the IRF can lead to considerable variations in the
estimated optical properties. Moreover, the clinical environment can be far more chal-
lenging compared to a controlled settings as that of a laboratory. Continuous acquisition
of the reference signal using the reference arm is pivotal in tackling the inaccuracies
that could arise due to these temporal drifts or distortion in the TPSF. Fig 2.3 shows
the typical set of measured TPSFs (on a calibration phantom with optical properties
of 0.1 cm ; in absorption and 1fn ; in reduced scattering at 800nm) acquired for
a particular wavelength (800nm) at the three inter- ber distances on a phantom. The
sharp peaks present at the extreme right of the time window correspond to the reference
peaks.

Fig 2.4 shows a sideways view of the instrument completely assembled within a
portable rack on wheels. The individual compartments of the rack are labelled. The
gure also shows the ber hosting probe and the dedicated phantom box used for the
instrument. A exible metallic support attached to the bundle of bers at the output
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Figure 2.3: The reference arm used to correct for any unforeseen drift and distortion in the IRF (red
box on the right). TPSFs correspond to phantom measurement at a particular wavelength (800nm)
plotted for the three inter- ber distances of 1,2 and 3cm

Figure 2.4: (right)Sideways view of the portable instrument developed for clinical measurement measur-
ing a calibrated phantom with key regions demarcated. (left) Closer look at the calibrated phantom
and the probe that hosts the bers

ensures negligible pressure and a pliant delivery of the bers, which is important in
a clinical scenario. Also, the probe, the phantom and the automation software are
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designed to be very intuitive to a relatively inexperienced user.

2.4 Characterization and Performance Assessment

Two well established protocols for photon migration instruments, speci cally in the
time domain, known as the MEDPHOT [52] and the basic instrument performance
(BIP) Wabnitz2014protocol are generally considered to assess the performance of the
system. While the BIP assesses the hardware and related parameters of the instrument
the MEDPHOT is designed primarily to assess the performance of the instrument in
retrieving the optical properties, and 2. The MEDPHOT considers the instrument
along with the analysis technique used as a black box and the results are based entirely
on the output , and 2.

The assessment of the instrument using the MEDPHOT protocol is presented here.
This protocol is broadly divided into ve assays/tests:

» Accuracy: the accuracy of estimating the absolute optical properties.

* Linearity : coupling or dependence of one optical property on the other.

» Noise/Uncertainty. uncertainty in the retrieval of optical properties.

« Stability: short and long term stability of the estimated optical properties.

» Reproducibility : comparison of optical properties on measurements performed
on different days.

A set of 32 phantoms designed speci cally for the MEDPHOT protocol were uti-
lized to assess the above mentioned parameters. These phantoms were made of epoxy
resin with different concentration afiO, and black toner to simulate different val-
ues of , and 2in a controlled fashion. Fig 2.5.a shows the matrix arrangement of
these 32 phantoms in increasing values pfind 2. The assessment was performed
in re ectance geometry with the three inter- ber distances of 1,2 and 3 cm, over the
wavelength range of 600-1100 nm with 10 nm as step size.

2.4.1 Accuracy

The typical assessment of accuracy according to the MEDPHOT protocol involves the
measurement of the 32 solid phantoms at a single wavelength and plotting them against
the conventionally true value to understand the discrepancy/deviation from these stan-
dard values. However, the instrument under question being operable over the wide
range of wavelengths (600:10:1100nm), would produce a 3 broadband spectga for
and ¢ as shown in Fig2.5(c,d) for each individual phantom (presented data is for the
B2 phantom). A more interesting and useful assessment of the accuracy of the instru-
ment would be one where it's ability to accurately retrieve the optical (more precisely
absorption) spectrum of a known and well measured entity.

To this end, we use a liquid phantom made of intralipi#h(@olid fraction in aque-
ous solution). This helps us to assess our system's performance in extracting water
spectrum, which has signi cant variations in 600-1100 nm range. Fig.2.5.b compares
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Figure 2.5: (a)The 32 phantoms measured as a part of the MEDPHOT protocol with their convention-
ally true values of the optical properties at= 800nm. (b) Absorption spectrum of pure water as
measured by our instrumentE 2cm) in comparison with [53]-[55] (& d)Absorption and reduced
scattering spectra of one of the 32 phantoms measured using this instrument (at the three inter- ber
distances). Here S stands for the response of the SiPM and P for the PMT detector.

our absorption spectrum (yellow squares) of water with the data available from liter-
ature[53]-[55]. Except for at very low values of absorption < 0:00&m 1) the
measurement from our instrument seems to be in agreement with the results from the
other references. In the above mentioned spectra from the solid phantom (Fig2.5(c,d)),
since no depth heterogeneity is expected from the phantom the three spectra should,
in principle, be identical. However, a subtle over estimation of the optical properties
(more evidently the reduced scattering coef cient) is observed in the case ofthe

lcm case. This can be attributed to the fact that for the diffusion approximation on
which the analysis model depends on demands a proper dispersion or "diffusion” of
the light in the medium. This may not be suf ciently achieved in some cases with the
shortest inter- ber distance. The gure plots the response from both the detectors in
their relative ranges of operation. Here we see that the SiPM is operational and is in
good agreement with the PMT all the way upto 1100nm. But the responsivity of the
detector might hinder the operation for large values of absorption.
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2.4. Characterization and Performance Assessment

2.4.2 Linearity

Figure 2.6: Results of Linearity tests at 800nm anet 2cm

The results of linearity test are shown in Fig.2.6. These are all the results for a single
wavelength and a single inter- ber distance (800nm, 2cm). Fig.2.6 (a) and (b) plots,
respectively, the measuredq and ¢ against the conventional true values. Fig.2.6 (c)
and (d) depict the coupling between the optical propertigs (). The title of each in-
dividual subplot quantitatively describes the result of the test. In case of linearity these
numbers represent the median value of the deviation that each series experiences from
their expected linearity (dashed line of the same color). For the coupling median value
of the slope of the linear regression of the different lines (dashed lines of individual
colors) is presented. Ideally, one would expeii Median deviation for the linearity
plots and O value of the slope of the lines in the coupling plots Fig.2.6 (c) and (d). As
can be seen from their titles Fig.2.6 (c) and (d) the slope of the lines in these subplots is
a measure of the dependence/chacmygdlingof one of the optical property (the one on
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