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Preface

THE 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
(µa) and scattering (µs). 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
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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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CHAPTER1
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 field of Biomedical imaging
and spectroscopy. Second, the fundamental classification 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 field and the significance of this
work in resolving some of these issues.

1.1 Light Matter Interaction

Matter is influenced 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 field 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 field 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 simplification in the
modelling. One good example of this is the highly scattering or diffusive media, like
biological tissue. Biological tissue, which is the primary focus of most of the studies

1
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Chapter 1. Diffuse Optics: an Introduction

presented in this thesis, is essentially comprised of absorbing agents or chromophores
and scattering centers. Consequentially, these constituents are responsible for the main
interactions that light undergoes as it interacts with tissue, namely absorption and scat-
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. Quantification 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 defined as the
absorption µa and scattering coefficients µs, respectively.

1.2 Transparent and Diffusive Media

Matter that is completely devoid of scattering centers is labelled transparent. 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:

I = I0 exp [−µaL] (1.1)

Here I0 represents the intensity of the input light, I is the intensity of the light after
the interaction and L 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 coefficient using the
formula.

µa(λ) =
∑
i

ciεi(λ) (1.2)

This is known as the Beer’s Law, and is valid as long as the intensity of the incident
light is sufficiently low, to avoid any significant non-linear interactions. Here ci is the
molar concentration and εi is the molar coefficient of extinction at a given wavelength
λ.

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 to be diffusive. 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, in biological tissue, the tissues are composed of cells and
organelles with size comparable to light wavelength making them an ideal diffuse me-
dia.

2
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1.3. Applications of Diffuse Optics in Biological Tissue

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
field 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 coefficients.

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 coefficient εi(λ) of these chromophores is shown
in Figure 1.1.

The concentration of these chromophores could be valuable in monitoring and imag-
ing specific 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 coefficient. 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

µs = a

(
λ

λ0

)b
(1.3)

Using the Mie theory, the coefficients a and b 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.

3
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Chapter 1. Diffuse Optics: an Introduction

Figure 1.1: (below) Extinction Coefficients of some of the key chromophores and absorbers in biological
tissue over the wavelength region of interest. (above) Absorption coefficient 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 fluctuations 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 flow (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 find 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 classified 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

4
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1.4. Techniques and Instrumentation

field 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-
flected 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 sufficient 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 filtering: 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 coefficient 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-time invivo 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 coefficients
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 regime1.2 (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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Chapter 1. Diffuse Optics: an Introduction

Figure 1.2: Techniques commonly used in DOS instruments (a) Continuous Wave or spatially resolved
reflectance measurement; (b) Frequency-modulated or frequency domain where the phase shift φ
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 reflectance is analyzed
as a function of the modulation frequencies to retrieve the optical properties

6
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1.4. Techniques and Instrumentation

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 specific 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 field quantitative 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 reflected 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 influence of the system’s

7
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Chapter 1. Diffuse Optics: an Introduction

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 filters 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 field. 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
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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 field 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, known as the Radiative Trans-
port Theory[28] 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 surface ∂V. Eq 1.4 is a balance
between the incident and output radiation along the direction ŝ, at the time t within an
infinitesimal volume element dV ⊂ V at the position r ∈ V [28]

1

v

∂R(r, ŝ, t)

∂t
=− ŝ · ∇R(r, ŝ, t)− (µa + µs)R(r, ŝ, t)+

+ µs

∫
4π

p (ŝ, ŝ′)R (r, ŝ′, t) dŝ′ +Q(r, ŝ, t)
(1.4)

Here:

• R(r, ŝ, t) is the radiance (or specific intensity): the power flowing in the direction
ŝ, per unit of solid angle and area normal to ŝ. Mathematically this would be:

R(r, ŝ, t) =
d2P

dΩdAŝ · n̂
[
Wm−2sr−1

]
(1.5)

where P is the power, dA is the area element, dΩ is the solid angle element and n̂
is the unit vector normal to dA.

9
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Chapter 1. Diffuse Optics: an Introduction

• v is the photon velocity given by c/n where c is the speed of light and n is the
refractive index of the medium.

• µa and µs [m−1] are the absorption and scattering coefficients of the medium (dis-
cussed in 1.1)

• −ŝ · ∇R(r, ŝ, t) is the net variation in the radiance due to energy flow.

• − (µa + µs)L(r, ŝ, t) is the loss in energy due to absorption and scattering

• +µs
∫
4π
p (ŝ, ŝ′)R (r, ŝ′, t) dŝ′ is the net increase in the energy flow which is a

consequence of scattering of light from the other directions. p (ŝ, ŝ′) is the phase
function: the probability that a photon travelling in the direction ŝ is scattered to
the direction ŝ′.

• Q(r, ŝ, t) [Wm−3sr−1] is the spatial, temporal and angular distribution of a radia-
tion source within V.

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

Ra(~r, ŝ, t) = exp (−µavt)R(~r, ŝ, t) (1.6)

Here, µa is the absorption coefficient 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 difficult to obtain analytical solutions to the RTE. To overcome this
difficulty, Discretization methods like 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 simplification can be achieved using another approach involving
Expansion methods. As 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 the PN Approximation Method, where N is the maximum order l of
functions Ylm involved in the expansion [19], [33]. The Diffusion approximation (DA)
is a special case of the simplest of these, P1 approximation. 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(~r, ŝ, t) =
1

4π
Φ(~r, t) +

3

4π
~J(~r, t) · ŝ (1.7)

10
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1.6. Analytical Solutions of the Diffusion Equation in the Time Domain

where, Φ(~r, t) and ~J(~r, t) represent the isotropic Fluence and small directional
Flux respectively.

• Negligible flux variation: The time variation of photon flux in a time correspond-
ing to a mean free path t = (vµt)

−1 is negligible compared to the total flux;

• Radial symmetry and Isotropic light source

The assumptions on the isotropic radiance and negligible flux variation allow for a
relation between the fluence and the flux known as the Fick’s Law[38] and given by :

~J(~r, t) = −D∇Φ(~r, t) (1.8)

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

1

v

∂

∂t
−D∇2 + µa

]
Φ(~r, t) = q0(~r, t) (1.9)

where q0(~r, t) =
∫
4π
Q(~r, ŝ, t)dΩ is the isotropic light source term, and D = 1

3µ′s
represents the diffusion coefficient. µ′s = µs(1 − g) denotes the reduced scattering
coefficient where g =< cos θ >= 2π

∫ π
0

cos θp(θ) sin θdθ is the anisotropy coefficient.
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 coefficient gives the transport
mean free path l′ = (1/µ′s), 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, if Φ(~r, t) is a solution of 1.9 (non-absorbing medium
with a delta source), then

Φ (~r, t, µa) = Φ (~r, t, µa = 0) exp (−µavt) (1.10)

would be the extended solution to a medium with similar scattering characteristics
but an absorption coefficient µa. Similarly, the radiant flux for this scenario can be
estimated by extending this analogy to the Fick’s Law.

1.6 Analytical Solutions of the Diffusion Equation in the Time Domain

1.6.1 Case1: Homogeneous Medium

As mentioned in 1.4.5 this work primarily deals with DOS in the Time Domain (TD-
DOS). Hence, this section briefly 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-infinite media. This finite dimensionality dictates that cases like this require rea-
sonable boundary conditions to complete the mathematical description of the problem.

11
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Chapter 1. Diffuse Optics: an Introduction

If there is no mismatch between the refractive index inside and outside V and if ∂V
is a convex surface, the radiance flowing outside V is not reflected. 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 defining an infinite number of pairs of positive and negative
sources (sinks) that set the fluence at the boundary of choice. In the EBC, the fluence
rate is assumed to be null at an imaginary surface at distance ze = 2AD from the
interface, where A is the parameter that accounts for refractive index mismatch and D is
the diffusion coefficient. The ZBC, on the other hand, relies on the assumption that the
fluence rate is null at the physical interface. Both give similar solutions (3% variation in
final 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 δ - Dirac pulse source, the temporal distribution of photons at distance
ρ =

√
x2 + y2 from the injection point, for a laterally infinite slab of thickness s is

described by the reflectance (Eq 1.11) and transmittance (Eq 1.12):

R(ρ, t) = − 1

2(4πDv)3/2t5/2
e

(
−ρ2
4Dvt

−µavt
)
×

×
+∞∑

m=−∞

[
z3me

(
− z

2
2m
4Dt

)
− z4me−

z2mt
4Dvt

] (1.11)

T (ρ, t) = − 1

2(4πDv)3/2t5/2
e

(
−ρ2
4Dvt

−µauv
)
×

×
+∞∑

m=−∞

[
z1me

(
− z21m

4Dvt

)
− z2me−

z2m
4Dvt

] (1.12)

where 
z1m = (1− 2m)s− 4mze − zs
z2m = (1− 2m)s− (4m− 2)ze + zs

z3m = −2ms− 4mze − zs
z4m = −2ms− (4m− 2)ze + zs

(1.13)

These quantities express the power per unit area that crosses the surface in a certain
position. Here, ze = 2AD and z0 = (µ′−1s ). These equations can in practice be truncated
to the first few terms since the with increasing m, the corresponding zm (distance of
the image source from the boundary) increases thereby making its contribution to the
solution negligible for relatively short ρ,t.

Eq 1.10 can then be used to obtain the solution for the reflectance from a semi-
infinite medium which can be considered as a limiting case of the slab geometry with
the thickness s going to infinite. In this case, z3m = −zs and z4m = 2ze + zs, and the
equation for reflectance is simplified as follow:
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1.6. Analytical Solutions of the Diffusion Equation in the Time Domain

R(ρ, t) = − 1

2(4πDv)3/2t5/2
e

(
− ρ2

4Dvt
−µavt

)
x

×

[
z0e

(
− z20

4Dvt

)
− zpe

(
−

z2p
4Dvt

)] (1.14)

1.6.2 Case2: Multilayered media

Here we briefly 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 radius L and volumes Vi as shown in Figure 1.5
divided into two regions of thickness s1 and s2 respectively. Each region is character-
ized by µa,i, Di and ni(i = 1, 2) that are the absorption, diffusion coefficients and the
refractive index respectively.

With a point-like source located in ~r = (0, 0, zs) as:

q(~r, t) = δ (~r − ~rs) δ(t) (1.15)

the diffusion equation for the inhomogeneous medium becomes:[
1

v

∂

∂t
−∇(D(~r)∇) + µa

]
Φ(~r, t) = δ(~r −−→rs )δ(t) (1.16)

13



i
i

“output” — 2020/2/27 — 16:08 — page 14 — #24 i
i

i
i

i
i

Chapter 1. Diffuse Optics: an Introduction

The initial and boundary value problem is then formulated in terms of Φ1(~r, t) and
Φ2(~r, t) for the two layers, as:


[

∂
v1∂t
−D1∇2 + µa1

]
Φ1(~r, t) = 0 t > 0, 0 ≤ z < s1[

∂
v2∂t
−D2∇2 + µa2

]
Φ2(~r, t) = 0 t > 0, s1 ≤ z ≤ s1 + s2

(1.17)

and
Φ1(~r, t = 0) = v1δ(~r −−→rs ) (1.18)

z1e and z2e are the extrapolated distances at the surface z = 0 and at z = s1 + s2
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 first layer.

The fluence rate is defined for each layer as an eigenfunction expansion Φ(~r, t) [39]

{
Φ1(~r, t) =

∑∞
l,n=1 αlnξln1

(
~re−λlnt

)
t > 0, 0 ≤ z ≤ s1

Φ2(~r, t) =
∑∞

l,n=1 αlnξln2
(
~re−λlnt

)
t > 0, s1 ≤ z ≤ s1 + s2

(1.19)

The mathematics behind the conditions defining the eigenfunctions ξ1ln(~r) and the
solutions necessary to obtain their coefficients αln and λln 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 Φ(~r, t). To ensure that the
boundary condition at the interface between the two layers is satisfied in Eq 1.19 the
temporal evolution of Φ1 and Φ2 needs to be the same (i.e. same coefficients αln and
λln). The sum is expressed over two independent indexes, l and n, because the solution
depends on the independent parameters (ρ, z). Transformation into cylindrical coordi-
nates reduces the number of variables in the problem. Finally, the boundary condition
at z = s1 must be defined taking into account the discontinuity of the refractive index
at which point the problem can be solved to get Φ(~r, t):

Φ(~r, t) =



∑∞
l,n=1 v

2
1J0 (Kρl) sin (Kz ln 1 + γln1)×

× sin∗
(
Kzln1zs + γln1

e
−(K2

ln1D1+µa1)v1t
N2
ln

)
for 0 ≤ z < s1∑∞

l,n=1 v
2
1J0 (Kρl) bln2 sin (Kzln2 + γln2)×

× sin∗
(
Kzln2zs + γln2

e
−(K2

lnD1+µa2)v2t
N2
lnN

2n
n

)
for s1 ≤ z < s1 + s2

(1.20)

Where J0 is the Bessel function of the first kind of order zero; bln 2 is:

bln 2 =
sin (Kz ln 1s1 + γln 1)

sin (Kz ln 2s1 + γln 1)

(
n2

n1

)2

= −sin [Kz ln 1 (s1 + ze1)]

sin [Kz ln 2 (s2 + ze2)]

(
n2

n1

)2

(1.21)

The coefficients Kρl, Kzln1, Kzln2, Kln1 and Kln2 are obtained imposing the bound-
ary conditions as in Equations 1.17 while Nln is defined as:
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1.7. Stochastic (Monte Carlo based) Solutions of the RTE in Time Domain:

N2
ln = v1

∫
ve1

ξln1(~r)ξ
∗
ln1(~r)d~r + v2

∫
ve2

ξln2(~r)ξ
∗
ln2(~r)d~r (1.22)

and γ1ln and γ2ln are defined by:{
γ1ln = Kz1lnz1e

γ2ln = −Kz2ln (s1 + s2 + z2e)
(1.23)

Finally the reflectance and transmittance is obtained from the expression for the
fluence 1.6.2 using the hybrid extrapolated boundary partial current (EBPC) [41]ap-
proach:

R(ρ, t) =
Φ(ρ, z = 0, t)

2A

T (ρ, t) =
Φ (ρ, z = s1 + s2, t)

2A

(1.24)

and the Fick’s law of Eq 1.8 is used to calculate the outgoing flux. The discontinuity
of refractive index at the surface z = s1 leads to a discontinuity in the solution of
Φ1(~r, 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 briefly discusses the necessary
workflow to achieve this. Since this technique reverts back to the RTE, there is no 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.

Influenced by Probability Distribution Function
Scattering step (l) (µt = µa+ µs) P(l) = 1− exp (−µtl)
Scattering Phase(p(θ)) g p(θ) = 1

4π
1−g2

(1+g2−2g cos θ)3/2

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
ξ 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, reflection or transmission. Large number of photons (>106) 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 formula t = ltot/v (v =
speed of light in diffusive media and ltot is the pathlength) and plotted as a histogram
to reconstruct the temporal point spread function (TPSF). 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 (µa, µs) Estimation

Time resolved measurements performed using the instrumentation discussed in 1.4.3
provides the Reflectance/ 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 the inversion procedure, this process in-
volves fitting 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 fibers. Since the DA does not account
for the early photons, the fitting procedure is performed excluding the points of the
time-resolved curve with a number of counts lower than 80% of the peak value on the
rising edge. Furthermore, to avoid noise or background related distortions the tail of
the curve is cut at 1% of the peak value. The freely varying parameters that are used
in this fitting routine are (µa, µ

′
s). 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 fitting window from the in-house built
fitting 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 first step is
to create a library of MC simulations at different scattering coefficients of interest and
null absorption; a CUDA (Compute Unified 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 (−µavt) where v 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 (µa, µs) Estimation

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

case with the analytical solution.
Apart from optical properties a third variable can also be considered as a as free

varying parameter in the fit, that is the time shift between the reference and the data.
This factor is usually not set as a free fitting parameter, but is rather fixed to an optimum
value, found fitting the shift together with the absorption and scattering coefficients 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 fitting 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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CHAPTER2
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, both in 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 µm. 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 efficiency 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 measurements in vivo 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 perform multi-distance
measurements. This feature of the instrument is particularly interesting when dealing
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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 superficial 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 arm:The source arm comprises of a supercontinuum laser source (SC450,
Fianium, UK) based on photonic crystal fibers providing the broadband pulses. An
F2 glass Pellin Broca prism (B.Halle Nachfl., Germany) is used to disperse the source
and the minimally deviated wavelength is coupled into an optical fiber ( with a core
diameter of 50 µm) 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 fiber 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 fiber 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 filters
(NDC-50C-2, Thorlabs, Germany) are employed in both the arms. The source fiber is
then provided as the input to a 1x4 fiber 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 fibers are then housed in the
probe as shown in the figure. While most applications in this work employ 1,2 and 3
cm as the standard inter-fiber distances for multi-distance measurement, these values
can be varied depending upon the design of the fiber hosting probe. This concludes the
description on the source arm of the instrument.

Detection arm: Light diffusely reflected by the sample, is then collected by a de-
tector fiber bundle made of two 1-mm diameter step-index fibers 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 flat 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 efficiency 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 fibers (leading to
different inter-fiber distances) is performed sequentially and not parallelly. Simply put,
the ρ = 1 cm measurement is performed first for all the wavelengths in the range and
then the source switches to the next injection fiber with the help of the fiber optic switch
and proceeds to measure all the wavelengths at the new inter-fiber distance and so on.
A typical measurement performed from 600 to 1100nm with a step size of 10nm for the
three inter-fiber distances (i.e. 51 λ × 3ρ = 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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Chapter 2. Broadband Multi-distance TD-DOS Instrumentation for Clinical Use

following novel features introduced during the course of this Ph.D.

Fiber Specifications: The need to be operational in a clinical scenario imposes
certain restrictions on the nature and length of the different fibers used in the instrument.
The three injection fibers and the collection fiber bundle need to be sufficiently long so
as to be easily adaptable to the bed-side environment of the clinics. All the fibers
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 fibers, on the other
hand, must be chosen so as to maximize the collection efficiency by providing the
highest possible field of acceptance with a tolerable amount of temporal dispersion. As
mentioned earlier, the reference pulse needs to arrive at a specific time interval after
the signal which is directly dependent on the length of the fibers in the reference arm.
The multiple round trips that the signal and reference pulses undergo could lead to the
formation of unwanted reflections in the time window of interest which could propagate
with further round trips leading to distortion in the TPSFs or other inaccuracies.

# of fibers Type Core diameter NA Fiber length Connectors Position
3 Graded 100µm 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 200µm 0.39 2m FC/PC Reference

Table 2.1: Specifications of the different fibers 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 fibers used
in this instrument. To solve the problem of reflections mentioned above simulations
were performed to understand theoretically the influence of a selected set of fiber
lengths on the round trip reflection 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 fibers 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 reflection/ interference between the two pulses. One minor adjustment
required in this scenario is that the transmission lines in the simulation are defined by
their transmission delay rather than their length, this can however be calculated in our
case by dividing the length of the fiber with the speed of light in the medium. Multi-
ple choices of fiber 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 fibers 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 reflections or other unwanted signals. Also the nearest reflections of significant
magnitude (1% 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 reflection profiles of the signal and reference at 550nm (above) and 1300nm
(below) for the lengths of optical fibers presented in Table2.1.

The refractive index profile of the fibers were chosen to reduce the broadening of
the pulse. Graded index fibers in general have lower modal dispersion and are less
lossy in comparison to step index fiber and are hence best suited for the source arm.
However, since they are mainly used in communication, graded index fibers are usually
manufactured with low core diameter(below 100µm). Hence, the detection fiber which
need good collection efficiency have a larger core diameter (1mm) and higher numerical
aperture (0.39) and a step index profile.

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−1 in absorption and 10cm−1 in reduced scattering at 800nm) acquired for
a particular wavelength (800nm) at the three inter-fiber 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
figure also shows the fiber hosting probe and the dedicated phantom box used for the
instrument. A flexible metallic support attached to the bundle of fibers at the output
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Chapter 2. Broadband Multi-distance TD-DOS Instrumentation for Clinical Use

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-fiber 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 fibers

ensures negligible pressure and a pliant delivery of the fibers, 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, specifically 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 µa and µ′s. The MEDPHOT considers the instrument
along with the analysis technique used as a black box and the results are based entirely
on the output µa and µ′s.

The assessment of the instrument using the MEDPHOT protocol is presented here.
This protocol is broadly divided into five 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 specifically for the MEDPHOT protocol were uti-
lized to assess the above mentioned parameters. These phantoms were made of epoxy
resin with different concentration of TiO2 and black toner to simulate different val-
ues of µa and µ′s in a controlled fashion. Fig 2.5.a shows the matrix arrangement of
these 32 phantoms in increasing values of µa and µ′s. The assessment was performed
in reflectance geometry with the three inter-fiber 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 spectra for µa
and µ′s 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 intralipid (1% solid fraction in aque-
ous solution). This helps us to assess our system’s performance in extracting water
spectrum, which has significant 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 λ = 800nm. (b) Absorption spectrum of pure water as
measured by our instrument(ρ = 2cm) in comparison with [53]–[55] (c&d)Absorption and reduced
scattering spectra of one of the 32 phantoms measured using this instrument (at the three inter-fiber
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 (µa < 0.004cm−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 coefficient) is observed in the case of the ρ =
1cm 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 sufficiently achieved in some cases with the
shortest inter-fiber distance. The figure 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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2.4.2 Linearity

Figure 2.6: Results of Linearity tests at 800nm and ρ = 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-fiber distance (800nm, 2cm). Fig.2.6 (a) and (b) plots,
respectively, the measured µa and µ′s against the conventional true values. Fig.2.6 (c)
and (d) depict the coupling between the optical properties (µa, µ′s). 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 expect 0% median deviation for the linearity
plots and 0 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/change/coupling of one of the optical property (the one on
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the y-axis) w.r.t a particular change in the other (the one on the x-axis). The values for
our system are not very far from the ideal case scenario: about 1.5% for linearity and a
∆µa = 0.002cm−1 for a ∆µ′s = 1cm−1 and a ∆µ′s = 0.4cm−1 for a ∆µa = 0.1cm−1.

2.4.3 Noise/Uncertainty

The Noise test is based on very important statistical figure of merit known as the co-
efficient of variation (CV) which is defined as

CV = − ρ(X)

< X >
(2.1)

where ρ(X) and <X> are, respectively, the standard deviation and mean of either µa
or µ′s.

To test the noise of the system, 20 repeated measurements are performed on the same
phantom B2 with many different photon count rates. the choice of the B2 phantom is
based on the fact that it (µa = 0.05cm−1, µ′s = 10cm−1) is in close correspondence to
the optical properties of biological tissues. The resultant coefficient of variation (CV)
is plotted against its corresponding count rate in Fig.2.7. A decrease in CV is observed
with increasing count rate, which is slightly different for the two optical properties. For
a given count rate, µ′s is found to have better CV than µa. As highlighted by the red
box in the image to achieve a decent value of CV (around 1%), the system should be
operated around 200 kcounts per second (kcps) or above.

Figure 2.7: Coefficient of variation of optical properties (µa, µ′s) at different photon count rates. The
red arrow indicates the required number of photon counts to achieve a CV of 1%. As a general rule,
the system was designed to operate at this count rate.

2.4.4 Stability

The stability of the system is assessed by running a long measurement on B2 phantom.
This helps us understand the magnitude and the possible cause of any unwanted devia-
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tions during long measurements, which are not unlikely in a clinical scenario. Fig.2.8
shows the stability measurement of both properties at five different wavelengths equi-
spaced over the broad range for a time span of 1 hour. A straight line at every plotted
wavelength elucidates the drift free nature of the system. The CV of the measurements
was found to be under 2%. No considerable long term variation is observed and this
must be attributed primarily to the presence of reference arm which ensures that the
system adapts to any unwanted drifts over time.

Figure 2.8: Stability of the instrument in retrieving optical properties over a time span of 1 hour long
measurement

2.4.5 Reproducibility

To estimate Reproducibility the B2 phantom was measured under same experimen-
tal conditions (2 cm source-detector separation, reflectance geometry) on 10 different
days. A CV of less than 4% is estimated for µa and µ′s, guaranteeing the minimal un-
certainties in the measured optical properties (µa, µ′s) over long periods.

2.5 Clearance for clinical Use:

The electrical and optical safety of the instrument was ensured in conformity with the
new EU Medical Device Regulation (EU MDR) [56] which is necessary before deploy-
ing it in clinics. The following outlines briefly the varied safety measures enacted in
this direction

• Electrical safety: A medical grade isolating transformer guaranteed the protec-
tion of the system from unwanted fluctuations or spikes in power supply. Further,
the high (220 V) and low (e.g. 12 V, 5V) supply is internally organized along
different paths, following the best practice adopted in medical devices to avoid
unwanted risk of electrical leakage. The transformer preceded a medical grade fil-
ter to further enhance the safety. The instrument was also subject to a professional
electric isolation test using the vPad Electrical safety analyzer(Datrend Systems
Inc., Canada) and was deemed safe to use in clinics.
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• Laser Safety: The latest standard on laser safety (IEC 60825-1, “Safety of Laser
Products”) was followed with regards to laser safety. In particular, regarding the
limits on Maximum Permissible Exposure (MPE) for skin. The system is used in
contact with the probe directly attached to the tissue under study. The maximum
laser power exiting from the fiber in the whole 600-1300 nm range is <20 mW.
Using a proper spacer the laser density impinging onto the tissue is regulated to be
within the MPE for skin in the same range. The source emits a continuous train of
pulses with a pulse width <50 ps and repetition rate of 60 MHz. Hence, both the
single pulse and the whole pulse train conditions on the MPE need to be fulfilled,
the latter being more restrictive than the former.

• User Manual: The system is equipped with a user manual, detailing the internal
structure of the instrument, the controlling software and the operating procedures.
Further, the manual specifies the requisite safety regulations and operational prac-
tices as described in the EU medical device directive.

Ethical Approval:All these measures ensure that the instrument is skin safe and
allows for usage by clinicians and operators with minimal training. Approval was ob-
tained from the Ethical Committee of Politecnico di Milano which allows the use of this
instrumentation to perform in vivo measurements. The system also recieved a formal
approval from the Ministry of Health for the use of the instrument to conduct clinical
trails. The instrument will soon be deployed in a Hospital in Verona to non-invasively
monitor the physical frailty in elderly obese.

2.6 Conclusions

In conclusion a portable time-domain diffuse optical spectrometer capable of perform-
ing relative multi-distance measurements over a broad range of wavelengths (600-
1100nm) was developed and characterized. The instrument was validated with MED-
PHOT and BIP protocols for accurate estimation of optical properties (µa, µ′s) and, in
turn, tissue composition and microscopic structure. The stability of system is found to
be less than 2% (CV) and day to day reproducibility less than 4% (CV). The system
received a formal approval for usage in clinics. This instrument forms an integral part
of the rest of this work, as most of the results discussed in the forthcoming chapters are
based on measurements performed using this instrument. The instrument will soon be
enrolled in clinical trails to measure the in-vivo optical properties of the abdominal fat
and muscle tissues in elderly obese subjects and monitor the variation of the properties
with exercise and dietary interventions.
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CHAPTER3
Retrieval of Absolute Optical Properties from

Heterogeneous/Layered Diffusive Media

3.1 Introduction

As discussed in 1.6, conventionally, most studies assume biological media assume to
be homogeneous with regard to optical properties. Thus, time resolved reflectance
measurements performed in these cases are usually fitted to analytical solutions de-
rived from the RTE for a homogeneous model in the semi infinite geometry. This is
particularly inaccurate when the sample under investigation distinctly exhibits a lay-
ered structure and is even more erroneous when the layer of interest is not superficial
but underneath. Pertinent examples in this regard are the case of monitoring cerebral
oxygenation using non-invasive measurements on the forehead and monitoring blood
parameters in muscle tissue. Extra cerebral layers including scalp and skull influence
the measurements on brain while the dermal and fat layers effect measurement on mus-
cle. To this end, analytical models based on DOS [57], [58] in general and, TR-DOS in
particular, that consider the layered nature[49], [50], [59]–[65], of the sample have been
developed by different research groups. While these models, in theory[48], [49], [60]
utilize information from a single-distance time-resolved measurement to retrieve the
properties of both the layers, most of the practical implementations use multi-distance
measurements[50], [60], [62]–[65] to strengthen the information in particular for the
deep layers.

Such models need thorough validation before they can be accepted and implemented
into clinical devices. For this reason, most of the works mentioned above are tested
against data generated by Monte-Carlo (MC) simulations[59], [65], actual measure-
ments on tissue mimicking phantoms[59], [63], [65] and, in some cases, also on actual
in-vivo measurements[48], [50], [66]. Also, most of these models are typically vali-
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dated using two to five wavelengths. However, no such validation studies of models
for layered geometries exist on a broadband scale. The study closest to achieving this
objective, however, would be[60] where broadband data is used to that reconstructs
the absorber concentrations of layered media using multi-distance measurements and
a homogeneous model. The assessment of such models over a wide wavelength win-
dow could be beneficial as 1) it adds an extra dimension over which the reliability of
the model can be tested and also 2) it can provide a clearer picture of the decoupling
between layers when the two layers have distinctive spectral features.

In this work we aim to test one such model proposed by Martelli et al[[50]., that
retrieves the optical properties from a two-layered medium. The model uses multi-
distance, time-resolved, reflectance measurements to retrieve the optical properties of
two-layered media. This model has been validated on some experimental data based
on tissue mimicking liquid phantoms and some in-vivo data. Here, we re-validate this
same model on a more robust broadband (600-1100nm) set of data generated from two
different types of solid two-layered structures (i) based on phantoms made of silicone
and (ii) based on different kinds of biological tissue ex-vivo. The model is also ap-
plied to some in-vivo data measured on the human forehead region. We also show the
analysis of the same data-set using a standard model that assumes the sample to be
homogeneous for comparison.

For each kind of two-layered structure, a preliminary analysis is performed using the
standard model of the diffusion equation (assuming the sample to be homogeneous).
The second level analysis is performed using the above-mentioned two-layered model.
Finally, a spectral fitting procedure is performed to retrieve the concentration of the key
absorbers of each two-layered structure.

3.2 Silicon Based Two-layer structures

Silicon based calibration phantoms designed in-house as a part different standardiza-
tion protocols[52] and other collaborative projects [67] were used for the preparation of
the two-layer structure of the first kind . The structure comprises of a silicone rubber-
based (Sylgard) rectangular phantom (10cm x 10cm) as the top layer. This phantom
was available in three thicknesses (s0) 0.5cm, 1cm and 1.5cm thus permitting to simu-
late layered structures with varying top layer thickness (s0). A 4.5 cm thick resin based
cylindrical phantom (diameter = 10cm) was chosen for the bottom layer. Due to the
relatively larger thickness and high absorption, the second layer could be considered
as a semi-infinite medium optically. The absorption properties of both the materials
were tuned by adding specific amounts of absorbers like carbon black and toner while
the desired reduced scattering coefficient values were achieved using TiO2 particles as
scattering agents.

The instrumentation discussed in Chapter 2 was chosen for this study. Measure-
ments were performed from 600 - 1100nm with a step size of 10nm in reflectance
geometry for three inter-fiber distances (ρ = 1,2 and 3 cm). As mentioned in the previ-
ous chapter, the entire measurement procedure was automated and thus the acquisition
time per wavelength was under 1s.
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Figure 3.1: Setup for the relative multi-distance measurements on the silicon-based two-layered struc-
ture. The fiber hosting probe of the instrument discussed in the previous chapter can be seen on the
top of the two-layered structure. The thickness of the top layer in this case is 1cm.

3.2.1 Analysis using Homogeneous Model

As a first step, the sample is assumed to be optically homogeneous and a homoge-
neous/semi infinite analysis model, (discussed in 1.6.1) is used. The boundary condi-
tions, region of DTOF used for fitting and the optimization algorithm are discussed in
Sec 1.8. A refractive index of 1.5 was used for the medium and 1 (air) was used as the
refractive index of the external medium. Three spectra each for absorption and reduced
scattering are obtained, corresponding to the three ρ. Fig. 3.2 shows the results using
the homogeneous model. The reference spectra are plotted as a average of resultant
optical properties from the multiple reflectance and transmittance measurements with
the error bars representing the standard deviation.

The absorption spectra of both the materials (Top and Bottom in Fig. 3.2 (a,b and
c)) show significant peaks at 905nm, a signature of silicon which forms the basis for
both the phantoms. With regards to reduced scattering coefficient (Top and Bottom in
Fig. 3.2 (d,e and f)) no distinctive features are observed apart from the expected power
law dependence with wavelength.

The absorption coefficient values at the three ρ lie between the reference absorption
coefficients of the two layers over the entire wavelength range. It can be clearly seen
that with increasing ρ the absorption coefficient spectrum tends to move closer to the
true bottom layer spectrum. For the top layer thickness of 0.5cm irrespective of the ρ the
absorption spectra is primarily influenced by the bottom layer. This justifies the usage
of this model as an approximate version even in the case of evidently layered media.
However, there is a clear influence of the thickness of the top layer on the retrieved
absorption spectra for the other two top layer thicknesses. This is best observed for
a top layer thickness of 1.5cm where even at the largest ρ the absorption is heavily
influenced by the top layer, both in terms of magnitude and spectral features. Reduced
scattering spectra at all SD separations for both structures seem to be predominantly
influenced by the top layer in absolute value.

3.2.2 Analysis using Layered Model

The retrieved absorption and reduced scattering coefficient spectra of the two layers
using the two-layered solution of the DE (sec 1.6.2) are presented in Fig. 3.3, Fig.
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Figure 3.2: The absorption and reduced scattering spectra of the two layer structures at the three
ρ analysed using a homogeneous or semi-infinite model. The reference optical properties of the
two layers are provided with error bars representing the standard deviation over measurements at
different ρ and in different geometries. The thickness of the top layer (s0) is mentioned in the title of
each subplot.

3.4 and Fig. 3.5 (for the three different top layer thicknesses of 0.5, 1 and 1.5cm
respectively). The refractive indices were assumed to be 1.48 for the silicone and 1.55
for the resin layer respectively. As a first step the model was applied considering all
the five important parameters of the fit, namely the optical properties of the top layer
(µa0,µ′s0), the optical properties of the bottom layer (µa1,µ′s1) and the thickness of the
top layer s0 to be freely varying. The analysis was also performed with the thickness
of the top layer (s0 )fixed to it’s actual value for comparison.

At the very outset, it is clear that the layered model does a very good job in de-
coupling the optical properties of the two layer and more importantly is more reliable
than the conventional homogeneous model. Amongst the four parameters related to the
optical properties of the two layers, µ′s0 seems to be the parameter that is retrieved with
extremely good accuracy. both in terms of spectral shape and absolute value. µa0 is
the parameter that closely follows, where the retrieval is considerably accurate. The
configuration with the least top layer thickness (Fig. 3.3) sees the most inaccurate re-
trieval of this parameter. This could be due to the relatively small thickness (0.5cm),
which is not a major concern if the parameter of interest is the optical property of the
bottom layer. Moreover, as seen in the previous figure, at such low thicknesses the
homogeneous approximation is reasonable. The absorption of the bottom layer, µa1,
which is usually the most valuable parameter is retrieved with good accuracy for most
of the spectral region. Finally, the µ′s1 is the parameter that is recovered with the least
accuracy. The parameter undergoes drastic variations from the actual, expected values
and for most practical purposes can be considered to be devoid of any useful informa-
tion. On the plus side, this parameter also shows negligible influence on the retrieval
of the other properties. Fixing this parameter to a known value, such as, that retrieved
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3.2. Silicon Based Two-layer structures

Figure 3.3: The absorption and reduced scattering spectra of the two layers of each of the silicon based
two-layer structure with a top layer thickness of 0.5cm. Results obtained both by fixing s0 to the
actual value and varying it (as a free parameter in the fitting routine) are presented along with the
reference data for comparison.

from the largest ρ or from an approximate value obtained from literature and following
the Mie law, had a negligible impact on the recovery of the other optical properties (not
shown here).
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Diffusive Media

Figure 3.4: The absorption and reduced scattering spectra of the two layers of each of the silicon based
two-layer structure with a top layer thickness of 1cm. Results obtained both by fixing s0 to the actual
value and varying it (as a free parameter in the fitting routine) are presented along with the reference
data for comparison.

Figure 3.5: The absorption and reduced scattering spectra of the two layers of each of the silicon based
two-layer structure with a top layer thickness of 1.5cm. Results obtained both by fixing s0 to the
actual value and varying it (as a free parameter in the fitting routine) are presented along with the
reference data for comparison.
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3.2. Silicon Based Two-layer structures

Figure 3.6: The recovered spectra of s0 (a) and µ′s1 (b) for the three cases presented above.

The recovered values of thickness of the top layer (s0) are plotted in Fig. 3.6(a). This
parameter suffers a 20% over-estimation for the lowest top layer thickness (0.5cm) but
is retrieved with decent accuracy otherwise. Fig. 3.6 also suggests some co-relation
between s0 and µ′s1 when all the five parameters freely varying. This parameter is also
relatively less relevant to the the recovery of the other optical properties. Fig. 3.7
plots the recovered µa1 of for the case where the actual top layer thickness of 1cm,
was estimated fixing s0 to five different values (0.8, 0.9, 1.0, 1.1 and 1.2cm).A 20%
deviation of s0 from the true value effects the recovery of µa1 on an average by about
7%.

Figure 3.7: Effect of misevaluation of s0 on the recovery of the other optical properties. µa1 from
Fig. 3.4 retrieved for 5 fixed thickness values within a 20% range of the true value of s0 (1cm) in
comparison with the reference data.

3.2.3 Spectral Fitting – Quantification of Absorber Concentrations

The wealth of spectral information available from broadband DOS allows us to quantify
the concentration of the different absorbers present in the sample under investigation.
To estimate the concentration of the different absorbers present in the sample, the well
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Diffusive Media

known Lambert Beer law is used. The measured absorption coefficient is assumed
to be a linear combination of the extinction coefficients of components weighted by
their concentration. Thus, by fitting a linear combination of the extinction coefficient
spectra of (i.e. the absorption of the pure substance, typically reported in the literature)
of the individual absorbers are to the the measured absorption spectrum it is possible to
retrieve the concentration of the different absorbers.

Figure 3.8: Absorption spectra (a) of the different absorbers for the silicon based two layer struc-
tures. (b,c and d) recovered concentrations of the different absorbers for the three configurations
corresponding to the three top layer thicknesses (specified in the title of the subplot). The values
of concentrations are obtained from the recovered absorption spectra for the top (µa0) and bottom
(µa1) layer. The letters R, F and V on the left side of each bar plot correspond to the normalized con-
centration retrieved from the reference spectrum, spectrum with fixed s0 and spectrum with varying
s0 respectively. The color coding for the individual absorbers in the bar plot is given underneath the
individual subplot (purple- carbon black, brown - silicone, gray - resin and black - toner)

The absorption spectrum of the different constituent absorbers of the two layered
structure are presented in Fig. 3.8(a). The retrieved concentrations of the individual
layers are normalized in a manner such that the two absorbers of the specific layer
(carbon black and silicone for the top layer and toner and resin for the bottom) represent
50% contribution to the layer’s absorption i.e. half of the bar plot. Since the absolute
concentration of the components in the individual layers is of little interest here, such a
normalization allows for a better visualization and easy comparison.

The results once again showcase the success of the model in retrieving the concen-
trations. The recovered concentrations both with fixed and varying s0 are in very good
agreement with the reference values. This is true even in the case the s0 = 1.5cm.
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3.3. Ex-vivo Biological Tissue Based Two-layer structures

3.3 Ex-vivo Biological Tissue Based Two-layer structures

The two-layer structure of the second kind was designed using two different kinds of
ex-vivo biological tissues. In this case the top layer was a 1.25cm thick porcine fat
tissue (Lard) and a 5cm thick muscle tissue from a young bovine (Veal) was considered
for the bottom layer. Both the tissues were freshly purchased from a local grocery store
and were cut into cubes with the measurement surface having the dimensions of about
(10cm x 10cm), to avoid boundary effects. The layer of Lard was placed on top of the
Veal tissue, similar to the silicon based two-layer structure (Fig 3.1).

3.3.1 Analysis using Homogeneous Model

Fig. 3.9 presents the results for the tissue based two-layer structure obtained using the
homogeneous model. The reference spectra are plotted as a average of resultant optical
properties from the multiple reflectance and transmittance measurements with the error
bars representing the standard deviation. The refractive index of the medium in this
case was assumed to be 1.4.

Figure 3.9: The absorption and reduced scattering spectra of the two layer structures at the three
ρ analysed using a homogeneous or semi-infinite model. The reference optical properties of the
two layers are provided with error bars representing the standard deviation over measurements at
different ρ and in different geometries. The thickness of the top layer (s0) in this case is 1.25cm.

The reference absorption and reduced scattering coefficient values (Fig. 3.9 Top and
bottom) were obtained (similar to the previous case) by performing multiple measure-
ments and averaging the resultant spectra. Key absorbers with known spectral features
are, (a)de-oxy hemoglobin (spectral signature at 760nm), (b)water (peak at 970nm) and
(c) lipids or fat (double peak at 930nm and 1030nm).

Here too, as in the case of the other structure, the absorption at ρ = 3cm is heavily
influenced by the top layer. Reduced scattering spectra is mainly influenced by the top
layer in absolute value. A substantial dip in the reduced scattering spectra at 930nm is
due to a co-relation with the sharp rise in the absorption at that wavelength from the
lipids present in the Lard tissue.
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3.3.2 Analysis using Layered Model

Figure 3.10: The absorption and reduced scattering spectra of the two layers of each of the ex-vivo
tissue based two-layer structure with a top layer thickness of 1.25cm. Results obtained both by fixing
s0 to the actual value and varying it (as a free parameter in the fitting routine) are presented along
with the reference data for comparison.

The retrieved absorption and reduced scattering coefficient spectra of the two layers
using the two-layered solution of the DE (sec 1.6.2) are presented in Fig. 3.10. All the
observations made in the case of Silicon-based two layer structures are equally valid
in the case of the ex-vivo biological tissue as well. The recovery of absorption in the
bottom layer (µa1) in relatively high absorption region i.e. beyond 970nm is deviated
the most from the reference value. As in the case of the Silicone based two-layered
structure, fixing the s0 to the actual value and varying it hardly influences the recovery
of three out of four parameters. (µa0, µ′s0 and µa1).

3.3.3 Spectral Fitting – Quantification of Absorber Concentrations

The usefulness of the quantification of absorber concentration can be appreciated more
in the case of the ex-vivo biological tissue. The key absorbers in this biological tissue
in this wavelength range are the different tissue constituents like blood, water, lipid and
collagen. The extinction spectra of these constituents are presented in Fig. 3.11 (a) and
obtained from literature [68]–[70].

Since, in this case, the top layer (Lard) is porcine fat it is expected to mainly consist
of fatty lipids which is what is reflected from the reference data. On the other hand,
Veal, (bovine muscle) tissue is comprised of water and protein which could be both
collagenous and non-collagenous[71]. Both of these expectations are well reflected in
the results from the reference data and are once again recovered with a fair amount of
accuracy with two layered analysis model. The recovered concentrations of the upper
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3.4. Initial Application In-vivo

Figure 3.11: Absorption spectra (a) of the different tissue constituents in biological tissue. (b) recov-
ered concentrations of the tissue constituents for the ex-vivo tissue based two-layered structure. The
values of concentrations are obtained from the recovered absorption spectra for the top (µa0) and
bottom (µa1) layer. The letters R, F and V on the left side of each bar plot correspond to the nor-
malized concentration retrieved from the reference spectrum, spectrum with fixed s0 and spectrum
with varying s0 respectively. The color coding for the individual absorbers in the bar plot is given
underneath the Fig 3.11(b) (blue- water, brown - lipid, gray - collagen and red - blood)

layer with varying s0 are more consistent with the reference values with a deviation of
about 10 % while the lower layer with it’s large absorption peak is better represented
in the case where s0 was fixed (deviation of about 30 % from the reference value). The
total hemoglobin content in the tissue (THb) is obtained by summing the recovered oxy
(HbO2) and deoxy (Hb) hemoglobin. 16µM of THb is expected to be present in the
bottom layer and about 18µM of THb is recovered (with the s0 fixed). It is interesting
to note that the sum of the resultant concentrations of all the constituents for each
individual layer is close to 1000 mg. This implies that the density of the tissue is 1000
mgcm−3 or 1 gcm−3 which is not far from the expected value for different animal and
human tissue types ex-vivo [72].

3.4 Initial Application In-vivo

As a final step the performance of the model was assessed on some in-vivo data. Multi-
distance broadband measurements similar to the those described in the last sections
(with the same instrumentation as discussed in Chapter 2) were performed on the fore-
head of a healthy adult volunteer while lying on a bed in supine position. The same
choice of inter-fiber distances was maintained (ρ = 1,2 ,and 3cm). The time necessary
to perform the complete measurement was under 5 minutes.

Here too, the data is first analysed using the homogeneous model, followed by anal-
ysis using layered model and finally spectral fitting to recover concentration of tissue
constituents. The key difference here is the lack of knowledge regarding the thickness
of the top layer s0 and the lack of any reference values.
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3.4.1 Analysis using Homogeneous Model

The refractive index of the medium is assumed to be 1.4. The in-vivo absorption and
reduced scattering spectra are presented in Fig. 3.12. A clear increase in the absorption
is observed with increasing ρ which is indicative of an increase in the blood and water
content with increased ρ. This increase may be regarded as a hint that with increasing
ρ the underlying brain tissue (which is richer is blood and water content relative to the
extracerebral tissue) is being probed. The reduced scattering spectra shows no major
variation with ρ.

Figure 3.12: The absorption and reduced scattering spectra of adult human forehead region in-vivo at
the three ρ analysed using a homogeneous or semi-infinite model.

3.4.2 Analysis using Layered Model

The data is then analysed using the two-layered solution of the DE (sec 1.6.2) with the
following initial conditions. The top layer thickness (s0) was fixed to be 13mm, which
corresponds to a typical value of thickness of the extracerebral tissue (from literature)
[73]. This way the top layer could be assumed to be extra-cerebral tissue and bottom
layer to be the brain tissue. The refractive indices for the two layers were taken from
literature (1.55 for the extracerebral tissue [74] and 1.4 for the brain tissue [75]). The
fitting procedure was first performed with all the other four parameters (µa0, µ′s0, µa1
and µ′s1) varying. The resultant spectra are displayed in Fig. 3.13.

The recovered absorption spectrum shows a higher value on an average for the bot-
tom layer (µa1) compared to the top layer (µa0) . The recovered reduced scattering
spectrum of the top layer µ′s0 is similar to the values retrieved using the homogeneous
model. CSF (Cerebrospinal fluid), a relatively thin, transparent layer lying between
the skull and the brain matter, is well known for it’s "light guiding" effect [76] and
it’s structural composition that strongly influences the light scattering [77]–[80]. This
could be a possible explanation for the relatively low reduced scattering spectra of the
bottom layer (below 1cm−1 beyond 900nm).

3.4.3 Spectral Fitting – Quantification of Absorber Concentrations

The key absorbers/ tissue constituents for the case of the ex-vivo tissue based ( discussed
in 3.3.3) are exactly the same absorbers in the case of in-vivo measurements as well.
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3.4. Initial Application In-vivo

Figure 3.13: The absorption and reduced scattering spectra of the adult human forehead region in-vivo
obtained using a two-layered model. The thickness of the top layer is assumed to be 1.3cm. The top
layer represents the extra-cerebral tissue and the bottom layer corresponds to the brain tissue.

Thus, we perform follow the same procedure to retrieve the absorber concentrations
for the human forehead in-vivo. However, since there is no reference against which
the recovered concentrations can be compared, the concentrations for the constituents
obtained using the spectra from the homogeneous model will be used to understand and
compare the results from the layered model.

The resultant concentrations obtained from the absorption spectra of the two layers
and the absorption spectra at the three inter-fiber distances (ρ) when analysed using the
homogeneous model are tabulated in 3.1.

Firstly, the results from the standard homogeneous model (Homo) suggest that the
total blood content recovered increases with increasing ρ further confirming the as-
sumptions made earlier about probing the deep-lying brain tissue at larger ρ. However,
more interestingly, we observe an two other interesting features with the results from
the homogeneous model. An increase in collagen content is observed at ρ = 2cm from
ρ = 1cm, followed a decrease in the value at ρ = 3cm. However, the opposite is true
in the case of the water and lipid content, i.e. the concentration of these constituents
decreases from ρ = 1cm to ρ = 2cm but experiences an increase from ρ = 2cm to ρ =
3cm. Put together, these finding suggest that for this particular subject, at ρ = 2cm the
tissue being probed by the measurements is bony region of the skull. This is because ρ
= 2cm we see an increase in collagen (a signature of the calcenous bone tissue) while at
the larger ρ = 3cm we see a decrease in collagen accompanied by an increase in water,
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Table 3.1: Concentrations of tissue constituents obtained from the absorption spectra recovered using
the layered model (top and bottom corresponding to extra-cerebral tissue and brain tissue respec-
tively) and the absorption spectra at the three ρ considering the sample (forehead region) to be
homogeneous.

Model Hb HbO2 THb H2O Lipid Collagen
µM µM µM ml mg mg

Layered Top 8.2 17.8 26.0 334 311 161
Homo ρ = 1cm 7.8 19.4 27.2 400 215 146
Homo ρ = 2cm 5.9 24.3 30.2 318 149 228
Homo ρ = 3cm 10.0 23.0 33.0 375 199 161

Layered Bottom 17.4 42.9 60.3 406 128 0
Hb - Deoxy hemoglobin, HbO2 - Oxy hemoglobin, µM - micromolar (unit of concentration), Homo - Homogeneous Model,

Layered - Two-Layered Model.

blood and lipid indicating the fleshy brain tissue.
Concentrations retrieved from the layered model suggest that the "top" layer corre-

sponding to the extracerebral tissue has a total Hb of 26 µM and a roughly 40:40:20
ratio of water, lipid and collagen, while the "bottom" layer corresponding to the brain
tissue comprises of 60 µM total Hb and an 80: 20 ratio of water and lipid with zero
collagen.

While further validation on a larger set of in-vivo measurements is necessary, the
larger quantity of water and blood in the bottom layer relative to the superficial layer and
the confinement of all of the collagen primarily in the superficial layer indicate that the
layered model distinguishes the influence of the collagen rich ’skull’ (which is expected
to dominate the superficial or extracerebral layer in terms of optical properties) from
the underlying brain tissue.

3.5 Conclusions:

In this chapter, the development and validation of an analytical technique to recover
the absolute optical properties of the different layers of layered media using broadband
relative multi-distance time-resolved DOS in reflectance geometry is presented. The
instrument designed as a part of this thesis and discussed in the previous chapter is
ideally suited for this purpose.

Two types of multi-layered structures with reliable reference values were designed
and used for this purpose. Reliable recovery of 4 out of 5 parameters (µa0,µa1,µ′s0 and
s0) was achieved over the entire spectral range for both structures (median deviation
≤ 15% from the reference values over the entire spectrum). Large inaccuracies were
found in the retrieval of scattering coefficient from bottom layer(µ′s1), but these can be
overcome by fixing this parameter to values obtained from literature or through other
methods. The thickness of the top layer(s0) was another parameter that was recovered
with a reasonable accuracy, but faster convergence and smoother fit of the other param-
eters were achieved by fixing this parameter to a reasonable value (within 20% of the
actual value). The retrieval of the optical coefficients of the two-layered structures with
a standard, semi-infinite model was also investigated for different inter-fiber distances.
However, without a two-layer model, these absorption values are a combination of the
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3.5. Conclusions:

top and bottom layers.
Spectral fitting was performed to reconstruct the absorber concentration for each of

the layer in the two structures to understand the spectral features are preserved during
the retrieval. In terms of retrieval of absorber concentration as well, the two-layer model
distinguishes the primary absorbers for each individual layer and is consistent with the
reference values.

Final the layered model is applied to a set of relative multi-distance measurements
performed on the human forehead region in-vivo. The resultant absorption spectra and
the recovered constituent concentrations suggest that, taking into consideration the a
proper value of top layer thickness (s0) the optical properties of the superficial (extrac-
erebral) tissue can be disentangled from those of the underlying brain matter.
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CHAPTER4
In vivo Application of Broadband DOS for Layered

Media: Abdominal Adipose Tissue

4.1 Introduction

Obesity, simply defined as excessive, unhealthy amount of fat mass (FM) in the body,
is a pathological condition that affects a significant number of adults. Paradoxically
coexisting with malnutrition, an escalating global epidemic of overweight and obesity
– “globesity” – is taking over many parts of the world[81]. This pathological condition
is significantly related to the type and amount of adipose tissue (AT) present in our
body. In fact, “adiposity-based chronic disease” (ABCD) is an alternative name for
obesity which clearly outlines the influence of the adipose tissue on this pathology.

Obesity, especially among the elderly, leads to an impaired functioning of adipose
tissue (AT). Recent studies have equivocally ascertain that the total AT present in the
human body displays a very self-dependent, ’organ’ like functionality composed of
different kinds of cells, having a clearly defined anatomy and endocrine properties and
a good tensility to physiological and environmental stimuli [82]–[84]. Thus a good
understanding and racking of this "organ" continuously is necessary to keep obesity
and related pathalogies under check.

An in depth comprehension of the physiology of AT is beyond the scope of this
thesis, and is available for reference here. It is sufficient to know that AT has multiple
sub divisions one of which is the subcutaneous AT (SAT), located directly underneath
the skin. This comprises more than 80% of the body fat. While distributed through
out the body, it is found in higher proportions at three locations namely Gluetal SAT,
Femoral SAT and Abdominal SAT. Abdominal Fat is characterized by rapid uptake and
storage of energy from the diet and a high lipid turnover (i.e., lipolysis). Healthy AT
usually expands by a combination of increase in adipocyte size and number. However,
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Chapter 4. In vivo Application of Broadband DOS for Layered Media: Abdominal
Adipose Tissue

obesity could affect this expansion which is necessary to store the energy surplus. This
could consequently lead to fat deposition in other tissues such as skeletal muscle and
liver leading to metabolic dysfunctions.

Thus, it becomes essential to take into account such metabolic and phenotypic pa-
rameters while dealing with obesity and related pathologies to optimize disease pre-
vention and treatment strategies. Body Mass Index or BMI (calculated as the weight in
kilograms divided by the square of the height in meters) is the closest such index con-
sidered for this purpose. However, it has been shown that BMI does not show a very
strong correlation with body fat in obese individuals and older subjects with lower mus-
cle mass. Further information of fat compartmentalization is missed out in this case.
Better alternatives include, waist circumference, hip circumference, waist-to-hip ratio,
and waist-to-height ratio which are still indirect indices for AT valuation. Computerized
tomography and magnetic resonance imaging are the most accurate techniques avail-
able for the measurement of fat sub-compartments, however they are highly expensive,
not portable and have huge limitations in clinical practice[1].

Diffuse Optics opens up a very interesting net of possibilities at this juncture. It is
non-invasive, portable and inexpensive with considerable sensitivity and specificity. Di-
agnostic techniques based on diffuse optics are potentially good candidates to meet that
need, as they allow the development of relatively simple and inexpensive instruments,
suitable for use both in a clinical environment and in the doctor’s office, and provid-
ing the non-invasive and objective assessment of tissue optical properties (absorption
and reduced scattering). In turn, the knowledge of the optical properties at several
wavelengths enables the estimate of diagnostically relevant tissue properties: tissue
composition in terms of its major constituents (water, lipid, and collagen), physiologi-
cal parameters (blood volume and oxygenation level), and microstructural information
derived from scattering parameters.

However, as highlighted here, adipose tissue is a complex organ, showing a highly
stratified structure, which might prove more difficult to characterize with a simple
model. Thus, in this chapter, we investigate the performance and limitations of using
the homogeneous model to interpret multi-distance DOS data and characterize abdom-
inal adipose tissue. While it is evident that the abdominal region poses a three layered
structure, one of the two-layered models discussed in the previous chapter is applied to
the data initial results with a two-layered model are also discussed.

4.2 Broadband optical properties of the human abdomen in-vivo

The instrument developed in Chapter 2 is intended ultimately to be employed in a clin-
ical study on the frailty of the adipose tissue in the elderly and obese. As a first step
in this direction, a feasibility test was conducted where the instrument was used to per-
form multi-distance measurement in the abdominal region of a small group of healthy
volunteers.

4.2.1 Subjects, Measurements and Analysis

A cohort of 10 healthy adult male volunteers was chosen for this study. The recruited
volunteers were all staff and Ph.D students of Politecnico di Milano (Milan, Italy). They
were informed on the main study objective, the protocol of TD-DOS measurements
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4.2. Broadband optical properties of the human abdomen in-vivo

Subject Age (y)
Height

(m)
Weight

(kg)
BMI

(kg/m2) WC (cm)
Thickness

(mm)
#1 53 1.75 67 21.9 86 24.6
#2 74 1.73 78 26.1 106 18.4
#3 25 1.91 87 23.8 88 7.8
#4 24 1.7 64 22.1 74 6.6
#5 37 1.8 76 23.5 63 14.3
#6 41 1.8 86 26.5 103 28.6
#7 48 1.83 100 29.9 115 35
#8 58 1.73 59 19.7 79 6.6
#9 38 1.78 74 23.4 85 4.1

#10 47 1.9 115 31.9 110 26.4

Table 4.1: Demographics of the subjects involved in the study here, BMI = Body Mass Index | WC =
Waist Circumference and Thickness corresponds to Thickness of the SAT layer measured using an
ultrasound echo-graph

and the safety of the instrument. General anthropomorphic data of the subjects was
recorded. Waist circumference was taken by the operator at the mid-point between
iliac crest and the last rib, along the auxiliary middle line. A commercially available
echo-graph was used to estimate the thickness of the skin and SAT layers. Table 4.1
summarizes the general anthropometric data for the ten subjects involved in the study.

Measurements were performed with the subject lying in the supine position. The
choice was the wavelength range was once again restricted to 600 - 1100nm with a step
size of 10nm. Measurements were performed at the three inter-fiber distances ρ = 1, 2
and 3cm. A total of 5 positions:

• 2 cm left to the navel(2L);

• 2 cm to the left and 2 cm below the navel(2L2D);

• 4 cm left to navel(4L);

• 4 cm to the left and 2 cm below the navel(4L2D);

• and 8 cm left to the navel(8L)

were chosen with the navel of the subject as the point of reference. All distances
were taken with reference to source 2 with the probe positioned vertically with the
detector downwards. The locations and probe positioning are pictorially represented in
Fig 4.1. Total acquisition time per location was under 5 minutes.

The analysis performed for this study assumed the sample under investigation to be
a homogeneous medium. Both the Diffusion Approximation (DA) and the stochastic
Monte Carlo (MC) model described in Chapter 1 were used for the analysis. But,
only the results obtained using the MC analysis model will be presented here. This
is because, analysis using the DA was found to be prone to inaccuracies, especially
in cases with very low absorption and for short inter-fiber distances. In cases where
the diffusion approximation is valid (i.e. high scattering and large inter-fiber distances)
both the models are in good agreement.
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Figure 4.1: A representative figure of the different positions, relative to the navel, considered for the
study and the position of the fiber hosting probe.

Figure 4.2: Absorption and reduced scattering spectra measured on the abdominal region of the 10
subjects enrolled in this study. The measurements were performed at an inter-fiber separation ρ = 2
cm at a location 8 cm to the left of the navel.

4.2.2 Absorption and Reduced Scattering spectra

The absorption (left) and reduced scattering (right) spectra of all the subjects at inter-
fiber distance (ρ) = 2 cm in the same location (8 cm right of the navel) are shown in Fig
4.2. Clearly, there is a wide variability, both in spectral features and the absolute val-
ues of both the quantities. This is aa evidence of the heterogeneity of the stratification
of the abdomen and the inter-subject variability. The key features with respect to the
absorption spectrum are the tail of hemoglobin – mainly Hb – below the wavelength of
700 nm, the peak of Hb overlapped to a the very small water shoulder around 760 nm,
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the clear peak of lipid at 930 nm with a second smaller one at 1020 nm, and , in some
cases, the water contribution around 980 nm. HbO2 is definitely present, but less evi-
dent since its decreasing tail in the red is superimposed to Hb, and the broad maximum
around 900 nm is overlapped to the other sharper features (e.g. lipid). For relatively
small values of upper layer (skin+SAT) thickness, the overall absorption increases with
the marked contribution of water and blood as a clear sign that the underlying muscle
tissue is reached by the measurement.

With regards to the reduced scattering spectrum, there are no distinct spectral fea-
tures. The expected power-law dependence of µ′s on lambda for biological tissues in
this spectral range is clearly visible. However, the data represents a considerable inter-
subject variability both in amplitude and in slope of the scattering spectrum.

Figure 4.3: Absorption and reduced scattering coefficient spectra at the three inter-fiber distances ρ =
1, 2 and 3 cm. Results are presented for 3 subjects with further information about the subject in the
title of each subplot (Thk = Thickness of the skin and adipose tissue layer). The measurement was
taken 4 cm to the left of the navel.

To gain more insight into the effects of the heterogeneous adipose structure on the
absorption and scattering spectra, we present in Fig 4.3 the absorption (top) and reduced
scattering (bottom) spectra for all the 3 inter-fiber distances again at 4 cm right of the
navel. For the sake of brevity data from 3 most representative subjects is shown. The
data for all the 10 subjects is available in the Appendix (refer Fig. A.4). With regards
to the absorption two main effects are observed. The first and most obvious one is the
progressive increase in µa upon increasing ρ. This effect is more evident in Subject #4
(center) as compared to the other 2 cases. It can be ascribed to the increased relevance
of the muscle layer upon increasing ρ (and therefore depth of probing).

A more unexpected observation is the mild increase in µa around the water peak (980
nm) for the shortest ρ = 1 cm, as observed in Subject #1 (left) and #7 (right). Since
a shorter ρ is more sensitive to shallower regions, the leading hypothesis attributes this
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increase to the contribution of the skin that is more hydrated (70%) [85] as compared
to the underlying adipose tissue. Still, the relatively small thickness of this layer calls
for some caution in a straightforward attribution. In-fact, very thin superficial layers
are not expected to affect much the temporal shape of the diffuse photon distribution,
and consequently of the estimated µa.

The reduced scattering spectra display a clear increase of slope upon reducing ρ,
for all subjects, also for the middle one where the SAT thickness is small. Again,
an increased influence of the superficial layer (dermis) can be speculated due to the
expected steepest scattering spectrum caused by collagen fibrils. In particular, a bi-
component scattering spectrum is observed for Subject #1 (left) and #7 (right) for ρ
= 1 cm, with a steepest slope in the red (<700 nm). This observation is consistent with
the small dimension of collagen fibrils, which are expected to cause a behavior close to
Rayleigh scattering [86].

Figure 4.4: Absorption and reduced scattering spectra at five different locations in the abdominal region.
The legend identifies the measurement position with reference to the navel. For example: (4L2D –
corresponds to a point 4 cm to the left and 2 cm below the navel). Results are presented for 3 subjects
with further information about the subject in the title of each subplot. For all the measurements ρ =
2cm.

The variations in absorption (top) and scattering (bottom) spectra for different loca-
tions on the abdomen are shown in Fig 4.4 for 3 subjects, representative of the whole
study, while all data are reported in the Supplementary data (refer Fig. B.1). In general,
all key spectral features are preserved for different locations on the same subject. Yet,
some intra-subject variability is observed which is more marked in the case of thinner
adipose layer. In detail, the coefficient of variation CV is 5.2%, 4.0%, 11.0% for µa
at 800 nm (left to right) and 3.9%, 14.1%, 5.4% for µ′s. Considering the whole set of
subjects, the median / max CV is 8.6% / 18.0% for µa and 6.6% / 18.1% for µ′s.
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4.3 Tissue Composition:

The absorption and reduced scattering spectra were further analyzed to retrieve the con-
centration of key absorbers (Hb, HbO2, lipid, water collagen) as well as the scattering
amplitude and power (a, b). The method used for the retrieval of the absorber con-
centrations is similar to the one described in Chapter 3. A spectral constraint in added
to this procedure as described in [87] to further enhance the reliability of the results.
Results for all subjects and all ρ distances for the location 4cm the left of the navel are
reported in Table 4.2. It is important to remind that the optical properties were derived
using a purely homogeneous tissue model. Due to the heterogeneous nature of the ab-
domen, these numbers are meant as averages over different volumes depending on the
source-detector distance. Further, spectral distortion is expected due to different spatial
sensitivity maps for different wavelengths. Therefore, these values must be taken with
caution, not considering them as absolute reliable estimates, but rather as indications of
qualitative trends observed in the spectra.

The key observations made in the analysis of the spectra for different ρ are con-
firmed. In subjects where the SAT thickness is < 8 mm (#4, #8, #9) the total Hb
content is high and increases for increasing ρ, as a clear indication that the muscle tis-
sue is probed (tHb>30 µM for ρ =3cm). This is an expected effect and of course must
be carefully considered when studying the adipose tissue to avoid contamination from
the underlying muscle.

The more unexpected contamination from the thin superficial skin layer seems to be
confirmed by the tabulated values, since in subjects with a greatest thickness (>10 mm,
that is all cases except the three subjects mentioned above) an increase in water content
is observed for the shortest ρ, with the only exception of Subject #6 at ρ =30 mm). For
the previous 3 subjects the muscle contamination is possibly dominant and overwhelms
the water increase at shorter ρ.

The comments on the scattering spectra reflect in Table 4.2, where ρ =1 cm always
shows the highest value for b, supporting again the contamination of the skin. Indeed,
b > 1 is an indication of steep scattering spectrum arising from small scattering centers
as for collagen fibrils [86], whereas adipose tissue with large adipocytes (where a lipid
droplet can represent up to 90% of the cell volume) exhibits a flatter (b < 1) spectrum.

4.4 Broadband Simulation of Multi-distance measurements on the Ab-
domen:

To help interpret the results from this campaign, simulations were performed assuming
a simple three-layered model of the abdomen with the three layers being i)skin ii)SAT
and iii) underlying muscle layer. The base optical properties and constituent concentra-
tions of the individual layers were fixed to values obtained from literature. The average
refractive index values for the three layers were assumed to be constant over the wave-
length range of interest and chosen to be 1.38 for skin, 1.44 for the SAT and 1.37 for
muscle. Regarding the optical properties spectra, the values for the skin or dermal layer
were obtained from literature[88] while those for the muscle were estimated assuming
the constituent concentrations to be 14.5 g/dL of blood, 5% lipids, 80% water and 15%
collagenous protein [71]. Finally, the SAT was assumed to comprise 95% of lipids
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and 5% water with negligible concentration of blood. The estimated absorption and
retrieved scattering coefficient spectra have been plotted in Fig. 5.

Figure 4.5: Absorption (left) and reduced scattering (right) spectra of the three primary layers of the
abdominal tissue (namely skin, SAT and underlying muscle) used in the simulation studies. Tabulated
below are the refractive indices for each of the layers.

The key trends observed in the in vivo measurements are

• increase in blood-related absorption for the largest ρ when the SAT is thin (< 8
mm);

• increase in water content for short ρ;

• and, increase in scattering slope for short ρ

The first effect is consistent with the probing of muscle tissue, while the other two
with a contribution from the skin. Since this latter statement is less obvious, we ran
a set of Monte Carlo simulations on possible scenarios in order to corroborate our
hypothesis. We tried to match as much as possible the measurement conditions (e.g.,
convolution with the IRF, number of counts, geometry) and analysis (homogeneous
model, fitting range) so to closely replicate the experiment. As for the tissue structure
(layers) and optical properties we inferred values from the literature or from realistic
assumptions displayed in Fig 4.5. Four possible scenarios are considered, spanning
over all combinations of thin (15 mm) and thick (40 mm) SAT layer with thin (1 mm)
and thick (3 mm) skin.

The resulting fitted absorption and reduced scattering spectra are displayed in Fig 4.6
and Fig. 4.7 respectively. The increase in absorption due to the underlying muscle for
a thin fat layer (trend I) is confirmed (Fig. 4.6c and Fig. 4.6d). The water contribution
from the skin arising at ρ =1 cm (trend II) is consistent with a skin thickness of 3
mm (Fig. 4.6b) and is possibly masked for the same skin thickness when the muscle is
visible (Fig. 4.6d), similarly to what observed in vivo. Finally, the increase in scattering
slope for ρ = 1 cm (trend III) possibly due to skin collagen is definitely observed for any
skin thicknesses when the fat layer is thick enough to isolate from the muscle. Instead,
contamination from the muscle is masking this effect for thin fat layers.

Overall, the simulations confirm the proposed hypothesis that the superficial skin
yields a tangible effect in the in vivo measurements at least for a thickness of 3 mm
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Figure 4.6: Multi-distance absorption spectra retrieved from the simulations for the four different com-
binations of layer thicknesses. The assumed thickness of the first two layers in each case is mentioned
in the title of the corresponding subplot. The third layer was assumed to be infinitely thick in all cases.

Figure 4.7: Multi-distance reduced scattering spectra retrieved from the simulations for the four different
combinations of layer thicknesses. The assumed thickness of the first two layers in each case is
mentioned in the title of the corresponding subplot. The third layer was assumed to be infinitely thick
in all cases.

or greater. Surely, these simulations are derived using simplified assumptions on the
geometry and using literature data for the estimate of layered absorption. Still they
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provide an indication of plausibility of our interpretation. Indeed, the in vivo effects
both on the water increase and, on the scattering slope seem to be stronger than what
predicted based on literature information. This may suggest either that the skin thick-
ness is larger than 3 mm or that the skin scattering is higher than the values depicted in
Fig.4.6. Incidentally, while these findings make data interpretation more complex, they
also indicate that time domain diffuse optical spectroscopy is sensitive enough to skin
properties and could be studied more specifically for the non-invasive in vivo sensing
of skin properties, such as hydration or collagen content.

4.5 Initial application of the two-layered model

The in vivo measurements and simulations, both confirm the influence of the superficial
dermal layer and the underlying muscle layer in the accurate monitoring of the sand-
wiched SAT layer. Thus in principle, using a three layer analysis model that could esti-
mate not just the optical properties of the three layers involved but the thicknesses of the
first two layers too, would be the most optimal solution. Such models are scarce[89] and
computationally intense. Hence we chose to employ the two-layered analytical model
discussed in the previous chapter to these measurements. For this purpose, we chose
the data from Subject #7 who has the largest value for SAT layer thickness (35mm).
In this case, the situation could be approximated to a two layered one with dermal layer
being the superficial one and the SAT being the (optically) infinitely thick bottom layer.

Echograph measurements estimate an average value of about 2.1mm for the thick-
ness of the abdominal derma (skin) for this subject. This value was chosen as the top
layer thickness. Analysis was also performed assuming the top layer thickness of 5mm
for the sake of comparison. As discussed in the previous chapter, the reduced scattering
of the second layerµ′s1 was fixed to the value of reduced scattering recovered from the
largest ρ. The results of this analysis (only absorption spectra for the layered model) are
presented in Fig 4.8. The reference values (used for the above mentioned simulations)
are plotted for comparison.

The recovered top layer (Skin) spectra show a clear presence of the water peak. The
resultant µa0 spectra recovered at s0 = 2.1mm shows a narrower peak at centered around
980nm, mimicking the shape of the reference spectra. The analysis at s0 = 5mm, still
shows a significant influence of water peak but with an additional broadening on the left
(suggesting a mild influence of the lipid peak at 930nm). Also for s0 = 2.1mm the model
recovers null absorption in the top layer until 900nm. This could possibly be due to a
breakdown of the model. The reader must remember that the model ultimately relies
on the diffusion "approximation", which necessitates that light is sufficiently diffused
in every layer. The very small s0 makes it difficult to meet this criteria.

The recovered bottom layer absorption spectra shows negligible change between the
two fixed s0 values. These spectra differ from the reference in spectral features mainly
at the 980nm. The recovered spectra reflect a presence of water (higher value at 980nm)
which is not seen in the reference data. This could be due to contamination from the
underlying muscle layer which is not taken into account in this analysis. The magnitude
difference between the retrieved spectra and the reference values could be attributed to
inter-subject variation or other issues in the model.
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Figure 4.8: Homogeneous and Layered Models of Analysis performed on the data from the subject #7
at the position 8L. The analysis with the layered model was performed fixing the thickness of the top
layer to (a) the value estimated using the echograph (2.1mm) and (b) at 5mm. The thickness of the
bottom layer was assumed to be infinite (echograph estimate = 35mm).

4.6 Conclusions

In conclusion, we have investigated the optical spectroscopy of the abdomen on 10 sub-
jects in vivo using time domain broadband diffuse optics at 3 source-detector distances
(ρ). A wide inter-subject variability was observed, related to the specific subject’s con-
stitution. Upon changing ρ, three effects were observed, that is: i) the increase in the
overall tissue absorption at large ρ (ρ = 3 cm), when the superficial adipose tissue thick-
ness is <8 mm; ii) the increase in water absorption for short ρ (ρ = 1 cm); and iii) the
increase in the scattering slope again for the shortest ρ. All these findings are consistent
with a 3-layer model of the abdomen comprising the skin, the adipose tissue, and the
underlining muscle. A proper optical investigation of the adipose tissue should cope
with this multi layer structure in order to properly disentangle true fat properties from
contamination from the skin or the underlying muscle.

The systematic study presented here was performed primarily using a simple ho-
mogeneous model and sets the ground for a more advanced analysis including multi-
layered geometries. The two layer model discussed in the previous chapter was applied
to the data from a single subject in a purely exploratory fashion. While this further ce-
ments the impression about the superficial derma being the key contributor to the water
content in the absorption, it is clear that the retrieval of 3 layer properties with proper
accuracy is not straightforward and demands a more robust three layer model for better
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results. Therefore, we are currently validating spectral multilayered approaches for a
second-level analysis of the experimental data-set.

In the era of personalized and precision medicine, increasing our knowledge on adi-
pose tissue might enable us to overcome the limitations of the traditional anthropomet-
ric indices of obesity and sarcopenia. The availability of a non-invasive technique to
monitor adipose tissue status in response of nutrition, lifestyle habits or medical treat-
ment is fascinating for the possibilities of providing feedback and non-invasive insight.
Diffuse optics is a potentially powerful option, also in view of the wealth of information
it can provide – related to both tissue composition and microstructure. Yet, preliminary
understanding of the origin of optical measurements is a pre-requisite for proposing
diffuse optics in clinical studies. The present work sets a first observational ground on
fat spectroscopy clearly identifying the next step to provide accurate and quantitative
optical characterization of adipose tissues.
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Table 4.2: Tissue composition, blood oxygenation, and scatter parameters for all the subjects at the three
source detector separations for location at 4 cm to the left of the navel. The scatter parameters are
obtained in the wavelength region 650-900 nm.

Subject Rho Hb HbO2 THb StO2 Lipid Water Collagen Bkg a b
(cm) µM µM µM % mg/cm3 cm−1 cm−1

#1
1 0.83 10.83 11.66 93 955 216 90 0.001 14.5 1.26
2 0.2 15.89 16.09 99 969 185 88 0.02 18.7 0.38
3 0.13 14.4 14.53 99 884 141 75 0.019 13.7 0.44

#2
1 2.86 5.29 8.15 65 664 221 0 0.01 12 1.21
2 0.09 18.6 18.68 100 1164 154 54 0.02 15.5 0.03
3 0.07 16.14 16.21 100 1188 43 71 0.015 12.3 0.52

#3
1 2.89 4.9 7.79 63 605 197 0 0.01 13.6 1.08
2 0 17.08 17.08 100 930 136 22 0.021 14.9 0
3 0.23 15.56 15.79 99 977 85 30 0.015 12.2 0.43

#4
1 0.33 33.3 33.64 99 994 281 140 0.036 22.2 1.56
2 0.08 42.52 42.61 100 483 535 143 0.073 23.2 0
3 0.05 50.25 50.3 100 1247 291 205 0.084 18.9 0.24

#5
1 2.84 5.52 8.36 66 690 236 0 0.01 15 0.83
2 0.05 19.25 19.3 100 994 108 33 0.024 17.3 0
3 0.01 18.11 18.12 100 1046 57 43 0.019 13.1 0.29

#6
1 2.9 4.72 7.63 62 574 185 0 0.01 12.4 1.42
2 0.33 12.21 12.54 97 950 132 35 0.018 16 0.29
3 2.66 6.62 9.28 71 720 286 0 0.011 11.8 0.67

#7
1 2.9 4.69 7.59 62 568 182 0 0.01 10.3 1.41
2 0.07 9.96 10.03 99 1171 116 86 0.006 16.7 0.7
3 0.15 7.89 8.03 98 1085 106 77 0.003 12.9 0.74

#8
1 2.02 32.19 34.21 94 811 10 56 0.031 15.7 1.07
2 0.01 43.62 43.63 100 824 368 141 0.075 25.7 0.15
3 0.74 40.71 41.46 98 899 202 133 0.06 15.6 0.18

#9
1 0.27 15.89 16.16 98 1028 145 132 0.002 18 1.48
2 0.12 25.95 26.07 100 888 312 131 0.062 26.7 0.43
3 0 30.24 30.25 100 997 203 143 0.049 16 0.36

#10
1 2.9 4.76 7.66 62 583 186 0 0.01 18.6 1.37
2 0.03 10.81 10.84 100 984 101 57 0.015 19.3 0.33
3 0.02 8.51 8.53 100 985 75 59 0.008 13.7 0.51

Bkg = Wavelength independent value added as a fitting parameter to account for possible tissue absorbers not included in the fitting
procedures and for limitations of the theoretical model | THb = total hemoglobin content | StO2 = oxygen saturation
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CHAPTER5
Optical Signatures of Thermal damage in

Biological tissue - an exploratory study on ex-vivo
biological tissue

5.1 Introduction

Thermotherapy, or the use of heat for therapeutic intervention, has shown considerable
promise in cancer treatment. Depending on the required localization of the treatment
and the severity of the condition, the heat is delivered either non-invasively or in a min-
imally invasive manner. Based on the nature of the heating source different modalities
have been developed such as Radio Frequency Ablation (RFA), Micro Wave Ablation,
High Intensity Focused Ultrasound, Laser Ablation, and Cryoablation [90]. RFA is a
minimally invasive treatment where a needle probe is inserted percutaneously into the
tumor or malignant tissue. An alternating current is then applied through the needle
probe inducing ionic agitation and localized heating of the tumor site. This controlled
heating, administered properly, could then lead to coagulative necrosis [91] confined to
the malignant tissue. Thermotherapy in general and RFA in particular have garnered
sufficient interest in the last decade and are now routinely used to treat cancers in the
liver, lungs, breast, and bone[92]–[94]. The minimally invasive nature of the RFA tech-
nique makes it particularly attractive at a time where quality of life and minimizing
discomfort of the patient are key priorities.

However, with the possibility of incomplete ablation of the target tissue, there is a
high chance of recurrence of disease. A study on liver cancer treatment with RFA re-
ported a recurrence rate as high as 47% [95] and about 20-40% of the patients treated
for atrial fibrillation underwent a second ablation [96]. This kind of incomplete treat-
ment could primarily be attributed to two factors. The first one is the cooling of the
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ablation region by large blood vessels known as the heat sink effect while the second
one is the carbonization around the electrode due to desiccation at high temperature
inhibiting further heating[97]. To overcome these issues there is a definite need to
accurately monitor the RFA procedure in real time and have reliable markers demar-
cating the degree of thermal damage sustained by the tissue at a given point of time
during the treatment. Different imaging based techniques like Ultrasound, Computed
Tomography and MRI are routinely used in real time for guidance in needle placement.
However these modalities provide limited success in the direct assessment of the ex-
tent of thermal damage and underestimate the lesion size [98], [99]. Methods based on
temperature or tissue impedance are also considered for this purpose. Using thermo-
couples a continuous feedback on the temperature at the ablation/treatment site can be
obtained during the treatment, similarly impedance measurement detects the end point
of treatment by the variation in resistance provided by the tissue to current. These
methods too suffer from inaccuracies arising mainly due to the heterogeneous nature of
the tissue and the variation in the tissue properties during treatment [100].

Optical spectroscopy of tissue could offer an interesting alternative in this regard. As
discussed earlier, optical techniques are sensitive to the tissue morphology and physiol-
ogy of the biological tissue and do not depend on the cellular energetics. Thus different
optical techniques have been utilized to study the effects of thermal damage on tissue
and multiple studies have demonstrated the ability of such techniques in distinguish-
ing thermally damaged and native tissue. Notable among these are diffuse reflectance
and transmittance [101]–[103], fluorescence [101], visible light spectroscopy[104] and
in some cases optical properties[105]–[110] (obtained using CW techniques). Constant
temperature saline baths and Laser induced thermotherapy were some of the techniques
used initially to induce heat into the sample (tissue) while the later studies used RF
based techniques for this purpose. Thus investigating the capability the TD-DOS tech-
nique and particularly, the use of a broadband instrument like the one developed in
Chapter 2 could be of great interest and has the potential to open up a range of novel
applications for TD-DOS instrumentation. Thus, in this work, we employ a broadband
TD-DOS instrument to investigate real-time changes in the optical property spectra of
a variety of ex-vivo animal tissue as they undergoing thermal treatment.

Prior to this, a database of optical properties of different porcine tissue and organs
ex-vivo was accumulated measuring the optical property spectra of nearly all the organs
and tissue that sufficiently describe the porcine anatomy. This characterization was per-
formed maintaining the tissue or organ at room temperature. This initial undertaking
permitted us to understand the spectral features and average values of optical proper-
ties of the different organs and tissue. Based on this information, we chose a subset of
organs and tissues (ex-vivo, bovine) which were then used to study the influence of ther-
mal damage on the optical properties. A detailed description of the kind of tissues and
organs and the method of heat delivery will be discussed in the forthcoming sections.
Bovine tissues and organs, on an average, are larger than porcine ones and thus provide
more volume of tissue that would be necessary for the more intensive experiment on
thermal damage.

The systematic characterization of the optical properties of porcine organs ex-vivo is
an interesting study by itself since the knowledge can be put into designing biological
phantoms (similar to the one used in 3.3 ). In comparison with the synthetic phantoms
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(like those discussed in 3.3) these phantoms might be difficult to prepare and maintain.
However, synthetic phantoms mimic rather poorly the mechanical properties and real
and complex heterogeneities present in human organs. In contrast, biological phan-
toms, made from animal tissues, demonstrate better the degree of heterogeneity and
morphological complexity common in biological tissues [111]. Further, they have a
set of major chromophores typically present also in human tissues that are not easily
modelled with synthetic phantoms. Ex-vivo animal tissue (e.g. porcine) is thus a valu-
able alternative as it is easy to procure and presents a relatively lower level of hazard as
compared to human tissue ex-vivo

This work was performed in collaboration with our partners from the Multi-Modality
Medical Imaging (M3I) research group of University of Twente and STFC Rutherford
Appleton Laboratory, Didcot, United Kingdom. The measurements were performed
within the range of 650-1100 nm. The first, room-temperature characterization of the
was performed with nine different porcine organs. The second phase of the study,
aimed at monitoring the thermal treatment was then performed on four types of tis-
sue, which are ex-vivo bovine liver, heart(myocardium), muscle and brain. the study
was performed at two target temperatures corresponding to critical treatment (70◦C)
and over-treatment (105◦C) scenarios. The optical properties of the tissues were also
monitored during the passive cooling of the tissue for a time span of about an hour.
Key variations are observed in both absorption and reduced scattering spectra which
could be particularly interesting in the non-invasive, real time monitoring of the RFA
procedure.

5.2 Optical characterization of ex-vivo Porcine Tissue

5.2.1 Measurement Setup, Samples and Analysis

Figure 5.1: Schematic of the of time resolved diffuse optical instrumentation used for the preliminary
characterization of the porcine tissues.

Fig. 5.1 shows a schematic of the instrument used for the preliminary, room-temperature
characterization of the porcine tissue. The system is a slightly different realization of
the instrument described in Chapter 2 with only the SiPM (Silicon PhotoMultiplier)
detector and the capability to perform the measurements in transmittance. A brief de-
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scription of the setup is given here. A fiber-based supercontinuum laser (SuperK EX-
TREME (EXW-12), NKT Photonics, De nmark) was used as the illumination source.
Broadband picosecond pulses (450 – 1750 nm, repetition rate = 40 MHz) from this
source were impinged on a dispersive Pellin-Broca prism that achieved wavelength se-
lection through rotation. This wavelength-selected light was then focused into a 50 µm
graded-index fiber. A set of neutral density circular attenuators were used to control
the light power. Thus, after sufficient attenuation, the light was coupled to a 1 mm
step-index fiber in gentle contact with the sample. Light diffusively transmitted from
the sample was then collected using another 1 mm step-index fiber and was focused
into a custom made Silicon PhotoMultiplier (SiPM) module with a good photon har-
vesting capability over the wavelength range of interest (650 – 1100 nm). The sample
is sandwiched between two black PVC panels locked in place using nylon screws on
all four corners. This helped to keep the thickness intact and avoid any movement or
sliding of the sample. Care was taken not to squeeze the sample, which could change
its structural and optical properties. The PVC panels had two small openings of 1mm
diameter at their centers to house the injection and collection fibers on either side of the
sample.

Figure 5.2: Images of the different porcine samples considered for the study. The measurements were
always performed in transmittance along the z-direction. The position along which the measurement
was performed on the cortical bone is demarcated with a yellow star

Samples: Images of the different ex vivo porcine samples considered for this study
are presented in Fig. 5.2 . Samples were refrigerated until before measurement (approx.
4◦C)). Just before the measurements they were allowed to passively return to the room
temperature (21◦C)). The different repetitions for all the tissues were performed in three
days, within six days of sacrificing the animal. The measurements were performed on
a portion or on the whole organ tissues. The measurements were performed along the
z-direction (refer to z values reported in Table 5.1). The values of the thickness were
chosen after some initial trails, as a good compromise between the signal level over the
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entire spectrum and the validity of the diffusion equation. Also, the lateral dimensions
(x and y in Table 5.1) were chosen to be as large as possible to avoid boundary effects.

Samples Geometrical dimensions (cm) Commentz x y
Skin 2.2 5.5 6 Overlap of 5 layers
Fat 2 6.3 6.5 Overlap of 2 layers

Muscle 2 7.5 6.5 Portion
Lungs 2 7.5 6 Portion
Heart 2 4.5 5.5 Portion
Brain 2 9.8 6 Whole organ

Tendon 1 6.1 2.1 Overlap of 6 cuts
Kidney 2.5 14 8.5 Whole organ
Bone 0.8 4.5 2.7 *Refers to a cortical bone segment

Table 5.1: List of porcine samples. All measurements were performed along the z - direction.

Measurements and Analysis: The measurements of the ex vivo porcine tissues
were performed in transmission geometry along the z dimension of the sample (Table
5.1) in the spectral range from 650 nm to 1100 nm with a step-size of 10 nm. Mea-
surements were performed on three different locations of each tissue to account for
intra-sample spatial variation of the optical properties.

The acquired TPSFs at each wavelength were fit to an analytical solution of the
Radiative Transport Equation under the Diffusion Approximation with extrapolated
boundary conditions to retrieve the optical properties of the tissue (described in 1.6.1).
The sample is considered to be a homogeneous infinite slab, i.e. a fixed thickness along
the z-direction while infinitely expanding in the other two directions.

5.2.2 Optical Property Spectra

The absorption (black dots) and reduced scattering (red squares) spectra of the nine
types of tissue considered for this study are presented in Fig. 5.3. the mean values
of the three spatially separated measurements are plotted with the standard deviation
represented as error bars. Two spectral peaks are observed consistently over most of the
tissue types considered (except for the fat tissue). These are, i) a clearly distinguishable
peak at 980 nm and ii) a relatively smaller and subtler peak at 760 nm. Both peaks
have been well characterized and have been attributed to the water and blood content
of the tissue, respectively. Other specific features are the double peak at 930 nm and
1040 nm for the fat tissue. This was discussed breifly in the previous chapter and is
representative of the lipid content. The relatively broader peak around 980 nm for the
bone which could be due to a combination of water and high amount of collagen present
in this type of tissue. Also, the high absorption observed in some of the tissue types
close to the red spectral range (around 650 nm) can be a signature of a higher blood
content in these tissues.

A smoothly decreasing trend with wavelength is observed for the reduced scattering
coefficient spectra, in general, for all the tissue types. The slope of the reduced scat-
tering spectra shows a marked variation amongst the different tissue types (red dots in
Fig. 5.3). Tendon and Skin tissues display a steep decrease in the reduced scattering
coefficient with wavelength compared to the other tissue types. The lung tissue, on the
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Figure 5.3: Absorption (black dots) and reduced scattering spectrum (red squares) of the 9 porcine
samples. Values results as average of three repetitions, y-error bars display the standard deviation.

contrary, shows the least change in the reduced scattering coefficient with increasing
wavelength. Sufficient dispersion is observed in the magnitude of the reduced scat-
tering coefficient spectrum. The brain tissue presents a higher magnitude of reduced
scattering ranging between 20 to 15 cm−1. This could be attributed to the unique struc-
ture of the brain tissue. The muscle tissue has a reduced scattering coefficient under 5
cm−1 over the entire range. This huge variation, both in the magnitude and shape of
the reduced scattering coefficient spectra, among different tissues could be due to the
difference in the shape and structure of the scattering centers of the different tissues
considered.

This first phase study on the room temperature characterization of the different or-
gans proves the capability of our instrument to measure with good accuracy the optical
properties of any of these organs. Hence, we chose the following subset of tissues and
for the experiment on monitoring the thermal damage in the tissue: the muscle tissue,
heart (myocardium) tissue and the brain tissue. Another tissue type not present in the
characterization presented above but used for the thermal damage study is the liver tis-
sue. The choice of these tissue types was based on the applicability of the proposed
method of heat treatment used for this study. In this experiment, we chose to employ
the radio frequency ablation (RFA) technique to instigate the thermal damage in tissue.
This technique has gained sufficient interest for the treatment of cardiac arrhythmias
[112] and is a common treatment methodology employed for liver tumors [113]. RFA
is also performed for pain relief and lesion treatment in soft tissue and musculoskeletal
system validating our choice of studying the muscle tissue [114]. Moreover, the min-
imally invasive nature of the technique makes it really interesting for the treatment of
brain tumors and is currently being tested on animal models [115], [116]. However the
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brain tissue is very delicate and this calls for a high degree of safety while implement-
ing this procedure. This makes the cerebral cortex and other regions of the brain an
interesting choice for our study as well.

5.3 Optical characterization of thermal treatment using Radio Frequency
Ablation (RFA)

5.3.1 Measurement Setup, Samples and Analysis

A schematic of the measurement setup is shown in Fig. 5.4. The schematic is exactly
the same as in the previous case (for the characterization of the porcine meat samples).
The instrument is used in conjunction with the RFA instrument as seen in the figure.

Figure 5.4: Schematic of the setup. The ex vivo tissue sample was held between two PVC plates and
the Radiofrequency (RF) needle/electrode was inserted to the center. A grounding pad was attached
to the aluminum base of the glass tank as the second electrode. A layer of chicken breast tissue on
the grounding pad allows for a uniform dissipation of the electric current. An alternative current
was applied between the two electrodes to heat the tissue and optical measurements were performed
simultaneously.

The RF instrument (Angiodynamics, USA) used comprised of an RF generator
1500X, generating an alternating current of 460 kHz through the applicator device
(Starburst XL, Angiodynamics) towards the grounding pad completing an electric loop.
The applicator device, a metal electrode, is inserted into the tissue, which is placed on
a bed of chicken breast tissue which is then placed on the grounding pad. The bed
of chicken breast tissue ensures a uniform dissipation of electric current and conse-
quently heat energy through the sample before draining into the grounding pad. The
RF applicator device is equipped with multiple tines which can be deployed once it
is in the tissue.This ensures a uniform distribution of energy in a spherical region of
ablation/treatment. Five thermo-couples present on the tip of the tines allow for a con-
stant monitoring of the average temperature of the treated region. The presence of the
metallic electrode had a negligible influence over the tissue optical properties, more-
over, since the aim of the experiment is to monitor the evolution of optical properties
of the tissue during the treatment, the relative variation w.r.t their native values is of
greater interest than their absolute value.
Sample Preparation: Four ex-vivo tissue types were used in the ablation measure-
ments: Veal muscle and bovine: brain, heart(myocardium) and liver. The tissues were
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taken from a local butcher and moved in a portable refrigerator to the laboratory. Con-
tact with water was avoided. Samples for investigation were precut into slices of 1
cm thickness and roughly 7x7 cm to match the dimensions of the PVC slabs which
held them in place. Samples which were not used immediately after procurement were
placed under vacuum and refrigerated at a temperature of 1.5-2◦C. The maximum wait
period between procurement and usage was 5 days.
Geometry: As in the case of the porcine tissue, transmittance geometry (along the 1cm
thick dimension) was chosen since that would allow for a precise and easy localization
of the treated area from the measurement point of view and also ensure complete in-
teraction of the detected light with the region of tissue undergoing treatment. This can
also be achieved in reflectance (depending on the inter-fiber distance) and would be the
more practical choice when this objective is realized in an in-vivo scenario.
Temperatures: Treating a tissue at temperatures between 60 -100◦C, leads to imme-
diate coagulation but beyond 100◦C the tissue suffers from charring, which influences
the efficiency of the ablation procedure. Since this is aimed to be avoided it would
be essential to observe and record the optical property evolution of the different tissue
types at this temperature. Therefore two temperatures were chosen for the experiment,
105◦C corresponding to an over-treatment scenario for the above mentioned reason and
70◦C corresponding to a regular treatment scenario.
Types of treatment: For each tissue type two kind of measurements were performed.

• Spectral Evolution: a total ablation time of 10 minutes was considered (after about
3 minutes of time necessary to reach target temperature). The settings of the
instrument were optimized to achieve a spectra in the region 650-1100 nm with a
step size of 10 nm in exactly 60 seconds. Thus a total of 13 spectra were obtained
during the 10+3 minutes of treatment time, with a spectral measurement obtained
before (on the native tissue) and at the end (completely ablated tissue)

• Temporal Evolution: The previous set of measurements, while abundant in spec-
tral information are sparsely placed in time (once every minute). To overcome
this, measurements were performed at only 5 wavelengths (770 nm, 840 nm, 910
nm, 970 nm, 1060 nm). The limitation on the wavelength allowed for measure-
ment once every 10 seconds over a span of 10 minutes. The choice of wavelengths
will be discussed in a later section.

Analysis: The stochastic Monte-Carlo (MC) based fitting routine, outlined in Chapter
1 and utilized in Chapter 4 for the fitting of the data from the abdominal SAT measure-
ments, was employed in the case of these experiments as well. As in Chapter 4, the data
was fit initially both to the analytical solution based on the diffusion approximation and
the MC method, but the MC method was found to be more in-line with the requirements
especially since the measurements were performed in transmittance (thickness of 1cm,
which means lower ’diffusion’ in the direction of propagation relative to measurements
in reflectance) and the samples under consideration exhibit relatively lower values of
reduced scattering.

5.3.2 Spectra of Optical Properties before and after thermal treatment:

Fig. 5.5 summarizes the absorption and reduced scattering spectra of the four different
tissue types after 10 minutes of treatment at the two target temperatures of 70◦C and
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105◦C. The spectra of the native tissue (with the needle in position) are also presented
for comparison.

Figure 5.5: Optical properties of native and coagulated tissue. Broadband absorption and reduced
scattering coefficient spectra of native (blue) and coagulated bovine (a) liver, (b) heart, (c) muscle
and (d) brain tissues. The treatment was performed at two temperatures 70◦C and 105◦C (green and
red respectively). The spectra represent mean values of measurements performed on 3 different sam-
ples for each tissue type and the error bars show the standard deviation over the three measurements.

While the liver, muscle and myocardium tissues present on average a higher ab-
sorption ( 0.6cm−1) and lower reduced scattering coefficient ( 6cm−1), the brain tis-
sue exhibited lower absorption ( 0.2cm−1) and a much higher scattering coefficient
( 40cm−1) in the native state. The spectral features that stand out in the case of the
absorption spectrum of the native tissue, irrespective of the tissue type, are the well-
known blood and water peaks (@ 760 and 980 nm) respectively.

In general absorption coefficient experiences an evident reduction with thermal treat-
ment (with the exception of the Brain tissue). The key variations in the absorption spec-
tra can be observed to clearly effect two wavelength windows, the region from 650-900
nm and the 900-1100 nm region. In the former, treatment at either of the temperatures
leads to formation of a new peak at 830 nm. Also the blood peak (@760 nm) seems
to experience a subtle ’red’ shift which increases for the higher temperature. In the
wavelength region (900-1100 nm) key variations are observed around the water peak in
the form of a drastic reduction in absolute value, a very subtle ’blue’ shift of the peak.
Also the peak tends to narrow with thermal treatment. One key difference between the
treatment and the over-treatment scenarios is that in the 600-900 nm region the absorp-
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tion seems to experience a further increase in absolute value on over-treatment (105◦C),
most of the times overshooting even the native tissue’s absorption value.

On the other hand, the reduced scattering coefficient is devoid of any spectral fea-
tures over the entire wavelength range and follows the expected power law dependence
on wavelength given by the Mie’s law of scattering. With treatment this coefficient
uniformly experiences an increase. Again here the spectra at (105◦C) seems to have
a value slightly lower than that of treatment at (70◦C) suggestive of a further decrease
with over-treatment.

The differences between the optical properties of the native and coagulated tissue
become more evident when observed with the spectral evolution during the treatment
and hence will be discussed in detail in the next section. In the interest of brevity
data and figures presented hereafter will be focused on the bovine myocardium (heart
muscle) tissue, however, they conclusions are more or less true for all the tissue types
considered.

5.3.3 Spectral evolution of Optical Properties during thermal treatment

Fig. 5.6 shows the time evolution of the optical property spectra of bovine heart tissue
during the ablation procedure at two temperatures, 70◦C and 105◦C over a period of (3
+ 10) 13 minutes. In both the cases a treatment time of a little under three minutes is
required to reach the necessary target temperature. Following this, the tissue is ablated
at the target temperature for a span of 10 minutes.

Figure 5.6: Evolution of optical property spectra with RF treatment - Broadband absorption (a and
c) and reduced scattering coefficient (b and d) spectra of bovine heart tissue during the RF based
thermal treatment at the two temperatures. The native tissue spectra are always plotted in blue line.As
mentioned earlier, the acquisition time per one spectrum is 1 minute. The RF instrument takes a time
of less than 3 minutes to achieve either of the target temperatures. Once the target temperature is
achieved the RF device treats the tissue by fixing the temperature for a span of 10 minutes. Hence in
total a set of 13 spectra are acquired during the RF based thermal treatment.

The absorption spectrum, in general, experiences a decrease in absolute magnitude
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with increasing treatment time. Four key features are observed commonly for both the
treatment temperatures albeit with different magnitudes, these are:

1. ’Redshift’ of the deoxy-hemoglobin (Hb) peak with increased treatment time.

2. A mild ’Blueshift’ of the water peak (980 nm) along with the reduction of the
absorption peak width.

3. A reduction of the absorption coefficient value around the water peak region (980
nm)

4. Occurrence of the new peak at around 840 nm, more evident in the case of treat-
ment at 105◦C

Additionally, over treatment (@ 105◦C) leads to a fifth interesting change in the
absorption spectra which is the

5. further increase in the magnitude of the absorption coefficient with increased
treatment time.

This increase too, is not uniform over the wavelength region but seems to have an
almost exponential dependence on the wavelength, overshooting the native value below
the 850 nm wavelength while the increase is relatively lower at the longer wavelengths.

The reduced scattering spectra, in both cases (Fig. 5.6(b) and Fig. 5.6(d)), mainly
exhibit a visible increase in their magnitudes with the RF treatment. For both treat-
ment temperatures, a drastic increase in the reduced scattering is observed during the
first three minutes(time taken to achieve the target temperature). When treated at 70◦C,
the reduced scattering coefficient spectrum reaches a maximum value within the first 3
minutes, i.e. the time required to achieve the target temperature and hardly experiences
changes beyond that. However, over treatment leads to an increase in the reduced scat-
tering for the first three minutes which is then followed by a gradual decrease in value
over the entire spectral range. In both cases, the spectral shape of the reduced scattering
spectrum at two minutes is different from the expected power law dependency but this
could simply be attributed to the rapidly transitioning tissue structure during the one
minute of time needed for the acquisition of this particular spectrum.

The above mentioned features are, for the most part, consistent with the other three
tissue types (in Supplementary Data, refer Fig. B.3). The evolution of the optical prop-
erty spectra of the muscle tissue is in very good agreement with that of myocardium. In
the case of liver tissue, the results are consistent for treatment at 70◦C but when treated
at 105◦C the further decrease in the reduced scattering spectra is substantially larger.
Finally, in the brain tissue, contrary to the other three tissue types, we observe an in-
crease in the absorption coefficient and reduction in the reduced scattering coefficient.

5.3.4 Time Evolution of Optical Properties with thermal treatment:

The evolution of the optical properties at specific wavelengths as a function of treat-
ment time, for the two treatment temperatures, is plotted in Fig. 5.8, this highlights
the superiority of TD-DOS technique for this application by showcasing the ability to
recover the absorption and reduced scattering values independently and in real-time.
The variations in the broadband absorption spectra with thermal treatment suggest that
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Figure 5.7: Five wavelengths indicative of key variations encountered by the absorption spectrum men-
tioned above. Continuous, real-time monitoring of the optical properties at these wavelengths are
presented in the following section.

the time evolution of the optical properties is very much dependent on the wavelength
at which it is followed. To closely observe key effects observed in the absorption coef-
ficient, the time course was measured for the following five wavelengths: 770(redshift),
840(peak formation), 910(maximum reduction), 980(blueshift) and 1060 nm (Fig. 5.7).
For each of these wavelengths, the measurements were obtained once every 10 seconds
for a span of 600 seconds. The 600 seconds of measurement also include the initial
three minutes required to reach the target temperature for thermal treatment.

Fig. 5.8(a) and (b) compares the time evolution of both the optical properties at 770
and 910 nm for a treatment temperature of 70◦C and 105◦C. The reader is reminded
that the horizontal time axis (bottom) is plotted in logarithmic scale to better appreciate
the time evolution of the heating process which is non-linear. The temperature (average
of the four tines) is marked (top) at specific points in time. The temperature follows a
rather linear increase till the target temperature is reached and remains constant beyond.
The absorption and reduced scattering at the two wavelengths are plotted to the left and
right axes respectively (normalized to the corresponding native tissue values)

To summarize, key features observed here are with treatment at 70◦C (Fig. 5.8(a))
are:

• a gradual decrease is observed in absorption coefficient with increasing treatment
time. The trend is similar at both wavelengths.

• The target temperature is reached around 150 seconds into the treatment but the
absorption coefficient continue to decrease.

• During the first 50 seconds, the reduced scattering coefficient remains constant
and almost equal to the value of the native tissue.

• Beyond this, and at a temperature of about 50◦C it observes a sharp increase until
the target temperature (70◦C) is reached and continues to increase (at a lower pace)
beyond. This is sustained for the length of treatment time (600 seconds).

• In general, the evolution of reduced scattering is mostly independent of wave-
length.
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Figure 5.8: Time evolution of optical properties at select wavelengths with RF treatment A total of
five wavelengths (770,840,910, 980 and 1060 nm) were chosen to monitor closely the key spectral
changes observed in Fig. 5.6. Fig. 5.8 a and b chart the variation of both the optical properties at
two (770 and 910 nm) of these five wavelengths for the 70◦C and 105◦C respectively. The time axes
(x-axis) in these graphs are logarithmic and the y axes represents the value of the optical property
normalized to the value of the native tissue. The average temperature of the RF electrode at specific
time points is given on the temperature axis on the top of each graph. Fig. 5.8 c and d plot the
variation of the absorption coefficient over all the five wavelengths with temperatures of 70 and
105◦C respectively

• The reduced scattering coefficient at the end of the treatment is a little more than
twice the value of the native tissue for both the wavelengths. While the absorption
reduces by about 40% for both wavelengths.

In addition to the characteristics mentioned above, the time evolution of the optical
properties 105◦C (Fig. 5.8(b)) has the following features:

• The absorption at the two wavelengths show distinctive features, while @910 nm
the coefficient experiences a decrease with treatment time @770 nm it remains
constant for about the first 100 seconds and then gradually increases. Absorption
at 910 nm experiences is constant, followed by a period of decrease and finally
reaches a plateau region at around 150 seconds thus forming a sigmoid like pat-
tern.

• After 150 seconds when the target temperature is reached the increase in reduced
scattering becomes negligible and it reaches a plateau.

• after about 300 seconds from the start of treatment the reduced scattering at both
wavelengths seems experience a subtle reduction with treatment time.

• The reduced scattering coefficient at the end of the treatment is a about three
times the value of the native tissue for both the wavelengths. While the absorption
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reduces by about 50% @ 910 nm and increases by 100% at 770 nm.

As in the case of the evolution of the broadband spectra with treatment, here too we
observe a similarity of trends for the cases of liver and muscle tissue (in Supplementary
Data,refer Fig. B.4). For reduced scattering both tissues display the sigmoidal shape
with time as discussed above. However, the decrease of the value at later times for
treatment at 105◦C is very evident for both these cases. In the case of brain tissue, we
again observe a variation in the trends. At 70◦C the relative change between the native
and coagulated tissue’s absorption coefficient is negligible. The reduced scattering still
follows a similar evolution as for the other tissue types at 70◦C but experiences only a
20% increase in magnitude over the treatment time. At 105◦C, the optical properties
of the brain tissue do not follow the sigmoidal evolution observed in all the tissue
types. Rather the absorption at 910 nm and reduced scattering at both the wavelengths
monotonically decrease with time with a minor change around the 100 second mark.
The absorption at 770 nm on the other increases monotonically. The relative magnitude
of change in both the optical properties is under 10% over the entire measurement
duration.

Fig. 5.8(c) and (d) plot the time evolution of absorption coefficient at all five wave-
lengths considered for this experiment for a treatment time of 70◦C and 105◦C respec-
tively. The projections on the time vs optical property plane (left plane for each figure)
compares the time courses for all five wavelengths. Since the chosen wavelengths were
equidistant for the most part, such a visualization describes both the temporal evolution
and spectral evolution of the optical properties, albeit at a lower spectral resolution.
Such a plot for the reduced scattering coefficient would be unnecessary since no major
spectral variation is expected of the reduced scattering coefficient with treatment.

5.3.5 Discussion on the observed variations

A quantitative description of some of the key variations observed in the optical proper-
ties for all the tissue types is summarized in Table 5.2. Since the spectral measurement
was performed with a step size of 10 nm the resultant shifts described in the Table 5.2
were obtained on spectra obtained by interpolating the measured spectra with a cubic
spline interpolation [117].

Tissue Type Liver Heart Muscle Brain
Temperature[◦C] 23 70 105 23 70 105 23 70 105 23 70 105

Red Shift (@760 nm) (cm−1) - 4 15 - 4 13 - 4 18 - 3 14
Blue Shift (@970 nm) (cm−1) - 4 5 - 3 3 - 4 5 - 6 9

Scatter Parameters A (cm−1) 5.6 38.2 12.4 6.9 32.4 21.8 12.5 39.5 33.5 49.8 55.8 47.9
b 1.39 1.53 0.71 1.18 1.35 1.23 1.30 1.44 1.26 1.36 1.30 1.32

Table 5.2: Quantification of some of the features observed in the different tissue types with RF based
thermal treatment at the two temperatures. The scatter parameters A and b are related to the density
and size of the scattering components in the medium. From the absorption spectra the relative red-
shift in the Hb peak, relative blueshift in the water peak and percentage decrease in the absorption
coefficient at 970 nm (‘Dehydration’) are quantified

Molecular spectroscopy suggests that changes in the biochemical nature of the tissue
constituents would lead to characteristic shifts or formation of new peaks in the spectra
while changes in the concentration of the constituent would result primarily in a rela-
tive increase or decrease of the property at that wavelength. With this context, it would
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be reasonable to assume that the peak shifts occurring at 760 nm, and 980 nm and the
peak formation at 840 nm could be attributed to changes in the biochemical nature of
the different chromophores and constituents of the tissue while the reduction in value
around 970 nm could be a consequence of the reduction of water (dehydration) in the
tissue with treatment.With the help of existing literature we attempt to understand each
of these observations individually and provide some theoretical reinforcements wher-
ever necessary.

With regards to the absorption, in general a decrease is observed in the overall ab-
sorption coefficient spectrum with thermal treatment. This result is in compliance with
previous studies performed both at specific wavelengths [118]–[120] and broadband
spectra [105], [110]. Some of these studies suggest the destruction of different absorb-
ing chromophores like hemoglobin and cytochrome oxidase with heating as a possible
reason for this general decrease in the absolute value. Specifically, significant varia-
tions in the absorption occur at three spectral regions 1) Around 760 nm 2) Around 830
nm and 3)Around 970 nm. We consider each of these regions individually and discuss
these variations in further detail below.

Firstly, the wavelength region around 760 nm. Table 5.2 shows that a redshift of
roughly 5 nm and 15 nm of the Hb peak is observed in all the tissue types when treated
at 70◦C and 105◦C respectively. A study performed on the chemical and structural
changes of whole blood undergoing photocoagulation [121] come to a similar con-
clusion regarding a bathochromic shift in the absorption spectra. Integrating sphere
pump probe experiments were performed on blood samples undergoing laser photo-
coagulation using seven probe wavelengths in 550-1100 nm range. While the observed
properties are the reflectance and transmittance profile and the sample itself was pure
blood (and not biological tissue), this is the only study (other than the current work)
that employs pulsed lasers to study the influence of thermal agitation in biological me-
dia. The authors of this work invoke the photo-physics responsible for the electronic
absorption bands in hemoglobin to explain this observed redshift. Simply put, they
suggest that the redshift is a consequence of "hot bands", i.e. the overlap of vibra-
tionally excited levels of the first electronically excited state with those of the ground
state at high temperatures, leading to transitions with lower energy i.e. shift towards the
longer wavelength near-infrared. Interested readers can find further explanation about
this in the following reference [122]. Since higher temperatures qualify more vibra-
tional states for such transitions, this theory suggests a much intense peak with larger
magnitude of redshift at higher temperatures which is in good agreement with our data.

Another interesting feature observed over the entire wavelength region in general
but with substantially larger magnitude around 760 nm is the further increase in mag-
nitude of the absorption with over-treatment. Two key thermally induced biochemical
changes known to occur at elevated temperatures are speculated as the possible roots for
this increase. First, at elevated temperatures (above 75◦C), blood chromophores have
been shown to undergo a transition into a modified species known as methemoglobin
(metHb)[123], [124], a form of hemoglobin in which the iron exists in the Fe(III) ox-
idation state incapable of exchanging molecular oxygen in tissue. This conversion is
further confirmed in vivo by studies performed on subjects with port-wine stain and
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telangiectasia [125]. MetHb has a greater absorptivity over the other two blood chro-
mophores (Hb and HbO2) in the wavelength region of 600-1100 nm (refer Fig. 5.9).
The increase in absorptivity as a consequence of this conversion could explain the fur-
ther increase in absorption coefficient that we observe for all the tissue types when
treated at a temperature of 105◦C. A further confirmation of this hypothesis is seen in
the Fig. 5.8b where the absorption at 770 nm sees an increase when the treated region
attains an average temperature of 82◦C. Second, the over treatment scenario (target
temperature = 105◦C) for 10 minutes usually resulted in the formation of a blackish
layer (charring) in the treated area for all the tissue types. This carbonization, which
has been shown to have an exponential dependence with wavelength on the absorption
[126], i.e. larger influence in the visible than than NIR wavelength region (refer Fig.
5.9), could result in the further increase in the absorption. Finally, the redshifting of
the absorption bands of the hemoglobin (discussed in the previous paragraph) means
that the characteristic high absorption bands are now shifted a little more to the right
further increasing the value of absorption in this region. Thus the substantially high
increase in absorption observed in the region between 650-800 nm can be attributed to
a combination of these three factors.

To the best of our knowledge, the formation of peak at 840 nm, a feature consis-
tent among all the tissue types and more evident for the over treatment case, has been
reported here for the first time. The origins of the peak remain unclear at this point.
The only observable peak at 840 nm is one from the water absorption spectrum [127].
But this peak, even at large temperatures, is of negligible magnitude and hence cannot
explain the relatively high value of absorption observed in this study. One other hypoth-
esis for the occurrence of this peak is presented graphically in Fig 5.9. As discussed in
the previous paragraph, conversion of Hb to metHb is a well established occurrence at
elevated temperature. The spectral features of these two chromophores (see Fig. 5.9)
suggest that this conversion, when considered in isolation, implies a net reduction in
the absorption below 780 nm (since metHb has a lower absorption compared to Hb.
The opposite is however true in the 780-900 nm range where metHb dominates in ab-
sorption over the other two chromophores. Finally, beyond 900 nm water becomes the
key absorber and as a consequence of dehydration of the tissue with over-treatment,
the absorption in this region experiences a drastic reduction. Put together, these varia-
tions could, to an extent, justify the occurrence of a peak in this region of the spectrum
which is devoid of any major spectral features at room temperature. While this hy-
pothesis needs further confirmation, monitoring the generation and evolution of this
peak could give useful information about the conversion of blood chromopohores into
metHb.

The blue shift and narrowing of the peak at 970 nm which are consistently observed
in all the tissues studied could be attributed to the chemical changes that the water
content of the tissue undergoes with temperature. Table 5.2 suggests that this shift is
roughly 5 nm when the tissue is treated at 105◦C and a 4 nm when treated at 70◦C.
Since the absorption in the spectral region around 970 nm is dominated by water it
could be hypothesized that both these effects could be a reflection of some biochemi-
cal change in the water with treatment. The broadband absorption of pure water was
measured for different temperature in multiple studies [128], [129] and the results sug-
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5.3. Optical characterization of thermal treatment using Radio Frequency Ablation
(RFA)

Figure 5.9: Extinction spectra of key absorbers in biological tissue undergoing thermal treatment along
with an curve decreasing exponentially with wavelength to represent the influence of charring on the
absorption. The plot displays the individual influence of each of the effects discussed above. The
absorptivity on either side of the 800-900 nm wavelength region decreases with treatment for the
different reasons mentioned. Simultaneously, the absorptivity in this region (800-900 nm) increases
with thermal treatment as a consequence of conversion of Hb and HbO2 into MetHb. Put together
these features could manifest in the resultant absorption spectra in the form of a new peak at around
840 nm.

gest a similar blue shift in the absorption peak and band narrowing as is observed in
our study. Chung et al.[129] attribute both these features to the weakening of the hy-
drogen bonding of water molecules with a rise in temperature. They also mention that
depending on whether the bonding is between two water molecules or between water
and the other macromolecules present in the tissue, the directionality of the shift in this
absorption peak could change. The reduction of absorption around the water peak is
a rather straight forward consequence of the net reduction of the water content in the
tissue (dehydration).

Finally, the reduced scattering spectra experiences a drastic increase in the magni-
tude from native to ablated or coagulated stage, and this behavior is consistent for all
tissue types, Fig. 5.5, (except for brain) and at both temperatures Fig. 5.6(b, d). The A
and b parameters, which are a measure of the density and size of the scattering centers
respectively are presented in Table 5.2. A consistent 3 to 4-fold increase in the scatter
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Chapter 5. Optical Signatures of Thermal damage in Biological tissue - an exploratory
study on ex-vivo biological tissue

density is observed in all the tissue types (except brain) for both temperatures. The
subsequent decrease in scattering means that the A parameter at 105◦C is sometimes
lower than that obtained by thermal treatment at 70◦C. This drastic increase in the scat-
tering/reduced scattering with thermal treatment is something that has been observed
in many ex-vivo and in-vivo studies that used CW [105]–[108] techniques to monitor
the evolution of optical properties in tissue with thermal treatment. the thermal break-
down could lead to a change in the tertiary protein structure which results in increased
scattering density [105]. Regarding the size of the scattering centers, a study performed
on the rat liver, using a 1064 nm laser to induce thermotherapy in-vivo, showed a de-
crease in the b parameter with thermal coagulation which is in concurrence with our
findings for bovine liver tissue at 105◦C. In fact, their values for the b parameter - 1.16
for untreated tissue and 0.87 for thermally treated – are in very close agreement with
values obtained from our own study (1.39 for untreated and 0.7 for treated) for ex-vivo
bovine liver. The further decrease observed in the reduced scattering spectrum on over
treatment is simultaneous to the further increase in the absorption and is hence, also
assumed to be an outcome of the carbonization of the tissue.

Results from Liver and Muscle tissue are, in general, consistent with those obtained
from the heart (myocardium) tissue. Thus, all the above-mentioned discussion is well-
suited to both these tissue types. The further decrease in the reduced scattering coef-
ficient is more evident in these two tissue types and is possibly a consequence of their
tissue microstructure. Brain tissue, on the other hand, shows exceptional features in
some cases. Contrary to the other three tissues, the absorption spectrum generally in-
creases upon treatment. Similarly, unlike the other tissues we observe a decrease in
reduced scattering with treatment. Apart from these two features all the other obser-
vations are in good harmony with the other tissue types. Brain matter has a jelly-like
soft consistency and the large folds present in the cortical region of the cerebrum. This
structure encounters further complications on exposure to elevated temperatures. Thus,
though non-invasive optical measurements are routinely performed on the brain, the
thermo-chemistry of this tissue must be understood to better interpret these results.

The fact that non cancerous bovine tissue was used for this study ex-vivo demands
certain caution. Studies [130] performed on the optical properties in-vivo and ex-vivo
on mouse ear models and found that in the ex-vivo case the optical properties decrease
over time due to loss of blood. However, since most of our measurement were per-
formed under 15 minutes the effect of this decrease can be assumed to be minimal.
Also, all the observations in this study were performed as a comparison between the
thermally treated tissue and the native tissue, thus the factors like influence of the radio
frequency needle on the retrieved optical property can be neglected. Simultaneous his-
tological assessment and use of thermal damage models [131] of the tissue could help
in better understanding the extent of thermal damage in the tissue and it’s correlation
with the recovered optical properties. Future studies are aimed at confirm the findings
on live animal models, both healthy and diseased, before employing it intraoperatively
in clinics.
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5.4. Conclusions

5.4 Conclusions

Systematic variations in the optical properties of tissue undergoing thermal treatment
could be of great interest in closely monitoring the dosage and localization of the treat-
ment in real time. The study presented in this chapter can be broadly categorised into
two sections. First, a broadband characterization of nine different porcine organs and
tissue types. This permitted us to test the feasibility of using our instrumentation and
technique for the purpose of monitoring thermal damage in tissue. Also this study pro-
vides the community with a library of optical properties of biological tissues which can
be utilized for different purposes (e.g. design of biological phantoms, simulation of
complex heterogeneous structures etc.)

Secondly, a subset of these tissue types, obtained from a different type of animal
(bovine) where then chosen to study the effect of thermal damage on the optical prop-
erties of the tissue. This work demonstrates certain unique and consistent changes in
the broadband absorption and reduced scattering coefficient spectra of different biolog-
ical tissue ex-vivo undergoing RF based thermal treatment. The possible physical and
biochemical nature of their origins of these variations is also discussed briefly. To our
knowledge, this work demonstrates for the first time, the use of broadband time domain
(TD) diffuse optical spectroscopy for this purpose.

The ability of the TD technique to continuously monitor the RF procedure, even if
at few wavelengths, indicates that this technique could provide valuable real-time feed-
back on the efficiency and efficacy of the thermal treatment. The monitoring procedure
could be carried on even after the termination of the thermal treatment to track changes
in the optical properties of the tissue post ablation. Thanks to the portable nature of
our TD-DOS instrument, a similar type of monitoring could be achieved with other
modalities of thermal treatment such as microwave, laser induced and high-frequency
focused ultrasound ablation.

Further understanding of the observed effects and their exact correlations with the
extend of thermal damage and ablation margins, specifically in malignant tissue in-vivo
is required. Nevertheless, this study provides a wealth of information in the form of op-
tical properties which could be used to design reliable markers or metrics that predict
the extent of tissue ablation. The key wavelengths identified can be used to develop
single wavelength monitoring systems which can be incorporated into the RFA device.
Other future directions could be 1) using spatially resolved optical imaging methods,
such as photoacoustics alongside to assist in differentiating ablated and non-ablated re-
gions or 2) up-scaling the point spectral measurement to Diffuse Optical Spectroscopy
Imaging using multiple fibers to obtain ablation maps.
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CHAPTER6
Multi-laboratory Efforts towards Performance

Assessment in Diffuse Optics - The BitMap
Exercise

6.1 Introduction

The field of Diffuse Optics or Near Infrared Spectroscopy has seen a tremendous growth
in development of devices for different biomedical purposes. The large variety of dif-
fuse optics instruments can be classified on the basis of different criteria. As discussed
in Chapter 1, with the same underlying principle different modalities of instrumen-
tation have been realized depending on the type of source used, e.g. Continous Wave;
CW, Frequency Domain; FD, Time Domain; TD and Spatial Frequency Domain; SFDI.
The number of channels used in the instrument, (single channel, multi-channel and to-
mographic) provide another way of classifying the instruments. Yet another way to
distinguish instruments is on the basis of application. Spectroscopy (for the character-
ization of chromophores or constituents), Oximetry (for the monitoring of functional
characteristics), Imagers (to provide tomographic/topographic maps of the tissue un-
der investigation) and Flow measurement (quantification of blood flow) are some of
the commonly catered applications especially from a clinical point of view. Optical
mammography applied to detect and characterize breast lesions and monitor neoadju-
vant chemotherapy is an excellent example in this regard. Likewise, Technology readi-
ness level (TRL) [132] of the instrument (an estimate of the maturity of a particular
technique or instrument) provides a further classification for the different instrumenta-
tion developed. This wide variety in Diffuse Optics instrumentation calls for a similar
breadth in the analysis techniques. A comprehensive list of these analysis techniques
can be found in Sec. 1.5 of this thesis. With such a diversity and exponential growth
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Chapter 6. Multi-laboratory Efforts towards Performance Assessment in Diffuse Optics
- The BitMap Exercise

it is no exaggeration to state that diffuse optics has a considerable impact on the future
and evolution of the field of biophotonics.

While such a growth, especially in a field with direct and evident clinical impact
is commendable, it comes with it’s own set of challenges. One such challenge fac-
ing these techniques is the lack of standardization and imposition of quality testing
tools. Individual systems often demonstrate excellent repeatability in deriving neces-
sary parameters, however there is a dire need to compare the results among instruments,
laboratories and clinics. While protocols devised specifically for this purpose do exist
[52], [133], [134], multi-laboratory studies employing these protocols to enhance the
performance assessment of the instrument are few and far between [135], [136].

With the aim to enforce such a culture of performance assessment within the field,
a multi-laboratory exercise was initiated as a part of the BitMap Project. BitMap is an
EU level Marie-Curie consortium (Brain injury and trauma monitoring using advanced
photonics, H2020 MSCA-ITN-ETN, Project No. 675332) [137] which aims to develop,
utilize and validate advanced photonic devices and analysis methods for non-invasive,
online monitoring of the cerebral hemodynamics for neuro-intensive care. The con-
sortium is comprised of 15 early stage researchers and their corresponding doctoral
supervisors. Also, it is a healthy mix of physicists, clinicians and industry and research
experts making it ideally suited for such an expedition. A total of 29 instruments were
enrolled for this study mainly from the partner institutions of the BitMap consortium
and a two other external institutions. Instruments of all modalities (CW, TD, FD and
SFDI, (refer Sec 1.2) and different application (Mammography, spectroscopy, oximetry
etc.) were enrolled. The number of institutions and instruments involved makes this
study the largest such multi-laboratory comparison of diffuse optics instrumentation so
far. The vast resulting data set is intended to be shared on an open data platform which
would further enhance the usefulness of this study. Such a data-set could then be used
to test the validity and limitations of different analysis techniques and also be used to
enhance machine learning algorithms aimed at data analysis.

The BitMap exercise, as it will be referred to from here on wards, will be comprised
of three actions 1) multi-laboratory measurements 2) open-data deployment and 3) em-
ploying algorithms and common analysis techniques on the data-set. At the moment,
the first action is nearing completion while the second and third actions have just been
initiated. This Chapter mainly describes some of the key results of the first action. A
brief discussion of the three actions will be followed by description of the protocols,
phantoms and instruments employed for the exercise. The chapter concludes with some
of the key results from Action 1.

6.2 Protocols, Phantoms and Implementation

6.2.1 Actions

1. Action 1 – Phantom Exercise
A consistent set of phantoms has been circulated sequentially within all the en-
rolled institutions to apply the tests specified in 3 internationally agreed Protocols,
as described below. Care was taken to ensure measurement quality and documen-
tation. The author of this dissertation travelled with the phantoms to most of these
institutions to ensure consistency and easy application of the tests. A first level
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6.2. Protocols, Phantoms and Implementation

analysis was provided by each Institution and created a first base for performance
comparison. As a general rule, we opted to test all the instruments under their
usual operating conditions. For this action,the instrument along with the analysis
technique that is usually employed for its measurements was considered as a sin-
gle unit.

2. Action 2 – Open Data
Once complete, the data-set will be deployed in an Open Data repository with the
aim to provide a thorough documentation of this large-scale exercise and offer the
opportunity to reuse it. To this end, a standardized data format was envisaged,
metadata to archive relevant information on the systems was collected, and the
design of a unified reporting sheet is in progress. A collaborating researcher from
CEA (Grenoble, France), has initiated this action with the data available so far.

3. Action 3 – Cross-Analysis
While in the first stage each laboratory provided analysis for their own data, in
a second phase the whole database can be further cross-analysed using different
algorithms and programs. This helps to understand the role of the systems’ pa-
rameters on final derived quantities, and conversely the differences provided by
diverse analysis tools available across the community and indeed internationally.
The partner institution from Birmingham will coordinate this activity. The stan-
dardization of data format and the availability of metadata from Action2 will allow
for smoother data interoperability and improve the efficiency of this action.

6.2.2 Protocols and Phantoms:

• Protocols: Three Protocols for performance assessment of Diffuse Optics devices
agreed at EU level in the framework of previous EU projects were adopted. These
are the BIP Protocol (characterization of basic instrument performances) [134],
the MEDPHOT Protocol [52] (homogeneous optical properties of turbid media),
and the NEUROPT Protocol(detection of inhomogenity) [133]. Each of these Pro-
tocols is further divided into individual tests as described in Table 6.1 summarizes
the key tests and measurable of the different protocols employed for the exercise.
The optical properties considered for the assessment of the instruments were lim-
ited to the optical properties (absorption, reduced scattering coefficients) and the
intrinsic contrast of the sample under measurement.

• Phantoms: Three sets of phantoms were chosen among those proposed in previ-
ous multi-laboratory studies to apply the tests foreseen in the protocols. In partic-
ular, we opted for solid phantoms to facilitate reproducibility of results and easy
application of the tests. The phantoms were circulated sequentially to all labo-
ratories following a round-robin scheme. In detail, we selected a Responsivity
phantom [134] for the specific test of the BIP protocol, a kit of 32 homogeneous
solid phantoms spanning a wide range of absorption and scattering properties [52]
for the MEDPHOT Protocol and a solid switchable phantom [138] for the nEU-
ROPt Protocol (see Fig. 6.1 ).
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Protocol Tests Phantoms Measurable Characterizes

MEDPHOT[2]

Accuracy, Lin-
earity, Uncer-
tainty, Stability,
Reproducibility

Matrix of 32 ho-
mogeneous solid
phantoms

Absolute absorp-
tion (µa) and re-
duced scattering
(µ′s) coefficients

Ability to accu-
rately retrieve
absolute optical
properties

BIP[3]

General per-
formance,
Responsivity,
DNL

Responsivity
solid phantom

IRF, Background,
DNL, Responsiv-
ity

Basic instrument
performance

nEUROPt[4]
Depth selectivity,
lateral resolution

Switchable solid
phantom

Contrast, Con-
trast to Noise
Ratio

Ability to detect
an inhomogene-
ity

Table 6.1: Summary of the Protocols and Phantoms used for the BitMap Exercise

Figure 6.1: The (a) Responsivity phantom (b) MEDPHOT kit and (c) the solid switchable phantom

6.2.3 Institutions and Instruments:

The 29 instruments enrolled for the BitMap Exercise are listed in Table 6.2 along with
the parent institution and some basic information on the modality and application. To
give the reader an unbiased picture of the study a unique enrollment ID (see Table
6.2) for each instrument will be used to represent the instrument from this point on.
It is important to note that not all the tests mentioned above are applicable to all the
instrumentation presented in this table. For instance, the CW instruments (ID #4, #9
and #20) cannot be assessed using the MEDPHOT and BIP protocols which are meant
for TD (and to an extent FD) instrumentation. In other cases, the mechanical design or
the other similar obstacles restrict the application of certain tests or protocols to certain
instruments e.g. ID #21 and #27 are designed to work in transmittance alone and
hence the nEUROPt protocol which needs to be performed in reflectance cannot be
applied to this instrument. Similarly, the design of instrument #7 precludes the power
measurement of the source (at a particular wavelength) thus making the instrument
invalid for the Responsivity measurement of the BIP protocol (will be discussed further
inn the relevant subsections).

Irrespective of these limitations the cohort of instruments is still assumed to be large
enough to provide a valuable data-set for the other two actions. Table 6.3 is indicative
of the breadth of the exercise in terms of range of modalities used but more importantly
with respect to the applications. Another important dimension in which the instru-
ments enrolled show good variability is the (technology readiness level) TRL [132]. A
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Table 6.2: List of instruments enrolled for this exercise

Instrument name Institute Short ID Modality Application
Spectra Compact(broadband) POLIMI a 1 TD Spectroscopy
3mm SiPM POLIMI a 2 TD Oximetry
TD HPM based spectrometer PTBb 3 TD Spectrscopy
NIRO 200NX UHB/UoBc 4 CW Oximetry
ISS OXIPLEX-TS UHB/UoBc 5 FD Oximetry
TD Multiwavelength system IBIBd 7 TD Spectrscopy
TD-DCS system IBIBd 8 TD Blood Flow
SRS-CW system UCLe 9 CW Spectrscopy
TRS-DCS FLOWer ICFOf 10 TD Oximetry
TD MCP based system PTBb 11 TD Spectrscopy
clincal TD oximeter IBIBd 13 TD Oximetry
TD 8 channel system IBIBd 14 TD Oximetry
TD MAESTROS UCLe 15 TD Oximetry
LUCA POLIMI a 16 TD Spectrscopy
Oximin POLIMI a 17 TD Oximetry
Clinical Oximeter POLIMI a 18 TD Oximetry
Wearable TD device POLIMI a 19 TD Oximetry
OctaMon POLIMI a 20 CW Oximetry
Mammot POLIMI a 21 TD Mammography
"Fruit" spectrometer POLIMI a 22 TD Spectrscopy
OCTOPUS POLIMI a 23 TD Imaging
ClinicalDCS - BabyLux POLIMI a 24 TD Oximetry
Spectra Lab(broadband) POLIMI a 25 TD Spectrscopy
Lab TD-DCS POLIMI a 26 TD Blood Flow
Mammot v2 POLIMI a 27 TD Mammography
BenchtopDOS UoSg 28 SFDI Spectrscopy
MultispectralSFDI UoSg 29 TD Imaging
NIROT Imager* UoZh 30 TD Imaging
ISS Imagent* UoZh 31 FD Imaging

a - Politecnico di Milano, b - Physikalisch-Technische Bundesanstalt, Berlin, c - University Hospitals
Birmingham, Birmingham/ University of Birmingham, Birmingham, d - Nalecz Institute of Biocybernetics
and Biomedical Engineering, Warsaw, e - University College London, London, f - The Institute of Photonic
Sciences, Barcelona, g - ICube Laboratory, University of Strasbourg, Strasbourg, h - Biomedical Optics
Research Laboratory, University Hospital Zurich, Zurich.

HPM - Hybrid PhotoMultiplier, MCP - MicroChannel Plate, TD - Time Domain, CW - Continous Wave, FD -
Frequency Domain, SFDI - Spatial Frequency Domain Imaging, SRS - Spatial Resolved Spectroscopy, DCS -
Diffuse Correlation Spectroscopy.
* - Measurements and Analysis in Progress
Please note that the ID number 6 and 12 correspond to instruments that could not participate in the exercise

successfully.
The instruments developed as a part of this thesis correspond to ID number 1 and 25.

numeric scale from 1 to 9 decides the maturity of the technology, TRL1 correspond-
ing to basic principles observed and TRL9 to the deployement of the instrument in an
operational environment. System #2, for e.g. is a state-of-the-art technology involv-
ing a large area SiPM detector and hence is low on the (TRL) scale. On the other
hand other instruments like the one described in this thesis (#25) has been enrolled in
some pre-clinical studies and has undergone ethical approval thereby giving it a rela-
tively higher TRL value. Finally, the ISS and NIRO (#4, #5 and #31) instruments are
commercially manufactured instruments and are routinely used in a bed-side clinical
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environment thus exhibiting the highest possible TRL.

Application Modality TotalCW TD FD SFDI
Spectroscopy 1 9 1 0 11

Imaging 0 4 0 1 5
Oximetry 2 8 1 0 11

Blood Flow 0 2 0 0 2
Total 3 23 2 1 29

Table 6.3: Instruments categorized based on applications and modalities

6.3 Preliminary Results from Action 1

Some of the results of Action 1 are presented here. The reader is once again reminded
that not all tests are applicable to every system. Results are grouped according to the
relevant tests mentioned in Table 6.1.

Figure 6.2: Comparison of the Instrument Response Functions of the different TD instrumentation after
background subtraction and peak normalization.

6.3.1 Basic Instrument Performance:

As mentioned, this protocol concerns primarily the TD instrumentation and more specif-
ically deals with recording the basic characteristics of the instruments which influence
the quality and accuracy of measurements in clinical applications. Parameters like the
average output power of the pulsed laser source, repetition rate, central wavelength and
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6.3. Preliminary Results from Action 1

width are some of the relevant entities with respect to the source which were recorded.
With respect to the detection stage three parameters were considered

1. the IRF, its background, and its stability in time

2. the responsivity of the detection system

3. the differential nonlinearity (DNL) of the timing electronics.

IRF:
Characterizing the IRF is crucial to understand the time-resolution of the instrument

as a whole. The IRF is usually measured by inserting a reference sample in between
the source and detector (fibers), like a millimeter thin layer of teflon, that has negligible
contribution to the temporal dispersion. The IRFs of all the time domain instruments
enrolled in the exercise is presented in Fig. 6.2. Data presented is background sub-
tracted and peak normalized.

The IRF is characterized by three important features:

• its full width at haf maximum FWHM (ps)

• background (dynamic range)

• shape of the trailing edge.

From the figure it is evident that all the instruments have a dynamic range of at-least
2 orders of magnitude beyond which there is a tangible influence of the noise. However,
some of the instruments (#3 and #11, green and salmon pink circles) display a higher
dynamic range close to 4 orders of magnitude. Similarly, there is a wide variation in the
FWHM of the different instruments from less than a 100ps to a 900ps (as can will be
shown in Fig. 6.3. Also while some detectors have a fast decaying trailing edge others
(based on SiPM) show a very slowly decaying tail. The trailing edge in certain cases
also displays distinct shoulders and after peaks. All these variations can be explained by
considering the pulse shape of the laser, temporal response of detector and electronics
and finally additional dispersion from the fiber-optics. For e.g. The use of picosecond
pulsed lasers operated at the maximum power settings, and huge dispersion effects
from high dispersion fiber bundles could eventually result in relatively large values of
FWHM (such as #10, brown circles). On the other hand use of MCP-PMT or hybrid
PMT detectors, in conjunction with supercontiuum lasers such as #3 and #11 results
in narrow IRFs with higher dynamic ranges. At this juncture, it is necessary to remind
ourselves that the need for a narrow IRF is more critical in the case of devices dedicated
to spectroscopy and related application where they might encounter larger absorption
values than, say, oximeters which are in for most part of their operation restricted to a
specific range of absorption values.

Fig. 6.2 indicates that the density of the data involved in the single figure hampers
the ability to clearly understand the result from individual systems and makes a com-
parison of the results from different instruments quite challenging. To overcome this
issue and facilitate an easier discussion of the results, all the tests are displayed with
the help of some indicative Figure of Merit (FOM) plots with an example figure from
one instrument to describe the test.

Responsivity
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The responsivity of the detection system in diffuse optics is a measure of the effi-
ciency of detecting low light levels emerging from tissue. In general, the responsivity
of a detector is the ratio between the measured signal and the magnitude of the input
illumination. In the present context, it is defined as the ratio of the photon count rate
(or if the measurement is not relying on photon counting, another measure of signal
magnitude) and the amount of light emitted by the tissue directly beneath the detector
optode. This measurement is performed with a specific “responsivity phantom” with
known diffuse transmittance factor that acts as an approximately uniform light source
with Lambertian angular characteristic [2]. A transmittance measurement is performed
on this “responsivity phantom” and the number of photons collected at the detector over
a particular time are noted. The power input to the phantom at this specific configu-
ration is also noted. Then substituting these values in the following formula gives the
responsivity of the detector.

sLdet (λ) = Ntot / [tmeas κp(λ)Pin (λ)] (6.1)

where κp(λ) is the phantom-specific photon transmittance factor , Pin (λ) is the input
power at the specific wavelength and in (W), Ntot is the total counts measured (after
background subtraction) over a measurement time tmeas . The unit of sLdet is m2sr

The responsivity of some of the TD instrumentation is plotted in Fig. 6.3 against
their corresponding FWHM (both values considered at 830nm). The instrument ID is
annotated next to the data point while the application is distinguished by the marker
shape in the legend.The spread suggests no evident coupling between these two param-
eters. One observation here is the relatively large responsivity of instruments #2 [139],
#21 and #27[140]. These correspond to the large area SiPM detector and the two
variations of an optical mammograph (Mammoth). All these devices work with the de-
tector directly in contact with the sample (in this case the responsivity phantom). This
explains the larger responsivity since photon harvesting capabilities of instrument have
been shown to increase while working with the detector in contact. Secondly, most of
the spectroscopy systems (hexagons) are located in the left-most part of the chart cor-
responding to shorter FWHM. This further substantiates the fact that the choice of the
IRF is very much dependent on the target application of the particular instrument.

6.3.2 MEDPHOT (Absolute Optical Properties)

The MEDPHOT protocol has been discussed in detail in Chapter 2. All the tests from
this protocol are dependent on the instruments capabilities to retrieve the absolute op-
tical properties irrespective of the modality. Moreover, one of them ,the uncertainty
test, is particularly applicable to only TD instrumentation. For this reason, only the
instrumentation based on TD, FD and SFDI are eligible for this protocol. In princi-
ple, CW instruments, in specific configurations, can qualify for some of these tests.
However, none of the CW instrumentation enrolled for this exercise in their current
manifestations satisfy this criteria.

Some general considerations for all the measurements performed as a part of the
MEDPHOT protocol are.

• The standard acquisition time of measurements was 1s.

88



i
i

“output” — 2020/2/27 — 16:08 — page 89 — #99 i
i

i
i

i
i
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Figure 6.3: Figure of Merit (FOM) plot comparing the responsivity and FWHM of some of the TD
instruments around 830nm.

• Every measurement was repeated 20 times, The results presented are the average
of the 20 measurements and the standard deviation over the 20 measurement is
plotted as error bars (wherever applicable).

• Apart from the Accuracy and Linearity measurements (which were performed
over the entire MEDPHOT kit) all the other tests were performed on the B2 Phan-
tom of the MEDPHOT kit.

• The expected count rate from the TD instrumentation was 500kcounts/s. But this
particular condition was more suggestive than restrictive (if the standard operating
conditions of the instruments demand a different count rate then that was used).

A significant part of Action 1 of this exercise involved the design of indicators that
condense the result of each of the tests in the protocols in a manner that summarizes
the result of the test for the specific instrument and allows for a comparison with the
results from the other instruments. Such indicators, referred to as synthetic indicators
or synthetic descriptors will be used henceforth to create the figure of merit plots.

Accuracy The accuracy test addresses the capability of the system to retrieve the abso-
lute estimate of the absorption and reduced scattering coefficient of a reference medium
or phantom. The absorption and reduced scattering coefficients obtained from all the
instruments when measured on phantom B3 of the MEDPHOT kit are plotted against
the wavelength at which they were measured in Fig. 6.4 (a,b). Fig. 6.4(c) shows the in
optical properties provided by different instruments at 830nm (data for instruments not
operational at this wavelength is provided at the wavelength closest to 830nm). Overall,
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the mean discrepancy of instruments operating at 830 nm is 16% and 19% of the av-
erage value for absorption and reduced scattering, respectively. It is interesting to note
here that the data point with the maximum deviation from the rest (#5) corresponds to
the only frequency domain instrument in the cohort.

Figure 6.4: (Above) the absorption and reduced scattering spectra of all the TD instruments measured
on the Phantom B3 of the MEDPHOT series. (Below) Absorption vs Reduced scattering at 830nm
(wavelength mentioned in cases where it is not 830nm. Results represent the average over the 20
repetitions with the standard deviation plotted as error bars.

Linearity and Coupling
Measurements are performed on a set phantoms with the one optical property fixed
while the other is expected to increase linearly with each phantom. Plotting the results
of this exercise as shown in Fig. 6.5 provides insight into the influence of one optical
property on the retrieval of the other. Thus using the 4 scattering series and the 8
absorption series . The key information is the linearity of the system in retrieval of the
absorption and scattering coefficients, as well as the artefacts (cross-talk) caused by the
absorption or scattering coefficient on the estimate of the other parameter.
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6.3. Preliminary Results from Action 1

Figure 6.5: An exemplary plot of the linearity and coupling between the optical properties. (a) and (b)
show the linear increase in the absorption and reduced scattering coefficients for each series cor-
responding to the their corresponding labels (x-axis). (c) and (d) show the influence of one optical
property on the other. The title of each subplot gives the instrument ID and also describes the syn-
thetic indicator of the linearity or coupling observed which will be used for the figure of merit plots
(see description in the relevant subsection).

The synthetic indicators in the titles of each of the subplots in Fig. 6.5 are used to
create the FOM plots for the linearity and coupling test of the MEDPHOT protocol.
These synthetic indicators are obtained in the following fashion. For the linearity plots
i.e. Fig. 6.5 (a,b) The median value of the relative deviation of the data-points and the
linear fit (dashed line) over the different series is considered to represent the median
deviation from linearity for the specific optical property. For the coupling plots Fig.
6.5 (bottom) The median value of the absolute slopes of the linear fit (dashed line)
over the different series is considered to represent the coupling between the two optical
properties. To better understand this , we invoke the result from Fig. 6.5(c). Any
factor resulting in an increment of 1 cm−1 in the reduced scattering coefficient would
correspondingly deviate from the true value of the absorption coefficient by 1.3x10−3

cm−1.
Per these definitions, an ideal instrument would have both these values as close to

0 as possible (suggesting perfect linearity in assessing the linearly increasing optical
property and zero influence of one parameter on the retrieval of the other). With this
background we plot the resultant figure of merit plots for the linearity and coupling
below.

Fig. 6.6 presents the resultant FOM plots for the linearity and coupling tests. Fig
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Figure 6.6: Figure of Merit plots for the (a)Linearity and (b)Coupling tests of the MEDPHOT protocol.
The x and y axes in both cases are plotted on log scales.

6.6(a) plots the linearity synthetic indicators of the two optical properties against each
other (absorption on the x-axis and reduced scattering on the y-axis) while (b) plots
them for the coupling. In the plot for Linearity, 20 out of the 24 instruments enrolled
exhibit a median deviation from linearity in both optical properties of under 10%. The
instruments designed for DCS (blood flow) related studies (#8, #26) and the frequency
domain instrument (#5) show a little larger deviation in linearity. Again, most of the
spectrometers (hexagons) are seen to have a deviation of under 3% in the linearity of
reduced scattering (µ′s) and under 2% in the linearity of absorption.

Similarly, the FOM plots for the coupling, Fig 6.6(b), show that with an increment
of 0.01 cm−1 in µa the deviation of µ′s for most of the instruments is between 0.01 and
0.1 cm−1. Considering an average reduced scattering value of 10 scm−1 for biological
tissue, this corresponds to 0.1 - 1% variation which is reasonable. Similarly, the devia-
tion in absorption for a 1 cm−1 increment in µ′s is within 0.01 cm−1 for more than 50%
of the enlisted instruments.
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6.3. Preliminary Results from Action 1

Stability:

Figure 6.7: : Example of the stability plot for instruments 2 and 19 (on the B2 Phantom). the possible
synthetic indicators (range and slope) are indicated.

Fig. 6.7 displays some exemplary plots of the temporal stability in the retrieval
of the optical properties over a period of more than 1 hour. Both the absorption and
reduced scattering coefficients are stable within a range of ± 10% for #2 while under
4% for #19. In this case, the range of variation over the entire measurement period
and the drift given by the slope of the temporal evolution plots were considered as the
synthetic indicators.

Fig 6.8 plots the above mentioned synthetic indicators for both optical properties for
all instruments. Most of the instruments lie in the region with a range of under 10%
for both optical properties. Slope/deviation from the mean value of under0.001% per
minute. This means that using any of these instruments for a continuous monitoring of
the optical properties in a clinical environment, one can expect a maximum deviation
of 0.001% in µa in one minute ( or 0.1% in 100 minutes or 13/4hours).

Noise/Uncertainty:
A test of the power/count rate dependence on the precision of the measured optical
properties is performed by measuring the DTOFs at different count rates and comparing
their performance in retrieving the optical properties. 20 acquisition, with 1 second
acquisition time, were taken at different count rates and the coefficient of variation,
CV (defined as the ratio of the standard deviation of repetitive measurements over the
mean value for the absorption) of the retrieved optical properties at each count rate
are plotted against the counts as shown in Fig. 6.9. As a general practice, a CV=1%
can be considered as a reasonable target for precision on diffuse optics measurements.
The Noise/Uncertainty plot identifies the minimum number of counts or input energy
required to reach such a goal (the red and the green lines and circles for each plot). This
is further dependent on the maximum count rate of the system or the maximum input
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Figure 6.8: Figure of Merit plots for the Stability test for both the optical properties. The range of
variation is plotted against the slope that corresponds to the deviation over time for both the optical
properties.

power and correspondingly affects the acquisition time.
The synthetic indicators chosen for the Noise test are the number of counts neces-

sary to reach a CV of 1% in both the optical properties. Fig. 6.10 plots the counts
necessary to achieve 1% CV in µ′s against counts necessary to achieve 1% CV in µa.
The requirement for a good CV in most cases is in between a 100 kcounts and 1 mil-
lion counts and in most cases it is closer to the former. Also, all the results are not far
from the diagonal line in the plot suggesting the count rate necessary to achieve 1%
CV in both optical properties is nearly the same. An interesting observation in this
regard is that instrument #7 that relies on the method of moments for fitting [141],
[142] requires a substantially lower number of counts to achieve a minimal variation
in the results compared to the rest of the instrumentation. Thus it would be interest-
ing to understand how the usage of this method of analysis (which is different from
the traditional analytical solution based on the DE employed be a majority of the other
instruments enlisted) fares with the other instruments. These kind of initiatives will be
undertaken in the Action 3 mentioned above.
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6.3. Preliminary Results from Action 1

Figure 6.9: Coefficient of Variation (%) in the optical properties plotted against the number of counts
for instruments 3 and 22 (performed on the B2 Phantom). A linear fit is performed to determine
the number of counts necessary to achieve a CV of 1% (marked in red and green circles for the two
instruments). These numbers are used as the synthetic indicators to describe this test.

95



i
i

“output” — 2020/2/27 — 16:08 — page 96 — #106 i
i

i
i

i
i

Chapter 6. Multi-laboratory Efforts towards Performance Assessment in Diffuse Optics
- The BitMap Exercise

Figure 6.10: Figure of Merit plots for the Noise/Uncertainty measurement.
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6.3. Preliminary Results from Action 1

Reproducibility:
The reproducibility test, as the name suggests, is a general test of how reproducible the
instrument is on a day-today basis. Fig. 6.11 displays the reproducibility among some
of the instruments. Data were taken over 3 different measurement sessions (usually
spanning 3 different days).

Figure 6.11: Plot of the day to day reproducibility in both the optical properties for some of the instru-
ments (all measured on phantom B2 of the MEDPHOT series).

To determine a synthetic indicator for this case, the CV mentioned in the previous
paragraph is reused. The coefficient of variation over the three measurements of ab-
sorption and reduced scattering for a given instruments are plotted against each other
in Fig. 6.12. Generally (> 70%), the reproducibility is better than 5% in both optical
properties with some of them lower than even 1%. Such a testing is critical in a clinical
scenario and in general represents a good scientific conduct. Instruments with rela-
tively large values of CV can still be utilized as long as sufficient measures are taken
to address this concern. A good example for this would be the commercial frequency
domain instrument enrolled in this study #5 [143]. A phantom (manufactured by the
company) with known optical properties is generally used to calibrate the performance
of this instrument before clinical thus ensuring reliability and reproducibility in the
results.

97



i
i

“output” — 2020/2/27 — 16:08 — page 98 — #108 i
i

i
i

i
i

Chapter 6. Multi-laboratory Efforts towards Performance Assessment in Diffuse Optics
- The BitMap Exercise

Figure 6.12: Figure of Merit plots for the reproducibility measurement.
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6.3. Preliminary Results from Action 1

6.3.3 the nEUROPt Protocol:

Developed in the context of time-domain brain imaging, this protocol primarily relies
on the measured DTOF and the distribution of the counts as a function of time. This can
however be easily extended to other modalities such as continuous wave and frequency
domain. Two of the tests from this protocol were chosen for the BitMap Exercise
namely the Contrast and Lateral Resolution tests. Of these, we present here the results
from the contrast measurements.

Contrast:
To ascertain the depth sensitivity of instruments to localized optical perturbations –
for e.g. functional imaging of brain activity – the systems were tested against an in-
homogeneous phantom made of a bulk homogeneous material holding a rod with an
embedded inclusion (see Fig 6.1(c)). A detailed description of the test can be found in
[133]. Briefly, the test involved measuring the DTOF on the phantom seen in Fig. 6.1(c)
in reflectance with the in-homogeneity moving deeper within the phantom. When the
optodes are placed on the side surface of the phantom (at the positions marked in Fig.
6.1(c)) movement of the inclusion corresponds to depth scan.

Then the contrast is defined as the relative difference in counts given by:

Ci = (Mi −M0)/M0 (6.2)

Here,Ci is the contrast at position i, Mi corresponds to the number of counts with
the inclusion at position i and M0 is the number of counts on the DTOF measured on a
homogeneous region (far from the inclusion) of the phantom.

Since each measurement was repeated for 20 times, this also allowed for a calcula-
tion of the Contrast-to-noise ratio (CNR) given by

CNRi = (Mi −M0)/σ (M0) (6.3)

Here, σ (M0) refers to the standard deviation of the 20 acquisitions performed at
each position at the baseline/homogeneous state.

The inclusion used for this exercise has a diameter of 5mm and a length of 5mm. The
equivalent perturbation/inhomogenity in absorption (∆µa) achieved by this inclusion is
0.17 cm−1 supposing an effective volume of 1 cm3 [144].

As mentioned above, the test could be performed on CW instruments as well. How-
ever, as evident from the figure, this tests requires that the optodes of the instruments to
be separated from one another and fixed on either side of the rod with the inhomogen-
ity. Moreover, this measurement can be performed only in reflectance. With these these
stipulations 18 of the 29 instruments enrolled for the BitMap Exercise were eligible for
this measurement.

The two parameters described above, namely the Contrast and the Contrast to Noise
ratio will be used as the synthetic indicators for this test. For time domain instrumen-
tation, the resultant DTOFs can be gated in time and the counts from the resultant
"time-windows" or "time-gates" can be inserted in the Eq. 6.2 and Eq. 6.3 to get the
contrast and CNR at specific time-gates. The DTOFs measured in the BitMap exer-
cise were divided into time windows of 400ps gates which were then used to plot the
contrast at early and late gates.
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Exemplary plots of contrast and CNR for the depth scan at an "early" (correspond-
ing to the time interval 800-1200ps)and "late" gate (corresponding to the time interval
2000-2400ps) for instrument #16 can be found in Fig 6.13(a). The contrast plots at
early and late gates suggest that for early time windows or gates the peak contrast is
observed at shallower depths (at around 7mm in this case) while the late gates see max-
imum contrast at deeper regions (around 11mm). The CNR values as a function of
depth have profiles similar to the contrast profiles. The maximum value of CNR at the
early gate is, however, much higher than the maximum value at a late gate (logarithmic
axis).

The contrast and CNR values at the late gate at a depth of 20mm were chosen as
the two synthetic indicators for the figure of merit plot for this particular test. Since the
concept of gating is applicable only to the TD instruments the contrast and CNR values
of the CW instruments were calculated as a function of the total counts measured. The
resultant figure of merit plot is shown in Fig 6.13(b).

Figure 6.13: (a) Depth dependent Contrast and CNR values plotted against the inclusion depth for the
Z-scan for an early and late time gate. (b) Figure of Merit plot for the contrast test of the nEUROPt
protocol (Contrast vs CNR at an inclusion depth of 20mm.

A good spread is evident both in contrast and CNR values over all the instruments
enrolled. Literature suggests that the depth dependent contrast is influenced by the
instrument response (IRF) [134]. This is confirmed from the observation since all the
instruments which have hybrid PMT or MCP based detection system (i.e. # 11, 3, 13,
14 and 15) are clustered at the top right corner of the plot suggestive of better contrast
and CNR values. This could be attributed the IRF profiles of these instruments which
have a fast decaying tail with almost negligible influence at later photon arrival times.
On the contrary, silicon based detectors have an exponentially decaying tail [145] which
could affect the performance of the instruments employing these detectors ( # 1, 2, 22,
23, 25, 19) thus leading to relatively lower values of contrast. Similarly, higher values
of CNR were observed for instruments with higher responsivity (see sec 6.3) since
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6.4. Conclusions:

higher value of responsivity implies lower photon noise for the same acquisition time
and inter-fiber distance. CW instruments (empty markers) show very low values of
contrast suggesting poor resolution at large depths (20mm). Lack of proper contact
with the surface of the phantom due to the unusual design of the detection fiber for
instrument #25 (discussed in chapter 2) could explain the extremely low contrast and
CNR values for this instrument.

6.4 Conclusions:

In conclusion, a first of its kind, multi-laboratory performance assessment exercise
named the BitMap Exercise has been initiated. This exercise aims at enforcing a culture
of Performance Assessment and Standardization in the diffuse optics community with
particular outlook for clinical application. A total of 31 instruments have been enrolled
for the exercise of which 29 instruments have concluded the Action 1, with the goal
to test the instruments on the same phantom kits, implementing shared Protocols (BIP,
MEDPHOT, nEUROPt). The instruments were widely varying in terms of TRL(from
subsystem realizations in the lab up to commercial clinical devices), modalities (time-
domain, frequency-domain, continuous wave and spatial frequency domain imaging)
and different applications (spectroscopy, oximetry, imaging and blood flow). The sys-
tems were challenged against various figures of merits such as responsivity as measure
of photon harvesting efficiency, accuracy and linearity in the retrieval of homogeneous
optical properties, stability and reproducibility of the measurement and contrast as in-
dicator of sensitivity to deep optical perturbations.

The exercise has already generated sufficient interest in the community and has been
presented multiple times at EU level workshops intended for standardization and per-
formance assessment in the field of biophotonics [146], [147]. Action 1 and the results
presented here are first level analysis of the data generated from the exercise and the
data procured from this exercise is aimed to be deployed in open data repositories for
consumption and benefit of the other important players in the field. Future efforts are
aimed also to perform cross analysis of the entire data-set using common analysis pro-
cedures and use the data to train and improve different analysis algorithms.
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CHAPTER7
Conclusions:

The advances and developments achieved during this thesis can be summarized as fol-
lows.

• Broadband DOS for Heterogeneous Diffusive Media:

1. Development of a clinical-grade, portable, broadband TD- DOS instrumenta-
tion, functional in the wavelength range of 600 - 1100nm, with the ability to
perform measurements at multiple inter-fiber distances thus useful to disen-
tangle the optical properties of depth wise heterogeneous tissues.

2. Broadband validation of an analytical method for multi-layered geometries
based on relative multi-distance measurements on tissue mimicking silicon
phantoms and ex-vivo biological tissue and finally some initial applications
in-vivo.

3. Multi-distance broadband measurements in-vivo to investigate the optical prop-
erties and stratified nature of human abdominal region in healthy adult volun-
teers.

• Broadband TD-DOS monitoring of different ex-vivo tissues and organs with par-
ticular emphasis on understanding the influence of thermal damage on the varia-
tion of the tissue optical properties.

• Initiation of one of the largest multi-laboratory exercises (the BitMap exercise)
aimed at enforcing a culture of standardization and performance assessment at an
international level.

The study performed on the human abdomen in-vivo highlights some of the key
deficiencies in using the standard homogeneous model of analysis while dealing with
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Chapter 7. Conclusions:

such stratified structures. Thus a future step in this direction is aimed at developing and
validating more multi-layered analysis models that can help improve the accuracy in
disentangling the different layers optically. In the coming weeks the developed instru-
ment will be installed at an hospital in Verona (Italy) for the non-invasive monitoring
of physical frailty in the elderly obese.

Also, the study performed on monitoring the thermal treatment of tissues and organs
using TD-DOS provides interesting biomarkers which need to be further validated and
understood with the ultimate aim of providing valuable real-time feedback to a radiol-
ogist using any thermal treatment modality for malignant tissue ablation.

Finally, some future directions with regards to the BitMap exercise is a deployment
of the data-set on an open data platform and test common analysis methodologies all of
which could be of great value to the community at large. II
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Figure B.3: Evolution of optical property spectra with RF treatment - Broadband absorption (a and c)
and reduced scattering coefficient (b and d) spectra of the tissues during the RF based thermal treat-
ment at the two temperatures. The native tissue spectra are always plotted in blue line.As mentioned
earlier, the acquisition time per one spectrum is 1 minute. The RF instrument takes a time of less
than 3 minutes to achieve either of the target temperatures. Once the target temperature is achieved
the RF device treats the tissue by fixing the temperature for a span of 10 minutes. Hence in total a set
of 13 spectra are acquired during the RF based thermal treatment.
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Figure B.4: Time evolution of optical properties at select wavelengths with RF treatment A total of
five wavelengths (770,840,910, 980 and 1060nm) were chosen to monitor closely the key spectral
changes observed in Fig. 5.6. Fig. 5.8 a and b chart the variation of both the optical properties at
two (770 and 910nm) of these five wavelengths for the 70◦C and 105◦C respectively. The time axes
(x-axis) in these graphs are logarithmic and the y axes represents the value of the optical property
normalized to the value of the native tissue. The average temperature of the RF electrode at specific
time points is given on the temperature axis on the top of each graph.
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