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Abstract

The Novel Dual-Step Multispectral Imaging Technique that has been developed intends
to contribute to the clinical diagnosis of superficial lesions by providing non-invasively
quantitative spatial wide field maps of absorption and scattering endogenous optical
properties. The approach relies on the combination of a Non-Contact Spatially-resolved
Diffuse Reflectance Spectroscopy (DRSsr) technique with a Multispectral Imaging (MSI)
technique. Absolute quantification is based on the scattering estimation with Non-
Contact DRSsr which is subsequently used by MSI to estimate wide field absorption.
The instrumental setups of each technique are built and thoroughly characterized in
this work. The optimal quantification of optical properties relies on a newly established
calibration algorithm (ACA-Pro) that achieves minimal estimation errors inferior to
3.3% for scattering and 5.5% for absorption. The developed Dual-Step technique has
been validated not only with an extensive intralipid phantom study but also with ex-
vivo biological human skin samples and in-vivo inflammation skin models on rats. The
results show the potential of the Dual-Step technique as a valid quantitative, wide-field,
and non-invasive clinical diagnosis approach.






Résumé

La nouvelle technique ‘Dual-Step’ d’Imagerie Multispectrale qui a été développée a
comme objectif de contribuer au diagnostic clinique des 1ésions superficielles, en procu-
rant des cartes grand champ quantitatives des propriétés optiques endogenes telles que
I’absorption et la diffusion. L’approche repose sur la combinaison d’une technique sans-
contact de Spectroscopie de Réflectance Diffuse spatialement résolue (DRSsr) pour es-
timer la diffusion utilisée ensuite par une autre technique d’Imagerie Multispectrale
(MSTI) pour estimer ’absorption. Les bancs d’essai de chaque technique ont été constru-
its et caractérisés dans le cadre de ce travail. La quantification optimale des propriétés
optiques s’appuie sur un nouvel algorithme de calibration (ACA-Pro) qui atteint des
erreurs d’estimation minimales et inférieures a 3.3% pour la diffusion et 5.5% pour
I’absorption. La technique ‘Dual-Step’ a été validée sur des fantomes d’intralipide mais
aussi sur des échantillons ez-vivo de peau humaine et des modeles in-vivo d’inflammation
de peau de rats. Les résultats montrent la faisabilité de la technique ‘Dual-Step’ et son
potentiel en diagnostic clinique grace a son approche quantitative, grand champ et non-
invasive.
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Résumeé

L’objectif général de ce travail est de contribuer a I’amélioration du diagnostic des 1ésions
superficielles avec le développement d’une nouvelle technique quantitative d’imagerie
multispectrale. L’utilisation de cette technique en imagerie médicale vise une quan-
tification grand champ des propriétés optiques avec des mesures non-invasives dans le
spectre 450-880 nm.

L’aspect non-invasif de la technique est assuré par la mesure d’un contraste en-
dogene, c’est & dire sans produit de contraste, tel que par exemple des fluorophores
ou des colorants, et par la modalité sans-contact de la mesure. Cette derniére est une
nécessité pour la mesure d’échantillons sensibles comme des lésions qui requiérent une
manipulation completement stérile.

La quantification absolue des propriétés optiques doit permettre un diagnostic ro-
buste. En effet, les propriétés d’absorption et de diffusion tissulaires sont reliées aux
caractéristiques biochimiques et histologiques et fournissent des informations sur le
métabolisme et la structure du tissu pour la détection précoce et le diagnostic précis des
maladies.

Par ailleurs, la quantification d’un grand champ a travers 'imagerie apporte beau-
coup d’avantages en termes de pratique clinique, de temps et de cotit.

La technique ‘Dual-Step’ que nous proposons dans le cadre de cette theése s’appuie
sur la combinaison d’une modalité sans-contact de Spectroscopie de Réflectance Diffuse
spatialement résolue (DRSsr) et d’Imagerie Multispectrale couvrant un large champ
(LFOV MSI).

La DRSsr repose sur la mesure de la réflectance diffuse sur une large gamme spectrale,
qui dépend des propriétés optiques du milieu traversé, a des distances spécifiques de la
source ponctuelle (voir Figure . L’ouverture confinée de la source d’illumination et de
la détection, permet de déterminer le chemin optique. Ce dernier, avec les différentes dis-
tances de détection, permet de dissocier les effets d’absorption et de diffusion. Ainsi, la
DRSsr atteint une quantification absolue et robuste des propriétés optiques d’absorption
et de diffusion.

Du fait de sa modalité ponctuelle, la DRSsr scrute une petite zone et n’est donc
appropriée que pour un nombre restreint d’applications cliniques. Par conséquent,
I’élargissement des mesures quantitatives vers un champ plus large favorise le diagnostic
de la majorité des applications cliniques ayant besoin d’une analyse plus large et plus
rapide. Nous proposons pour cela une combinaison de la DRSsr, méthode quantitative
et ponctuelle, avec la MSI couvrant un grand champ.



o Reflectance
Ilumination diffuse

X; del ]xdz ]{d_s

Figure 1: DRSsr: L’ouverture confinée de la source a x; et des détecteurs a x4 permettent
la détermination du chemin optique pour dissocier les propriétées optiques d’absorption
et de diffusion [Zonios et al., 2000].

La technique LFOV MSI utilise une illumination homogene et une détection de la
réflectance diffuse résultante sur un large champ (voir Figure et sur un spectre discret,
selon les filtres employés. L’absence d’une ouverture confinée des signaux ne permet pas
de dissocier les parametres d’absorption et de diffusion de la lumiere. Cependant, si
un parametre est connu, ’autre peut étre calculé; par exemple a partir d’une diffusion
connue, 'absorption peut étre déduite.

Illumination Reflectance diffuse

AR IANNIRIE

Figure 2: LFOV MSI: Réflectance diffuse résultant d’une illumination homogene qui ne
permet pas la détermination du chemin optique pour dissocier les propriétés optiques
d’absorption et de diffusion.

Le principe de la technique ‘Dual-Step’ que nous proposons permet de quantifier
I’absorption avec la LFOV MSI en s’appuyant sur la diffusion estimée par la DRSsr
sans-contact.

Ce travail de recherche décrit la construction et la mise en ceuvre des montages
instrumentaux ainsi que la méthodologie de quantification associée a chacune des tech-
niques composantes (DRS sans-contact et LFOV MSI). La validation des techniques
est réalisée sur des fantomes bien caractérisés et sur des échantillons biologiques per-
tinents de peau humaine ez-vivo et de peau de rongeur in-vivo. Les résultats obtenus
constituent une premiere étape de validation de la technique ‘Dual-Step’ et montrent
son potentiel pour le diagnostic clinique.









Introduction

The general aim of this work is to contribute to the improvement of diagnosis of su-
perficial lesions with the development of a novel quantitative Multispectral Imaging
Technique. The use of this technique in medical imaging aspires for the non-invasive
quantification of optical properties in a wide field of view. The non-invasive approach
of the technique is considered with the use of endogenous contrast for which no external
agent is needed (eg. fluorophore or chromophore injection) and a Non-Contact measure-
ment modality. The latter addresses a big advantage for the measurement of sensitive
samples such as injured tissue which requires a no-touch and sterile manipulation. The
quantification aspect aims to improve the accuracy of diagnosis. Indeed, the correlation
of chromophore absorption and scattering properties with biochemical and histological
characteristics provides a wealth of information regarding metabolism and tissue com-
position that can be used to study its physiology and morphology for the early detection
and diagnosis of disease. Moreover, fast quantification of a wide field of view through
imaging brings many advantages in terms of clinical practice, speed, and cost.

The technique we propose in this work is based on the combination of punctual Non-
Contact spatially-resolved Diffuse Reflectance Spectroscopy (DRSsr) and Large Field of
View Multispectral Imaging (LFOV MSI).

DRSsr is based on the measurement of diffuse reflectance throughout a spectrum
at specific distances from a punctual source (see Figure which depends on the
optical properties of the medium it traverses. The confined aperture of the punctual
illumination and detection signals at different distances allows the derivation of the
optical pathlength from which absorption and scattering effects, contributing to the
measured diffuse reflectance, can be separately deduced. Thereby, DRSsr can achieve a
robust absolute quantification of both absorption and scattering optical properties.

Being a punctual measurement modality, DRSsr inspects a small area which is ap-
propriate to a restricted number of specific clinical applications. Hence, the extension
of quantitative measurements to a larger field of view allows the accurate diagnosis in
many clinical applications requiring a larger and faster analysis. For this purpose, we
propose a combination of punctual quantitative DRSsr with a MSI technique covering
a large field of view.
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Figure 1.1: DRSsr: the confined aperture of the source at x; and detectors at x4 enables
the determination of optical pathlength [Zonios et al., 2000].

The LFOV MSI technique uses a homogeneous illumination and detection of the re-
sulting diffuse reflectance on a wide field (see Figure throughout a discrete spectrum
which depends on the filters used. The lack of confined aperture of the signals does not
allow the derivation of the optical pathlength to separate absorption from scattering
parameters. However, if one parameter is known, the other can be derived, i.e. absolute
absorption quantification is possible if the scattering property is known.

Incident light Diffuse Reflectance

IRANIE AR

Figure 1.2: LFOV MSI: Diffuse reflectance resulting from homogeneous illumination
which makes the determination of optical pathlength untenable.

The principle of the Dual-Step technique that we propose achieves absorption quan-
tification from LFOV MSI images based on the scattering quantification provided by
Non-Contact DRSsr.

This research work presents the development of the instrumental setups and quan-
tification methodology of the combination of Non-Contact DRSsr and LFOV MSI. The
validation process is performed not only on well-characterized phantoms but also on per-
tinent biological human ex-vivo and animal in-vivo skin models. The results obtained
establish a first validation stage of the Dual-Step and show its potential for clinical
diagnosis.
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The present work is constructed in different chapters covering the principles, scientific
challenges, instrumental and quantification method developments for the validation of
the Dual-Step technique.

Chapter |2 presents the context of this research work. Theoretical principles are ex-
plained together with the state of the art and the targeted biological application. A
detailed description of the general scientific challenge is given as well as a clear expla-
nation of the proposition which poses the structural basis upon which the developed
technique is built.

Chapterdescribes the Spatially-resolved Diffuse Reflectance Spectroscopy (DRSsr)
technique, which is able to provide quantification of scattering and absorption optical
properties throughout the considered spectrum (470-880 nm). Based on the geome-
try and quantification method of an existing probe-based Contact DRSsr technique,
two Non-Contact DRSsr setups are built. The probe-based initial Non-Contact DRSsr
system is integrated into the developed Dual-Step technique to perform scattering esti-
mations in a valid 1.2 mm depth of field. A CCD-based DRSsr system is also explored
because of the advantages it would offer in a perspective integration of the Dual-Step
technique.

To obtain optimal optical property quantification, the deviation that exists between
Non-Contact DRSsr reflectance measurements and modelled reflectance has to be cor-
rected. For this, we developed the Adaptive Calibration Algorithm ACA-Pro, described
in Chapter ACA-Pro is a calibration procedure which is based on the interpola-
tion of correction factors determined with the measurement of a few reference phantoms
having known optical properties. Moreover, ACA-Pro also allows to correct from instru-
mental variations, common between different experiments, to increase the robustness of
the DRSsr quantification method. The performance of this algorithm is validated for
all Non-Contact DRSsr setups on homogeneous phantoms covering a pertinent range
of optical properties. Scattering and absorption estimation errors of the initial Non-
Contact DRSsr system are inferior to 3.3% and 7.6%, respectively, for all phantoms
placed at the focal plane. Quantification of optical properties has also been validated
on heterogeneous biological tissue samples.

Chapter [5| focuses on the description of the LFOV MSI instrumental setup and the
developed method for wide-field absorption quantification based on DRSsr estimations
of scattering properties. The absorption quantification is optimized with a correction
procedure of the illumination intensity fluctuations and the ACA-Pro calibration ap-
proach. The validation on homogeneous phantoms achieves absorption errors inferior
to 5.3 % within the whole field, optical property range, and for all the wavelengths
considered (500, 550, 600, and 700 nm). An intermediate stage between homogeneous
phantoms and biological samples, corroborates the wide-field absorption quantification
and derived dye concentration maps of a heterogeneous gelatine phantom with different
scattering and absorbing inclusions of different shapes.

The combination of the initial Non-Contact DRSsr and the LFOV MSI setups is
the frame upon which the validation system of the developed Dual-Step technique, de-
scribed in Chapter [6] is built. The setups are connected with a motorized translation
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stage on which pertinent samples are measured. Three ez-vivo human skin samples are
considered: two homogeneous samples of different Phototypes (2 and 5) and a hetero-
geneous sample with stretch marks. Also, three in-vivo rat skin models are examined:
a bi-coloured and two different inflammation types showing different absorption and
scattering contrasts. Wide-field quantification of optical properties of these samples is
validated with the reference Contact DRSsr technique.

The general conclusions and further developments to be achieved for the evolution of
the developed Dual-Step technique towards a valid clinical diagnostic tool are detailed
in Chapter

Additional relevant information is given in Appendix [A] and the Scientific communi-
cations that resulted from this work are recapitulated in Appendix [B]



Context

In this work, we focus on an imaging technique based on non-fluorescent endogenous
contrast. The latter originates from the internal chromophores that absorb light and au-
togenous structural arrangement of tissue that scatters light. The methodology analyses
both features through the quantification of absorption and scattering optical properties,
correspondingly, for which a theoretical explanation is given in the first Section [2.1

Section [2.2] specifies the biological application of this work and outlines the charac-
teristics of skin tissue, being the chosen biological model. The range of optical properties
in skin defines the characteristics of the intralipid phantoms (Section that are man-
ufactured for the calibration and validation of the systems developed along this work
and explained in the next Chapters.

The nature of photon propagation in a turbid medium, such as that occurring in
biological tissue and intralipid phantoms, is described in Section

Section [2.5] proceeds by giving details on the existing Spectral Imaging Methods
according to the different spectral range, instrumental setups and quantification capac-
ities that enable the understanding of the proposition of this work described in the last
Section
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2.1 Light propagation in a biological medium

Biological tissues are complex heterogeneous media with numerous absorbing and scatter-
ing structures with different densities, sizes and shapes. Because of its optical inhomo-
geneity, biological tissue is defined as a turbid medium.

When light photons encounter a turbid medium, they undergo physical interactions
of reflection, scattering, and absorption as shown in Figure

Refraction
Reflection

© Scatterers

@ Absorbers

Multiple Scattering | a\
»

Diffuse Reflectance

Absorption

Figure 2.1: Processes of light interaction on a medium: reflection, refraction, absorption,
scattering, and diffuse reflectance.

Further details on these processes are given in the following Sections.
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2.1.1 Reflection and Refraction

Reflection of photons occurs due to a change of refractive index n between two media
which vary in function of temperature and wavelength \. The difference in n also leads
to refraction by which photons are transmitted in the medium with a change in forward
speed and direction. The fractions of reflected and refracted photons are determined by
the medium’s reflectivity and transmittance, respectively, through the Fresnel equations.

The direction that the reflected or refracted photons take after the collision is de-
scribed by the Snell-Descartes Law according to their incident angle 6; and the refractive
index ratio of the incident medium n; and refractive medium n,. (see Figure .

Depending on the quality of the interface, Reflection of light is either essentially
specular or diffuse. On a very smooth flat surface the organization of the incident ray
is retained by the reflected ray, resulting in specular reflection. On an irregular surface,
the orientation of the normal lines are no longer parallel resulting in non-parallel diffuse
reflected rays.

S | Diffuse
pecu gr Reflection
Reflection
Snell’s law \
. . n;
sin(8,) = sin(6;) - —
ny
n Flat surface Irregular surface
T
0,
Refraction Refraction

Figure 2.2: Reflection and Refraction of light between two media with n, > n;.

Whilst some incident photons are directly reflected at the surface, other photons,
neither absorbed nor scattered, are able to travel through the medium. These are
called ballistic photons and can be detected as transmitted light (Transmittance) at the
opposite side (see pink arrow of Figure traversing the medium).
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2.1.2 Scattering

Scattering is a process of reflection that occurs when photons encounter a particle (scat-
terer) with a refractive index n different to that of the medium producing a deviation of
the photon’s incident direction. Photons that collide with only one or multiple scatter-
ers undergo simple or multiple scattering, respectively (see green paths of Figure .
Scattered photons that travel through the medium to the opposite side are considered to
be quasi-ballistic. Contrarily, some of the photons that experience multiple scattering
through the tissue come back to the surface at many different angles and contribute to
the Diffuse Reflectance (see purple arrow of Figure .

Approximately, only 1 photon in a million loses its energy (changes frequency)
through inelastic scattering, referred to as Raman scattering. Most of the scattered
photons are elastically scattered with no energy loss. Two types of elastic scattering
are distinguished depending on the size of the scatterer particle p with respect to the
wavelength A of the incident wave:

e Rayleigh scattering occurs when p < 5 )\ and is strongly A-dependent.
e Mie scattering occurs when p = A or p > A and is less strongly A-dependent.

Figure [2.3] illustrates the scattering patterns under the Rayleigh and Mie regime.

Hayleigh Scattering Mie Scattering Mie Scattering,
Iarger particles

——— Direction of incident light
Figure 2.3: Rayleigh and Mie scattering patterns [Nave, 2012].

Scattering can be quantified through four parameters that are strongly dependent
on the A\ of the incident ray and on the shape, density, and size of the scatterers it
encounters.

The first two main parameters are:

1. The scattering coefficient 15 (cm™!) is defined as the inverse of the mean free path
Is = 1/ps (in em), related to the average distance that a photon covers between
two scattering events (see Figure [2.5)).

2. The phase function p() is the probability that a photon’s direction is deviated
by an angle 6 after a scattering event. It is most commonly approximated by
the Henyey-Greenstein function. Depending on the regime (Rayleigh or Mie) and
polarization of light, p(#) is calculated according to different theories, explained
by [Hulst et al., 1957].

From these two principal parameters we can derive other that are particularly useful
to quantify multiple scattering events that occur in turbid media:
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3. The anisotropy factor g is defined as the mean value of cos(8): g =< cos(0) >
and can be derived from the p(f). Depending on the g value, the scattering is
isotropic (¢ = 0) or anisotropic (¢ > 0). Figure shows the different most
probable volumes through which photons are propagated after a scattering event
for different g values.

£=0,7

Figure 2.4: Different shapes of the Henyey-Greenstein function for different values of
the anisotropy factor g [Bourg-Heckly et al., 2013].

4. To fully encompass the scattering effects, the reduced scattering coefficient p’, (cm=1)
is commonly used. p! combines pg and g in the form p, = ps(1 — g). It can be
said that u. describes scattering of photons in terms of bigger isotropic steps of
length I/ = 1/p, that consist of small I steps with partial deviation angle . An
example of this relationship is illustrated in Figure for g =0.9.

Figure 2.5: Example of the equivalence of 10 anisotropic [, steps with a single isotropic
1% step for g=0.9 [Jacques et al., 1998].

The reduced mean free path I” is the scattering step length (in e¢m) for which the
initial direction of the incident photon has been ‘forgotten’. Thereby, it can be said
that there is no effect of individual scattering events on the direction change, which
allows scattering to be considered isotropic. This interpretation is particularly
useful in the case of the diffusion regime for which p, >> u,, meaning that
many more scattering than absorption events occur [Jacques et al., 1998] (refer to

Section .
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The diffusion regime commonly dominates light interactions in biological tissues in
the visible red and near infrared spectrum [Jacques et al., 1998|. Biological scatterers
include intracellular components, such as cell organelles (Golgi apparatus, nucleus, mi-
tochondria, lysosomes...), and extracellular matrix components, such as the collagen
and elastin network |Jacques et al., 1998]. The mean size of scatterers is around 20 nm
- 1 pm, which is close to the wavelength range of the visible-near infrared light (0.4 -
0.9 um), and therefore defines the prevalence of Mie scattering over Rayleigh scattering
processes at this spectral range. The contribution of each type of scattering process
depends on the tissue. Some generic spectra of p/ with different contributions of Mie
and Rayleigh scattering have been determined by and are shown in Fi-

gure [2.6]

™
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Figure 2.6: Generic u, of tissue with different contributions of Mie and Rayleigh scatter-
ing. The generic range of Mie scattering alone is illustrated with blue lines and the
combination of constant Mie and different levels of Rayleigh is illustrated with red lines

acques, 2013].
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2.1.3 Absorption

From a macroscopic perspective, absorption is explained as the fraction of light intensity
loss dI of ballistic photons having intensity I and travelling a homogeneous medium of
thickness dz, according to Equation and Figure

dI = I(z +dz) — I(z1) (2.1)

A\ 4

Figure 2.7: Hlustration of the intensity absorption dI by a small layer dz.

According to Equation dI is also expressed as

dl = —e-C-I(z)dz (2.2)

where € (L mol™' em™1!) is the molar extinction coefficient and C' (mol L™1) is the
molar concentration of the molecule present in the medium.

The general Beer Lambert Law, defining the proportion of light transmitted I(2) is
given by Equation [2.3| and illustrated in Figure [2.8

I(z) = In-107°9% = [ - ¢ #a* (2.3)

» p—HaZ
IO e Ha

Figure 2.8: I(z) according to the Beer Lambert Law [Bourg-Heckly et al., 2013].

The absorption of an incident wave at a given A by a given molecule is quantified
through the absorption coefficient y, (em™!) that, according to Equation is given

by Equation [2.4]

fo =Inl0-e-C (2.4)
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The Beer-Lambert Equation can also be defined in terms of absorbance A (also
called optical density OD) according to Equation

1
A:OD:longOza-C-z (2.5)
Combining Equations [2.4) and [2.5] it can be said that
ta(A) =1nl0- A(N) (2.6)

The absorption coefficent p, is also defined as the inverse of the mean absorption
length I, = 1/p, being the average distance travelled (in em) by a photon before being
absorbed.

Absorption in biological tissue is composed of the individual extinction coefficient at
a determined A of its chromophores, their concentration, chemical composition, temper-
ature and molecular configuration. Common chromophores in biological tissue absorb
in the infrared (IR), visible (vis) and ultraviolet (UV) spectral range ([Scott, 1998],
[Tuan, 2003)).

In the near infrared (NTR) - IR range, tissue absorption is dominated by that of water,
which makes up for 60-80 % of biological tissue. Other biochromes include porphyrins,
such as heme that is present in haemoglobin, and pigments, such as melanin present in
melanocytes of the epidermis. Absorption of water, haemoglobin and melanin is minimal
between 700 - 1200 nm, opening a ‘spectral biological window’ for the detection of
melanin-less, water-less and haemoglobin-less baseline absorption of skin
(see Figure [2.9).

Collagen

a

:o*.r"\
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Protein

Biological window
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3

Absorption Coefficient p [cm')

0.1

%3 Wavelength A [pm] ’
uv vis— IR

Figure 2.9: Absorption spectra for different biological chromophores of skin in the UV-
vis-IR spectral range [Vogel et al., 2003].
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In the UV-visible spectrum (400 - 700 nm), oxy-haemoglobin (HbOs), deoxy-haemoglobin
(Hb) and melanin are the most absorbing chromophores in skin, as illustrated by Fi-

gure 2210}

Melanin

10' £ Other

Absorption coefficient, cm!

10'3 L L 1 L L
400 a00 600 700 600 300 1000

Wavelength, nm

Figure 2.10: Absorption spectra for most predominant biological chromophores of skin in
the UV-vis-NIR spectral range. The baseline absorption, proper of the fibrous material,
is defined as ‘Other’ [Meglinski et al., 2002].

Therefore, to allow the detection of HbOs, Hb, and melanin with minimal water
absorption, we use the spectral range 470 - 880 nm that has been used in previous
techniques developed in our LISA laboratory.

These chromophores are present in skin, the chosen biological model, outlined in the
next Section [2.21
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2.2 Biological Application

The biological application to which we aspire in this work is the wide field quantification
of superficial tissue lesions, such as skin lesions and oral cancer.

Our motivation for this application lies in the need for more accurate, fast and
non-invasive optical diagnosis techniques capable of differentiating, at an early stage,
injured lesions from healthy tissue. For this, it is necessary to accurately detect the main
optical differences between healthy and injured tissue including a change in scattering
and absorption properties due to necrotic tissue, scarring and vessel oxygen saturation.

As a first proof of concept, we propose to use some skin inflammation models.

To better understand the biological structure of the chosen tissue samples, the follow-
ing Sections 2.2.1] and [2:2:2] describes the function and histology of skin.

Characteristic optical properties of skin are presented in Section [2:2.3]

2.2.1 Function of skin

The skin is the most extensive multifunctional organ, covering the external surface of the

body. Its average mean surface area ranges between 1.5 and 2 m? [Bouslimani et al., 2015]
and its thickness depends on the area of the body varying between 1.5 mm (scalp) and

4 mm (back) [Ross et al., 2003].

The main functions of the skin include:

e Protection barrier from mechanical impacts, temperature variations, micro-organisms
and chemical.

e Regulation of body temperature via sweat glands, hair and blood circulation.
e Reservoir of Vitamin D

e Sensation of environmental changes through nerve cell receptors for temperature,
touch and pain.
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2.2.2 Histological structure

Skin is made up of three basic layers: hypodermis, dermis, and epidermis (see Fi-

gure [2.11)).
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Figure 2.11: Structure of the human skin composed of epidermis, dermis and hypodermis

layers [Schatz, 2012].

The hypodermis layer (1-6 mm thick [Bashkatov et al., 2005]) is basically subcuta-
neous fat that insulates the body from cold temperatures and provides shock absorption.

The dermis, roughly 1-4 mm thick [Bashkatov et al., 2005], consists of a papillary
and a reticular layer which serves to provide structure and flexibility to skin. This
fibrous network is composed of structural proteins (collagen and elastin), blood and
lymph vessels, mast cells and fibroblast cells. The whole structure is surrounded by the
ground substance that plays a critical role in the hydration of the skin.

The epidermis is basically made of stratified squamous (flattened) epithelial cells
(50-100 um ([Bashkatov et al., 2005, [Schwarz et al., 2008a]) arranged in layers on top
of the basal membrane. The most superficial layer of the epidermis, called the stratum
corneum, is composed of extremely flat and dehydrated cells without many of the cel-
lular organelles and filled with keratin. Keratin is a fibrous protein that protects the
epithelium and is characterized by high scattering light properties. The skin epithelium
is also made up of melanocytes that synthetize the pigment melanin which absorbs light
in the UV-visible spectrum. Melanin granules accumulate in the nucleus of cells and
screen from harmful UV-A and UV-B radiation from the sun. The amount of melanin
produced, gives rise to the different visible skin color tones or phototypes.
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2.2.3 Optical Properties

General optical properties of absorption and scattering of skin are shown in Figure [2.12
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Figure 2.12: Skin optical properties.

The differences in scattering coefficient between dermis and epidermis are too small
to be detected by current spectroscopy techniques|Jacques, 1998]. Therefore, a general
scattering coeflicient for both epidermis and dermis layers is commonly considered and
shown in red in Figure Notice the combined contribution of Rayleigh scattering
(in blue) at lower wavelengths by small-scale structures, and Mie scattering (in green)
at higher wavelengths by large cylindrical dermal collagen fibres [Jacques, 1998].

Contrarily, absorption properties are significantly diverse at different layers of the
skin. Figure[2.12b]shows the characteristic absorption spectra of each layer simulated by
[Kim et al., 2012]. The high epidermis absorption (dotted green) is due to the melanin
chromophore which varies according to the skin phototype. The illustrated upper blood
dermis (cyan) regards a 30% of blood volume fraction which is slightly higher than the
typical value of 20% according to [Jacques, 1998].

The average refractive index value n = 1.37 is usually used for skin ([Igarashi et al., 2007],
[Ding et al., 2000]).

These optical properties define the optical properties range of the intralipid phantoms
we used, which are clearly detailed in the next Section [2.3
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2.3 Intralipid phantoms

Phantoms with similar optical properties to those of skin (refer to Section are
used to calibrate optical instruments and validate their ability in optical properties
quantification. The homogeneous liquid phantoms we used consist of an aqueous solution
of distilled water with different concentrations of the following ingredients: fat emulsion
scatterer Intralipid 200mg/ml (IL) (Figure[2.13al) to control scattering and black Rotring
ink (Figure or blue GUBRA pigment (Figure [2.13c)) to control absorption and
model the spectral signature of melanin and haemoglobin, respectively (see Figure.

(a) Intralipid fat emulsifier. (b) Black Rotring ink. (c) Blue GUBRA pigment.
Figure 2.13: Main components of intralipid phantoms.

2.3.1 Manufacturing Protocol

The first step in the manufacturing of intralipid phantoms consists in mixing distilled
water with a determined concentration of black ink or blue pigment. Conventional
absorption measurement of the aqueous solution is taken in the spectral range with the
Spectrophotometer Cary 300 [Cary-300, 2015]. The measured absorbance A(\) is then
converted to j,(A) according to Equation [2.6]

In a second step, after having characterized the absorption, the aqueous-ink solu-
tion is mixed with a given concentration of intralipid to control the scattering prop-
erties. The average size of particles in the intralipid fat emulsifier is around 250 nm
|[Whateley et al., 1984], which lies in the range of the visible As. Consequently for the
chosen spectral range (470-880 nm), the predominating type of scattering of the phan-
toms is Mie. Remark that, except for the shortest wavelengths, this Mie delineation
correlates to the scattering behaviour of skin (see Figure . Expected ps() is de-
termined according to [Van Staveren et al., 1991] who used the Mie theory to relate it to
the percentage of Intralip IL(%) and anisotropy coefficient g()), according to Equation
[277 where the wavelength X is expressed in nm.

_2.54-107- 2724

= IL(%)

fs(N)

g(A\) =1.1-(0.58-1073-)) (2.7)

ts(A) = ps(A) - (1 = g(N))
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For notation simplification purposes, along this report, we will refer to IL(%) to
describe scattering properties of phantoms and the absorption coefficient p, will be
given at 600 nm unless stated otherwise. Moreover, the 1, (\) measured with the Spec-
trophotometer Cary 300 and the p/(A) modelled with the Mie theory are used as the
theoretical gold standard: g theo and g ;p.., respectively. These values are used to
evaluate the optical properties estimation ’accuracy of the techniques developed.

2.3.2 Selected Optical Properties

Intralipid phantoms covering a large range of u’, and p, are manufactured according to
the general values of optical properties values of skin shown previously in Figure [2.12

The chosen reduced scattering coefficient i/, range lies between 6.8 and 40.6 em ™! at
600 nm, as illustrated in Figure These values are obtained with IL = 0.5 — 3%.

The minimal z, value of phantoms chosen is 0.2 cm ™! at 600 nm. Higher absorptions
are covered until p, = 10 em™! at 600 nm. The absorptions of diluted black ink (black
curves) modelling the melanin signature for different concentrations and blue pigment
(blue curve) modelling the haemoglobin signature, throughout the working spectral
range 480-870 nm, are illustrated in Figure
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Figure 2.14: Optical properties of all intralipid phantoms with black ink or blue pigment.

In intralipid phantoms and biological tissue, photons undergo multiple scattering
and absorption events. Depending on the optical parameters of the medium, the pho-
ton propagation regime differs and so does the corresponding solution for the photon
transport model, as explained in the next Section
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2.4 Solutions of the Radiative Transfer Equation ac-
cording to the photon transport regime

Photon transport in turbid medium (eg. biological tissue or intralipid phantom) is mod-
elled by the Radiative Transfer Equation (RTE) that expresses the energy conservation
of a collimated beam of radiance (Wsr~tm~2) travelling through an absorbing, scatter-
ing and emitting medium. Depending on the diffusive propagation of photons three
main regimes are defined: the ballistic, the diffusion, and the transition regime.

In the ballistic regime, photons retain their initial direction, according to the laws
of geometrical optics, and their decay is governed by absorption, since photons that
experience more than a single scattering are no longer ballistic. This decay can be
expressed in terms of depth z by the law:

I(Z) j— IO . 67(“11“"#5)2 = IO . eip‘f"z (28)

where I is the initial intensity at depth z = 0, Iy = I(z = 0); pr = (fta + 14s) 18
the total attenuation coefficient; and its inverse I; = 1/, the transport mean free path.
The exponential attenuation poses the major difficulty of optical imaging techniques
that detect ballistic photons in the depth of tissues [Bourg-Heckly et al., 2013].

In the diffusion regime, the radiance is considered isotropic when two assumptions
are made:

1. Multiple scattering events predominate in the medium (u}, >> u,), as it is the
case between 600 and 1100 nm for low biological tissues.

2. The distance travelled by the photons is greater than the reduced mean free path
I, = 1/u’, meaning that the observation point is sufficiently far from sources or
boundaries [Wang et al., 2012].

These two assumptions are made by the Diffusion Theory to analytically approximate
the RTE.

The decay of photons with depth in the diffusion regime is governed by the effective
attenuation coefficient e = [31q (ta+ 14)]*/?, which determines the penetration depth
Seff = /sy of light in the medium. The fluence rate ® (Wm™2), being the radiance
coming from all directions on a point, is hence given in terms of depth z by Equation
2.0

O(z) = B-e Heff# (2.9)
where B is a constant different from Iy [Bourg-Heckly et al., 2013].

The transition regime, between ballistic and diffusive propagation has an approxi-
mate width of several mean free paths and holds valuable information on the nature of
scattering [Yaroshevsky et al., 2011]. A numerical solution of the RTE in this regime is
achieved through Monte Carlo simulation which, contrarily to the diffusion approxima-
tion, makes no assumptions of directional broadening of photons or detection distance.
In other words, Monte Carlo simulations are accurate for highly absorbing media and
at very close distances from the source (< I}).
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In the first part of this work, we use a Monte Carlo simulation for multi-layered media
(MCML) which has been developed in our LISA laboratory [Rakotomanga et al., 2015].

These theoretical physical concepts pose the basis upon which quantitative optical
technologies are developed. The quantification of spectral imaging techniques, which
are the focus of this work, are described in the next Section [2.5

2.5 Spectral Imaging Methods

Spectral Imaging technology has arisen in the biomedical field as a powerful analytical
tool because of its capability in providing spectral information in a large field of view,
which considerably improves the accuracy and speed of clinical diagnosis. It integrates
imaging and spectroscopy to obtain simultaneously 2D spatial and spectral information
that are saved in the so called ‘3D-data cube’. This information goes beyond some
of the limits of conventional monochrome, RGB imaging or spectroscopy methods, as

summarized in Figure 2.15] [Li et al., 2013].

-
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Figure 2.15: Type of information and resolution provided by the different imaging and

spectroscopy techniques [Li et al., 2013].

Depending on the spectral resolution, Spectral Imaging can be categorized into Mul-
tispectral or Hyperspectral Imaging. Multispectral Imaging (MSI) uses less spectral
band numbers and thereby needs a shorter measurement time than Hyperspectral Imag-
ing (HSI). Thus, we focused on Multispectral Imaging technique.

2.5.1 Chosen Spectral Range

The possible spectrum for optical imaging lies in the UV-vis-IR. In this work, we have
chosen to work in the vis-NIR spectral range (470-880 nm) because it enables the detec-
tion of haemoglobin peaks at 545 and 575 nm to deduce oxygenation parameters. More-
over, it encompasses a fragment of the ‘spectral biological window’ in which melanin,
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haemoglobin and water absorptions are low and the detection of the baseline absorption
of skin, proper of the fiborus material, is possible (see Figure [2.10]).

2.5.2 Spectral Imaging Instrumentation

In the past decades, four different Spectral Imaging modalities, clearly described by
[Li et al., 2013] and illustrated in Figure have been developed. They are bound to
different speeds of spatial or spectral scanning.
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Figure 2.16: Different Spectral Imaging techniques [Li et al., 2013].

The Whiskbroom is the slowest technique since it makes use of punctual spectral
measurements that are scanned spatially through the sample. The Pushbroom is an
extended and faster version of the Whiskbroom in which a slit (and not a point) with
its corresponding spectral information, is spatially scanned through the sample. Spatial
scanning of the latter techniques should be well controlled and synchronized to obtain
a smooth image. This can be very difficult to achieve in an in-vivo measurement due to
motion artifacts. This is why these techniques are mostly used for ex-vivo microscopy.

The Staring is the most straightforward Multispectral Imaging modality in which
a monochrome large field of view image is acquired per illumination spectral band.
Several bands, which are selected and adapted to the application, are then used to build
up the ‘3D-data’ cube. In this case, patient movement can be corrected with a spatial
reference present in each monochrome image. Moreover, the integration time is adapted
to preserve a good dynamic range. Overall, this modality is the least complex.
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The Snapshot is the fastest imaging modality that acquires 3D data cubes in a single
exposure with no need of spatial or spectral scanning, unlike the previous modalities. 2D-
Images under white (or other combination of wavelengths) illumination are spectrally
decomposed to derive each pixel’s spectrum through a scanning mirror, an array of
lenses, and prisms that have to be well-aligned throughout a complicated manufacturing
procedure. Spatial and spectral information are recorded on individual CCD pixels,
meaning that the total number of voxels cannot exceed the number of CCD pixels.
Therefore, the overall possible spatial and spectral resolutions are smaller than those of
other modalities.

To achieve fast diagnosis of a large field of view, this work focuses on the staring MSI
technique that provides fast and good resolution of spatial and spectral information of
single pixels.

2.5.3 Quantification Problematic

To improve the accuracy of clinical diagnosis, the absolute quantification of optical pa-
rameters containing information of the biochemical and structural properties is desired.
A simple analysis of the spectral Reflectance provided by the multispectral images
can be achieved through the modified Law of Beer-Lambert (Equation for which
the optical density OD is expressed not only as a function of absorption, (recall Equation
but also of scattering of the medium it traverses.
Ih(N)

OD() = logio 7 55 =)+ €+ L= (N (2.10)

where:

e Ip(N) is the incident light

I(\) is the detected light as Diffuse Reflectance

€(A) is the A-dependent extinction coefficient of the absorbing molecule in the
medium

C' is the concentration of the absorbing molecule in the medium

L is the average optical pathlength from the point where photons enter the medium
and come out at the surface. It may be thought of as a ‘banana -shaped’ pathlength
between the source and detection points. L can be expressed in terms of the
source-detector distance SD and the Differential Pathlength Factor DPF through

Equation 2:11]

L=SD-DPF (2.11)

DPF indicates how many times the distance SD has been travelled by the detected
photons [Scholkmann et al., 2013]. According to the Diffusion Theory, it can be
demonstrated that the DPF depends on the absorption coefficient u, and the
reduced scattering coefficient p..

e [(A) is the scattering component that provokes light dispersion due to scattering.
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Staring MSI (refer to Section cannot provide with absolute quantification of op-
tical properties due to the use of non-punctual illumination with no spatial confinement
necessary for the determination of L. Hence, the effects of absorption and scattering
properties cannot be separated from the detected diffuse reflectance. This is the origin
of the so-called ‘non-uniqueness’ problem which states that for a given reflectance value,
an infinite number of possible u,-p), couples exists [Arridge et al., 1998]. Therefore, only
relative differences of a given optical property between different media can be derived
by making suppositions on the other optical property. For example, to obtain relative
absorption (or OD) contrast, two possible assumptions on the scattering property can
be made.

The first assumes the scattering coefficient p's (and related 8) to be the same in
both media, which allows to express their optical density difference AOD according to
Equation[2.12] Hence, it can then be said that AOD is proportional to the concentration
difference AC' of the molecule of interest (eg. haemoglobin).

AOD =¢-AC-L (2.12)

The second fixes the value of u scattering properties to derive a relative quantifi-
cation of p, absorption properties. Consequently, the absorption quantification error
depends on the accuracy of the fixed pu’.

Therefore, the scientific challenge of this work lies in the accurate quantification of
both optical properties on an image obtained with wide field MSI of a heterogeneous
medium (such as tissue) to improve the accuracy of clinical diagnosis.
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2.5.4 State of the Art according to the Quantification Problem-
atic

Various Multispectral Imaging (MSI) techniques have been developed to improve clinical
diagnosis in the last years. We here describe the most relevant works that have helped us
to develop the new technique. Table at the end of this Section provides an organized
summary of the advantages and disadvantages of the different techniques.

Narrow band imaging (NBI) is a form of MSI, first described by [Gono et al., 2004]
as an ‘electronic chromo-endoscopy’ technique. Indeed, NBI makes no use of pigments
but bases its principle on the invalidation of the red light waves and narrowing of
the blue and green spectral bands. The latter are strongly absorbed by haemoglobin
which enhances the detailed visualization of patterns in the surface of mucosa and
capillary structures (see Figure . This technique is widely used in cystoscopy
[Herr et al., 2011] and gastro-intestinal endoscopy of the colon [East et al., 2008], esoph-
agus [Yoshida et al., 2004] or oral mucosa ([Gono et al., 2003], [Yang et al., 2015]). Even
though, this technique improves visual perception of pathological tissue with respect to
white-light endoscopy, it achieves no quantification of optical properties. The diagnosis
is therefore still subjective as it mainly depends on the experience of the user.

540nm

Absorption

Hemoglobin
spectrum

300 400 500 600 700 800
Wavelength (nm)

Figure 2.17: Left: Absorption spectrum of haemoglobin. Right: Typical (a) white and
(b) narrow band endoscope images of squamous hyperplaisa [Yang et al., 2015].

Remarkable work has been done by |Bedard et al., 2013] who developed a non-
contact MSI technique under clinical conditions. The established instrument is a Snap-
shot Spectral Imager that acquires fast images of Reflectance and Autofluorescence
between 471-667 nm of a 3-5 cm? Field of View (FOV) of the oral cavity. The results
obtained (see Figure are limited to spectral intensity ratios and fluorescence spec-
tra which are not corrected from absorption distortions. In other words, the lack of
absolute quantification of optical properties limits the accuracy of the diagnosis.

Near-infrared (NIR) spectroscopy has been widely used to determine oxygenation-
dependent changes in melanin-free tissues. Quantification of these blood concentra-
tions has been achieved through the determination of the optical pathlength of water,
being the most significant absorber (apart from haemoglobin) in the NIR range (see
Figure. This methodology is used by [Gussakovsky et al., 2010] in NIR MSI to de-
termine the optical pathlength L which allows the derivation of myoglobin concentration
maps through the first derivative of the modified Beer-Lambert law (see Equation.
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True Color

Figure 2.18: Spectral Imaging from the lower lip used to visualize vasculature of different
sizes and depths |Bedard et al., 2013].

This is then used to derive an additional oxygenation quantitative map as shown in
Figure Nonetheless, this technique is restricted to the NIR range since the absorp-
tion or optical pathlength for water is negligible in the visible spectral range. Moreover,
the technique is not valid for skin since it is limited to melanin-less tissues.
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814 nm
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deoMb o

Figure 2.19: (A) Monochrome image of the heart sample; (B) Quantitative maps of
(water) optical pathlength; (C) Oxygenated and (D) Deoxygenated myoglobin concen-
trations (0-0.5mM); (E) Total myoglobin concentration (0-0.5mM); and (F) Oxygen
saturation range (0-1). [Gussakovsky et al., 2010].




28 2. Context

The principal limitation of homogeneous illumination (as mentioned in Section
is that optical properties cannot be discriminated from a single reflectance measurement.
Some groups, such as [Bjorgan et al., 2014, [Basiri et al., 2010], [Vogel et al., 2007] and
|[Zuzak et al., 2002] have therefore supposed a unique a-priori homogeneous scattering
property to obtain relative absorption wide field maps. A similar use of optical scatter-
ing specification to quantify absorption changes is done by |[Jacques et al., 2010] through
the supposition of tissue water content and scattering-dependent variables. However,
these techniques are limited by the accuracy of the scattering model and to homoge-
neous samples. As soon as some scattering heterogeneities exist, absolute absorption
estimation error undoubtedly increases. Moreover, the structural information difference
given by these scattering heterogeneities that carry valuable diagnosis information is
overlooked.

Several Whiskbroom Spectral Imaging setups, have been developed for in-vivo imag-
ing by |Bish et al., 2014] and [Yu et al., 2008 with a compromise between spatial reso-
lution and acquisition time. The techniques spatially scan punctual illumination all
throughout the sample. At each point, the diffuse reflectance at a single distance from
the source is measured through concentric fibres (see Figure .
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Figure 2.20: (a) Principle of Quantitative spectroscopic imaging. Green beams are
illumination and red are collection. (b) Instrument scheme. (c) Schematic of the optical

head of the fibre probe [Yu et al., 2008].
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Figure 2.21: Reduced scattering and haemoblogin maps of a Basal Cell Carcinoma.
Green and blue points illustrate the position of selected and analysed pixels having
different spectral responses [Bish et al., 2014].

This is equivalent to a scanning Diffuse Reflectance Spectroscopy (DRS) technique.
DRS technique is based on the spatial confinement of punctual illumination and diffuse
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reflectance detection that allows the estimation of the optical pathlength (see Figure[L.1]).
Hence, the optical properties can be separated and spatially quantified as 2D maps (see
Figure . However, to obtain a smooth ‘3D-data’ cube, this modality requires com-
plex control of the spatial scan and a considerable amount of time which is impractical
for clinical applications.

A Multiplexing optical fibre-based tool has been developed by [Nichols et al., 2015]
under contact modality for ex-vivo samples (see Figure . This technique corre-
sponds to a parallel whiskbroom scan that achieves optical properties quantification
maps (see Figure in a single go, largely reducing acquisition time. However, the
system is affected by contact modality limitations such as pressure-dependent coupling.
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Figure 2.22: Diagram of the Integrated System including a 7x7 grid of fiber optic chan-
nels, each of which is comprised of 8 illumination channels and a single central detection.

The 49 detection fibres are ordered in a linear array and imaged onto the CCD and spec-
trograph |Nichols et al., 2015].
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Figure 2.23: Absolute quantitative maps of reduced scattering coefficient and -carotene
concentration |[Nichols et al., 2015|.
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A completely new approach of wide field quantification, established in the spatial
frequency domain and designated as spatial frequency domain imaging (SFDI), has
been developed by |[Cuccia et al., 2009]. Figure depicts the basic Modulated Imag-
ing platform that is used, including the digital projector that modulates the different
illumination spatial frequencies.
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Figure 2.24: Modulated Imaging Instrument platform [Cuccia et al., 2009).

The Fourier transformation of the Diffusion Model derives an expression of diffuse
reflectance in terms of illumination spatial frequency. This model is compared to the
measurements of diffuse reflectance resulting from the different illumination spatial fre-
quencies to allow the discrimination and wide-field quantification of optical proper-
ties. Hence, maps of physiological properties in turbid media can be obtained (see

Figure [2.25)).

Absorption Map, M, Reduced Scattering
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1 0.08
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Figure 2.25: Optical property maps and derivation of oxygen saturation in in-vivo sam-
ples (|Gioux et al., 2011], [Cuccia et al., 2009]).

The advantages of this technique are many: quantitative scattering and absorption
coefficients, inspection of a large field of view, and fast measurement and signal process-
ing, facilitating its use under clinical conditions.

The spatial resolution of optical properties estimated with SFDI has been analyzed
by |Laughney et al., 2013] using phantoms with different sizes of inclusions. It was
shown that quantification of optical properties depended on the inclusion size. Inclusions
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had to present a scattering contrast of at least 28 % to achieve a resolution 1.25 mm.
Likewise, the absorption contrast had to be of at least 29%, to detect inclusions of 5
mm size. This gives an idea of the spatial resolution limit of SFDI.

The technique has also been investigated towards a depth resolution of quantified
optical properties ([Saager et al., 2011][Laughney et al., 2013][Burmeister et al., 2015]).
However, absolute quantitative estimation of optical properties at different depths has
not yet been achieved.
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In summary, the main challenges for optical techniques in the clinical domain include:
e The quantification of optical properties to improve the accuracy of the diagnosis.

e The consideration of a wide spatial field to optimally reduce the measurement
time of the region of interest.

e The non-invasive modality of the measurement.

Spectroscopy techniques are capable of quantifying optical properties but are limited
to a small region due to their punctual measurement modality. Conversely, Imaging
techniques cover a large field of view, reducing acquisition time but provide with a
non-quantitative analysis.

2.6 Proposition

To deal with the quantification problematic of Spectral Imaging described in Section|2.5.3
this thesis proposes to combine the quantification capacity of Diffuse Reflectance Spec-
troscopy (DRS) with the spatial wide field of view offered by the staring Multispectral
Imaging (MSI) system, to obtain wide field maps of quantitative scattering and absorp-
tion optical properties, in the Dual-Step technique.

On the one hand, we promote the use of a Non-Contact DRS instrumental setup to
perform quantitative and non-invasive measurements convenient for clinical application.
On the other hand, we choose the staring modality for the new developed MSI technique
because of the various advantages in speed and low complexity it gives for a simple proof
of concept.

Similar instrumental combinations have been already developed by [Zeng et al., 200§]
and [Kan, 2012] who built endoscopic techniques with wide field imaging and punctual
Diffuse, Raman and Fluorescence Spectroscopy to improve the sensitivity and specificity
of cancer diagnosis. The punctual DRS measurement is used to measure spectral re-
flectance differences of individual sites in the imaged field of view. However, no optical
property quantification maps are considered.

The principle of the Dual-Step technique that we propose goes a stage further with
the wide field MSI absorption quantification. The latter is based on estimations of com-
mon scattering properties, in specific zones of the imaged sample, with punctual DRS
measurements. These DRS estimated scattering coefficients are used to quantify absorp-
tion over the whole image. Contrarily to the techniques that suppose a single modelled
scattering coefficient and hinder the absolute quantification of absorption coefficient
(|Bjorgan et al., 2014], [Basiri et al., 2010], [Vogel et al., 2007],[Zuzak et al., 2002]), our
system intends to quantitatively estimate both absolute optical properties over a wide
field of view.

We describe the quantitative DRS technique in the next Chapter [3] and the MSI
technique in Chapter [5] The coupling of both into the proposed Dual-Step technique is
clearly outlined in Chapter [6]






Spatially Resolved Diffuse
Reflectance Spectroscopy

The Dual-Step technique that we develop in this work aims to provide wide-field quanti-
tative maps of scattering and absorption properties through non-contact measurements.
This allows to address speed (covering of a wide field), accuracy (absolute quantification
of optical parameters), and non-invasiveness (non-contact measurement of endogenous
contrast) which are remarkable benefits for clinical diagnosis.

Considering the quantification ability of Diffuse Reflectance Spectroscopy (DRSsr)
and the wide field covered by Multispectral Imaging (MSI), we propose a Dual-Step
technique coupling both approaches. The basic principle of the proposed technique
implicates the initial estimation of scattering with DRS, which consequently allows
absolute wide field quantification of absorption with MSI.

This Chapter focuses on the development of a non-contact modality of DRS to be
coupled with MST (refer to Chapter [5)) in the Dual-Step technique (Chapter @

Section [3.1] introduces the theoretical principles of DRS and the more accurate
spatially-resolved Diffuse Reflectance Spectroscopy (DRSsr) technique.

A pre-existing Contact DRSsr instrument, explained in Section poses the ref-
erence instrumental geometry and the quantification method we use. The new Non-
Contact DRSsr setups which are developed are directly compared to this reference Con-
tact DRSsr system for validation and rigorous quantitative performance evaluation. The
new developed DRSsr setups include the initial Non-Contact probe-based DRSsr and the
CCD-based Non-Contact DRSsr.

The initial probe-based Non-Contact DRSsr setup, used for the coupling in the Dual-
Step technique developed in this thesis, is fully described in Section

The CCD-based Non-Contact DRSsr setup (described in Section is developed
for the advantages it would offer in a perspective Dual-Step instrument integration. To
allow its use, the separation of illumination and detection paths is first tested with a
preliminary folded Non-Contact DRSsr setup.

The chain of optical components of the developed Non-Contact DRSsr setups pose
new methodological and instrumental challenges that have to be considered to allow
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quantification of optical properties (Section .

Methodological challenges arise because the optical components of the Non-Contact
setups spectrally alter signals and spatially extend the projection of rays. The latter
poses the biggest challenge for the quantification of optical properties (Section ,
which is thoroughly examined and overcome through an Adaptive Calibration Algorithm
ACA-Pro described in Chapter [4

The main instrumental distinction is the sensitivity of Non-Contact DRSsr to the
focal plane, which is quantified through optical properties estimation errors and corre-
sponding depth of field (DOF) (Section . As a matter of fact, the quantification
of scattering defines a convenient DOF of the initial Non-Contact DRSsr setup used in
the Dual-Step technique.

Section summarizes the characteristics and challenges posed by the developed
Non-Contact DRSsr setups.

3.1 Spatial Resolution of DRS for optical properties
quantification

Diffuse Reflectance Spectroscopy

Diffuse reflectance consists of photons that propagate into the tissue without be-
ing absorbed and that reach the surface after having experienced multiple scattering
(see Section 2.1.2). Diffuse Reflectance Spectroscopy (DRS) measures throughout the
spectrum this diffuse reflectance that depends on the tissue’s optical parameters of ab-
sorption pig(A) and reduced scattering gl ().

Some authors claim it is possible to decouple optical properties with the detection
of diffuse reflectance at a single distance. This is done with an extensive calibration of
the model proposed by [Zonios et al., 2006] or an iterative estimation process used by
[Palmer et al., 2006] (see Figure |3.1al).

The methodology proposed by [Zonios et al., 2011] develops a Diffusion model based
on experimental correction factors obtained through an extensive study of calibration
phantoms. Although straightforward, the model is constrained to the optical prop-
erties range used in the empirical study of phantoms. Moreover, the model is lim-
ited to haemoglobin as being the only absorber that contributes to the estimated
wavelength-dependent absorption coefficient. Other research groups [Yu et al., 2008]
and [Bish et al., 2014] rely on this model to obtain quantitative estimations.

[Palmer et al., 2006] introduces an iterative methodology that adjusts an initial pre-
diction of optical parameters. These input parameters are used to generate the mod-
elled reflectance to which the measured reflectance is compared. The free parameters
are iteratively updated until the error between model-measurement is minimized. The
convergence to a global minimum is ensured through the repetition of the process for
several randomly chosen starting optical parameters.

Diffuse Reflectance Spectroscopy with spatial resolution

Alternatively, Spatially Resolved DRS (DRSsr) improves the estimation accuracy
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Figure 3.1: DRS with single or multiple SDs for diffuse reflectance.

and dynamic range by detecting diffuse reflectance at numerous distances and using
those for which the optical parameters are most sensitive [Kim et al., 2010] (see Fi-
gure [3.1b)). This allows the use of a single phantom to calibrate the measured re-
flectance and requires no extensive iterative procedure. Indeed, it is known that dif-
fuse reflectance signals close and far from the light source have different sensitivities
to the medium’s optical properties. For instance, at distances smaller than one trans-
port length Iy = 1/(pq + ), reflectance strongly depends on the scattering prop-
erties, phase function, and anisotropy factor but is weakly conditioned by absorp-
tion ([Venugopalan et al., 1998], [Bevilacqua, 1998],[Bays et al., 1996]). On the con-
trary, larger distances ( > 5l ) measure a reflectance that has a high dependence on ab-
sorption and minimal dependence on scattering interactions [Venugopalan et al., 1998].

The use of the different detection distances allow a precise separation of absorption
and scattering contributions to the measured reflectance and thus, absolute quantifica-
tion of optical properties.

These principles build the foundation of DRSsr, for which measurements of diffuse
reflectance are taken at various identified distances from the source and calibrated from
the instrumental effect to separate and quantitatively determine absolute optical prop-
erties.

This thesis is therefore based on the DRSsr technique to optimally quantify optical
properties.
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3.2 Existing Contact DRSsr system

A well-established Contact DRSsr system has been developed in the last years at the
Laboratory of Imaging and Acquisition Systems (LISA) of the CEA-LETI. This instru-
ment is capable of determining optical properties of absorption and scattering of a small
volume through contact punctual measurements in the spectral range 470-880 nm.

The applications it has been used for, cover a large range of topics: analysis of
skin irritation induced by the tuberculosis test [Koenig et al., 2013], measurement of
haemoglobin to aid the diagnosis of anemia, deduction of skin ageing |[Roig et al., 2013],
and skin complexion [Planat-Chrétien et al., 2016 for cosmetology. Figure shows
an example of the instrumental setup for comfortable in-vivo measurement of skin in-
flammation to aid the diagnosis of tuberculosis.

Figure 3.2: Optical Setup installed at the hospital for in-vivo skin measurements
|[Koenig et al., 2013].

The existing DRSsr technique operating under contact conditions, is the foundation
of the DRSsr systems developed in the context of this thesis. This Section describes in
detail the Contact DRSsr instrument and related analysis method that fix the frame-
work of geometrical instrumental dimensions (Section and methodology procedure
(Section [3.2.4)) for the developed Non-Contact DRSsr systems described in the next Sec-
tions [B.3] and B4

3.2.1 Instrumental Setup

Figure [3.3] schematically illustrates the contact measurement setup and the distal end of
the Contact DRSsr probe. A Tungsten Halogen (T-H) Lamp HL2000 Ocean Optics is
used as the illumination source. The spectrometer detector used is the QE65000 from
Ocean Optics which is cooled down to -15°C to reduce dark noise.

Light from the source follows two paths. The first enables a direct measurement of
the illumination spectrum. The second conducts light to the sample through the central
illumination / excitation fibre of the probe. Resulting diffuse reflectance is measured
by the same probe featuring concentric detection fibres at 6 different distances D from
the central excitation fibre (source-detector distances SD), ranging from 300- 2488 pm
centre-to-centre (see Figure. These detection fibre rings are referred to as F'6 — F'1,
with F'6 and F'1 being the closest (D6) and furthest (D1) ring, respectively, from the
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Proximal end of probe

GD Spectrometer

Translation stage

Distal end of
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Figure 3.4: Distal end of the measuring probe according to Figure Dimensions are
given in mm.
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central Excitation fibre E. Correspondingly, the general reflectance signal S measured
by the fibres are referred to as S6 — S1 and Ssource is the source signal injected by the
fibre F.

The diameters (with no fibre coating) of the excitation fibre E and detection fibres
F1 — F6 are 500 um and 100 pm, respectively (see Figure . The seven detection
fibres of each concentric ring are grouped into a single fibre bundle at the proximal
end of the probe (see Figure . The six fibre bundles, appertaining to individual
concentric ring groups F'1 — F'6, are arranged in a line together with the fibre directly
connected to the source through the first path. Figure shows the arrangement of the
fibres at the proximal end to allow a step-wise measurement of each SD signal by the
spectrometer.

, 4.5mm i
EYXXXYX
E F6 F5 F4 F3 F2 F1

Figure 3.5: Arrangement of fibres at the proximal end of the probe.

The motorized translation table positions the individual fibre bundles (SDs) in front
of a slit (see zoom of Figure. For each position, the signal is transmitted to the spec-
trometer through the slit. In this way, the spectrometer measures the diffuse reflectance
at all SD distances individually and sequentially (see Figure .

3.2.2 Measurement Procedure

Before taking measurements, a geometrical alignment process is performed. This con-
sists in finding the positions of the motor for which the center of each fibre bundle (see
Figure is aligned in front of the slit. To do so, a lambertian reflecting white material
is placed around the probe, as shown in Figure Light from the source F is conse-
quently reflected onto fibres F'6 — F'1 with similar intensity. The intensity is constantly
measured by the spectrometer whilst the slit-motor sweeps all distances of the proximal
end of the probe. The maximal detected signal determines the centre position of each
fibre bundle that are saved into a position file and fixed all throughout the experiment.

After fixing the motor positions that align the center of the fibre bundles with the
slit, DRSsr measurements are acquired by placing the probe in contact with the sam-
ple/phantom. The container of the phantom (see Figure is large enough to ensure
that no parasite reflections from its walls pollute the measurements at its centre. No
significant difference is noticed in the measurements when the probe, inside the phan-
tom, is inclined or moved slightly around the centre of the container. We supposed that
the intralipid phantoms are overall homogeneous. As studied by [Foschum et al., 2015],
this supposition is only valid if the fresh phantoms are uniformly shaken to avoid the
formation of superficial cream layer having different optical properties. Therefore, in our
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probe

(a) (b)

Figure 3.6: (a) Lambertian material surrounding the probe for geometrical calibration
(b) Intralipid phantom in container of 5 ¢m in diameter and 8 ¢m in height.

measurement protocol, a manual positioning of the probe inside the shaken phantom
is enough. Yet, special attention is required to ensure that no air bubbles are present
between the probe and the phantom that alter the coupling (through the refractive
index n) and deteriorate measurements.

Integration time ¢ of each signal S1 — S6 is adapted to the dynamic range of the
spectrometer. Figure[3.7a]shows an example of the signals S1— .56 measured by F6— F'1
bundles and the first illumination path arranged at the proximal end of the probe.
Measurements are taken on a phantom having g theo = 0.4 em™' at 600 nm and
ILipheo =1 % (p;)theo =13.5 em~! at 600 nm according to Equation .
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Figure 3.7: (a) Raw signals S appertaining to fibre bundles F1 — F'6 and Sgoyrce. For
S1 — S5t =1200 ms, for S6 t =400 ms, and for Ssource t =10 ms. The measured
phantom has fig theo = 0.4 em™! at 600 nm and ILipe, = 1%. (b) Instrumental offset

Soffset~
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Constant ambient darkness conditions are kept all throughout the procedure. Offset
measurements for each fibre ring (F'1 — F'6) are taken with no source signal at the same
t and denominated Sy fset (see Figure [3.7D)).

3.2.3 Signal Processing

Signal processing is performed in two steps. First, the raw reflectance signal S is cor-
rected from the additive offset signal S, 5.+ and scaled according to the integration time
t (see Equation . Figure shows an example of the resulting corrected signals S,
and Se source 00 the working spectral range 470-880 nm.

S — Soffset Ssource - Soffset
Sc = — t 5 Sc,source = n (31)
—F1
60 —F2 25
—F3 [
50 ——F4 3!
40 - o)
—_ o
2 F6 £ 15}
S Source E
8 30 o
vo E 1
(%) 20 0")2
0 1 L | ee—— 0 1 I 1 1
500 600 700 800 500 B0 Fo0 800
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Figure 3.8: (a) S. and S¢ source signals resulting from offset subtraction and ¢ scaling.
(b) Sn signals obtained by normalizing S. with S¢ source-

Subsequently, the spectral temporal variations of the source and the constant spec-
trometer detector response are corrected. To do so, S. from F1 — F6 are normalized
from the source excitation measurement S¢ source deriving the normalized signal Sy (see
Equation [3.2). Sy is illustrated in Figure [3.8b]

Sy = _Se (3.2)

SC,SOUT’C@
Note that the measured fluctuations of the source (see Figure(3.9)), corrected through
Equation remain small. Average relative errors are lower than 1.5% for periods of
about 7 hours.
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Figure 3.9: Maximum relative error calculated with several measurements of source
intensity during 7 hours.

3.2.4 Method for the Derivation of Optical Properties

Optical properties are derived from a comparison between a modelled reflectance from
a medium, with a wide range of known optical properties, and the calibrated mea-
sured reflectance (see Figure . The modelled reflectance is determined with the
forward model through the solution of the radiative transport equation RTE (refer to
Section . The inverse model is in charge of fitting the reflectance measurements
to the reflectance model, i.e., finding the modelled reflectance value which better cor-
responds to the measured reflectance. Thereby, the optical properties of the chosen
modelled reflectance value are the estimated optical properties fi, and fi}, of the mea-
sured sample.

Measured Modelled i ! ~

Reflectance Reflectance .

Calibration S| Minimization Estimation 9pt|cal
Properties

o~

| | .
™~

a

Figure 3.10: General stages for the determination of optical properties.

In the following Paragraphs, we explain in detail the forward model, the instrumental
calibration procedure of measurements, and the inverse model that we have used for
fitting to estimate optical properties.
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Forward model: Monte Carlo Stmulation

A Monte Carlo simulation is used as a solution of the radiative transfer equation
(RTE) (see Section because it is valid for the highly absorbing samples we use and
at the very close SD distances (D6, D5, and D4), which are smaller than the typical
value of I, = 1 mm in biological tissue.

The Monte Carlo simulation we use models photons reaching the medium’s surface
with no inclination angle, travelling through the semi-infinite medium and measured
back at the surface as reflectance, under contact conditions. The geometrical features
of the simulation correspond to the Contact DRSsr probe according to Figure |3.4] and
the numerical aperture 0.22 of the illumination and detection fibres. The range of
optical properties considered in the simulated medium is j, € [0.05,25]cm ™t and s €
[10,400]cm ™! covering that proper to all evaluated phantoms and skin measurements.
The original step size of the LUT is reduced to 0.2 em ™! for u, and 0.01 cm ™! for p,, to
reduce the numerical error due to sampling and improve the estimation precision (refer
to Appendix .

A constant anisotropy factor g = 0.8 throughout the spectrum is used and its wave-
length dependence is considered in a further scaling procedure, as described further.
The refraction index of the refraction medium n, is set to 1.37, proper of skin (see
Section . The refraction index of the incident medium n; is set to that of silica
(material of the probe) and equal to 1.45.

The resulting simulated reflectance REUT is saved under a look up table (LUT)
which is used for comparison and data fitting with the measured normalized signal
Sy. Figure 3.11] summarizes the forward model for which the Monte Carlo simulation
calculates RYT according to the considered parameters: jiq, jts, and SD distance
(D1 — D6).

RLUT
3
x 10 . . )

T .« D6

U, €[0.05,25]cm=t \ 7 ! I { [ g
c ¢ o - >
Mg €[10,400]em™ « Mmc I v
g=08 - | simulation E . o el
A R
n, =133, n;= 145 e
-

200
s (Cmﬂl)

HQ (077‘1 \I) 0 100

Figure 3.11: RXUT built from Monte Carlo simulated reflectance for a given range of 1,
and pg.

Before fitting measured reflectance to R“U?'| it has to be calibrated from the instru-
mental effect as explained in the next Paragraph.
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Instrumental calibration

The multiplicative instrumental effect on the detected signals includes the response
functions of individual components, such as fibres or spectrometer detector response,
and the emission spectrum of the source. The existing method corrects the normalized
signal measurements Sy from the constant instrumental multiplicative effect through a
calibration signal Sy s, measured on a reference phantom for which optical properties
are known. This method is valid only if the measured reflectance signal S and S;.f of
unknown and reference phantoms, respectively, are taken under the same instrumental
conditions, meaning that the instrumental effect remains constant between the two
measurements.

To derive the correction factor CF for instrumental calibration, the simulated re-

flectance corresponding to the reference phantom ngT is needed. ngT is derived from

REUT with the reference optical properties Ha,ref and pig rer which are the theoretical

properties fiq theo and fis theo, respectively, of the reference phantoms (refer to Section
) at a given wavelength \. Figure depicts the determination of ngcT.

Reference phantom

N

Measurement of %IL
absorbance A " ref

v y
l /N
Ha, ref (A) Ms,mf (A) g (}‘)
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RLUT% gA) =03

|

R

Figure 3.12: Derivation of Rfe[}T from the Monte Carlo simulation.

Knowing Rfe[}T, the correction factor C'F is derived according to Equation
RLUT

ref (3.3)

CF =
SN,ref

CF is calculated for each wavelength A and source detector distance of rings F'6— F'1.
CF considers the discrepancy between measured and modelled reflectance, including not
only the model approximation but also the multiplicative instrumental effect like the
spectral response function of fibres and the inequality in simulated and experimental
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source power. Figure depicts an example of a C'F' calculated with a reference
phantom having reference optical properties fiq rer = 0.4 em™! at 600 nm and IL,. F=

1%.

500 500 700 800
nm

Figure 3.13: Correction Factor C'F used for the instrumental calibration.

Notice that the CF of the closest fibre F6, being the most sensitive to the scattering
effect, is the most different. This is most probably related to the scattering Mie theory
approximation error at larger wavelengths, discussed further in Section [3.2.6]

To calibrate Sy from the instrumental setup, the product with C'F' is computed
according to Equation which results in the corrected measured reflectance Rop.

Rep =Sy -CF (3.4)

Fitting procedure with inverse model

The calibrated measured reflectance Ro is fitted to REUT to estimate the unknown
optical properties at each wavelength \. For this purpose, the difference A is calcu-
lated between Rop (at each \) and all REUT for different distances D according to

Equation [3:5}

A(,Udaa ,Ufs) = RLUT(Uav ,Uds) — Reor (35)
The Eucledian Norm of A; Angrm, is then obtained according to Equation [3.6]

2
Aot ) = || 3 | AG10. 1) (3.6)

Si

where S; € S3 — 56 for ps estimation and S; € S1 — S5 for p, estimation. These
signals S are chosen according to the sensitivity degree to p, and us of the different SD
distances D (see Section and Figure |3.14).
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Figure 3.14: Use of S1 — S5 for the estimation of u, and S3 — 56 for the estimation of
Hs-

The inverse model finds the minimum Eucledian distance Aoy, value to initially
estimate ps. A further minimization of Apoppy is then performed for the established g
to estimate .

Scaling procedure: Derivation of 1,

As mentioned in Section the anisotropy factor g depends on the wavelength A
and is estimated according to [Van Staveren et al., 1991] asg = 1.1 — (0.58 - 1073) X
for intralipid - based phantoms. To consider this wavelength dependence, the refer-
ence fs res and estimated fz; scattering coefficients, of reference and tested phantoms,
respectively, are corrected from the constant g = 0.8 considered in the Monte Carlo
simulation, as shown in Equations [3.7 and

Nl f
i _ _Fsref 3.7
Hs MO = 0 ) (3.7)
1l = psre - (1—0.8) (3.8)

This correction strategy allows to derive simulated values with varying g using the
single Monte Carlo simulation with a fixed g = 0.8.

Figure shows a flowchart that summarizes the whole method of optical prop-
erties estimations from Contact DRSsr measurements of unknown and reference phan-
toms. Keep in mind that we use unknown phantoms with theoretical optical properties
(u;theo, Ha.theo) to demonstrate the performance of the technique.
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Figure 3.15: Existing DRSsr methodology for the estimation of optical properties at
each wavelength A.
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3.2.5 Results

Figure shows an example of estimation of an unknown phantom with ft4 theo = 0.4 cm™
at 580 nm and ILjpe, = 1.5% with a reference phantom having Haref = 0.2 em~ 1 at
580 nm and I L.y = 1.5%. For this example, the approximate relative error is 1.1% and

1

5.6% for ,ul and (i, estimations, respectively. These define the reference range of estima-
tion errors for the developed Non-Contact DRSsr setups explained further in Sections

B3 and 34
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Figure 3.16: Optical properties estimation of a tested phantom with ji4 theo = 0.4 cm™!
at 580 nm and ILspeo, = 1.5% with a reference calibration having g ey = 0.2 em~ 1 at
580 nm and IL,cr = 1.5%.

3.2.6 Limitations of current method

This reference-based methodology obtains good optical properties estimations when the
unknown and reference optical properties are close. However, the more the unknown
optical properties differ from the reference’s, the more is the estimation degraded. This
is directly related to the non-constant deviation between real measurements Sy .y and
the model RTLeL]ﬁT which is not corrected by the CF. Several reasons may explain this
deviation, such as: the limitations of the intralipid scattering model, the cross-talk
between optical properties, and the inaccurate definition of the refraction index value.

Intralipid scattering model

The used scattering-intralipid model of [Van Staveren et al., 1991] (see Equation[2.7),
which follows the Mie theory, approximates the real scattering properties of intralipid
suspensions. This approximation like other (eg. [Mourant et al., 1997]) have accuracy
limitations. In other words, there exists a model-related error in the establishment of the
reference scattering properties ,u"we ¢ and thus on the correction factor C'F. This error

is then carried on towards the scattering estimation ;T’S of unknown phantoms. Thereby,
the larger the scattering difference between reference and unknown phantoms, the higher
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the estimation error is. Moreover, the scattering estimation error is transmitted to the
absorption estimation through cross-talk, as explained in the next Paragraph.

Cross-talk

Due to the scattering model approximation error, the degradation of both opti-
cal properties is higher when the scattering difference between the reference and the
unknown phantoms is too large. An example is shown in Figure [3.17] with unknown
phantoms having different I Lipe, = 0.5, 1,2, 3% and common pig theo = 1 em~1 at 600
nm calibrated with a reference phantom having IL,.; = 1% and Ha,rer = 0.4 em~ L at
600 nm. It is seen that the further the difference between reference and unknown, the
higher the degradation of p!, and thereby of u, estimation (eg. ILipeo = 3%) is. It is
clear that a bad estimation of u induces a cross-talk error on the estimation of p.

Notice that the p, estimation of the least scattering phantom (IL0.5%) is highly de-
viated because of the accuracy degradation of the forward model at these low scattering
values.

Overall, it is clear that with no scattering difference, the method achieves the best
estimation in both optical properties (eg. ILipeo = 1%).

B0 —IL1% 2 —IL1%
IL2% IL 7%,
50 P —IL3% —IL3%
ILO 5% 15 L0 5%
TICITTTRI VAN

0 500 600 700 &00 500 G600 700 800
nm nm
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Figure 3.17: Estimation of (a) ZLTS of phantoms having different u’s)theo proper of
ILipeo = 0.5, 1, 2, 3 % (dotted lines) and (b) f1, of the same phantoms having common
Ha,theo=1 em™ ! at 600 nm (dotted line). The reference phantom used for instrumental
calibration has I'L,.; = 1% and g4 e = 0.4 em™" at 600 nm.
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Refraction index

An additional source of error originates from the Monte Carlo simulated medium’s
refractive index n. Not only is it fixed for all A, but it is also considered to be 1.37
proper of tissue instead of 1.33, proper of water-based intralipid phantoms.

The influence of n on the estimation of optical properties has been studied by
|[Foschum et al., 2011] and is presented in Figure
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Figure 3.18: Relative error of optical properties estimation assuming a wrong refractive
index [Foschum et al., 2011].

The study showed that if n is assumed higher than what it should be (in our case
n=1.37 instead of 1.33 and stable throughout the spectrum), p, is overestimated and
subject to a relative error smaller than 2%. Recall from Section that p!. depends
on n. Therefore it is more affected by the wrong assumption of n causing an absolute
relative error of 5%, in this case. In our method, and as mentioned in the previous
paragraphs, the estimation errors of both optical properties increase with the scattering
difference between reference and unknown phantoms.

Overall, it is seen that all the described sources of error between the measured and
modelled reflectance are overcome with the use of a reference phantom having close
scattering properties to the unknown phantom (see Figure. This is the foundation
upon which we propose a scattering-based Adaptive Calibration Algorithm (ACA-Pro)
which is further explained in Chapter [



52 3. Spatially Resolved Diffuse Reflectance Spectroscopy

3.3 Non-contact probe-based DRSsr

The Dual-Step technique that we develop in this work, couples Multispectral Imaging
(MSI) with a non-contact modality of the DRSsr technique. This Section focuses on the
development of the Non-Contact DRSsr system.

We adopt the non-contact measurement modality of the DRSsr technique because
it provides many advantages in the clinical environment with respect to the contact
modality:

e Measurements of sensitive samples such as injured or infected tissues are com-
plicated and sometimes not even possible with a contact probe. Adversely, non-
contact measurements are completely non-invasive and therefore sterile, allowing
measurements of these vulnerable samples.

e Coupling variations due to probe positioning that determine different pressures on
the sample have an effect in contact modality measurements that directly influence
the estimation of optical properties [Nichols et al., 2015]. Repeatability of the
measurement procedure is subject to the user handling of the probe. This is
completely avoided by the non-contact modality in which no pressure dependence
exists in the measurements.

e The use of optics in a non-contact setup provides higher flexibility in the choice
of geometrical dimensions of the projected illumination beam and thereby the
volumes that the detected reflectance inspects.

However, in non-contact systems other challenges, non-existent in the contact mo-
dality of DRSsr, arise.

For instance, the dramatic widening of the illumination projected beam originated
by the optical components of the Non-Contact DRSsr setup, challenges the estimation
of optical properties. Moreover, the spectral effects of the components, such as parasite
reflections and the multiplicative instrument response function, should be considered.
These effects are further analysed in Section [3.5.1]

Besides, Non-Contact DRSsr systems are sensitive to the focus procedure. Samples
should be at the focus plane to acquire robust measurements. In Section we char-
acterize the non-contact system’s focusing sensitivity according to the error in optical
properties estimations with which a depth of field is defined.

To develop the Non-Contact DRSsr instrumental setups, the reference geometrical
dimensions of the well-established Contact DRSsr, described in the previous Section
3.2.1] are considered. This is done to ensure that the same sample volume is inspected
and signals are analysed with the same Monte Carlo LUT. This facilitates direct com-
parison to allow the accurate validation of the new Non-Contact setup.

In this Section, we focus on the initial Non-contact probe-based DRSsr, which is
integrated in the Dual-Step technique that we develop. Section [3.3.1] introduces the
instrumental setup built according to the geometrical design of Contact DRSsr. Sec-
tions and describe the geometrical and spectral effects, respectively, that the
optical component chain has on the signals. According to the new constraints of the
initial Non-Contact DRSsr system, the measurement procedure, described in Section
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is followed, and the corresponding signal processing, described in Section is
employed.

3.3.1 Instrumental Setup

As mentioned before, the various Non-Contact DRSsr setups that have been built intend
to preserve the geometrical dimensions of the Contact DRSsr instrument, described in
the previous Section [3.2.1] This important geometrical constrain was abided to directly
relate non-contact measurements to the same Monte Carlo simulation R*U7 that consid-
ers the geometrical dimensions of the real Contact DRSsr setup. Furthermore, it ensures
that the same volume of the measured sample is inspected with both systems, which
facilitates direct comparison of signals and validation of the developed Non-Contact
DRSsr.

According to this, we have verified that the Non-Contact DRSsr system ensures
a magnification of the detection and illumination paths equal to 1 (data not shown).
Moreover, no inclination angle of projections is considered to approach the perpendicular
injection and detection of photons with respect to the surface of the sample considered
by the Monte Carlo simulation.

The initial Non-Contact DRSsr setup that was built is shown in Figure [3.19] The
system consists of the same Contact DRSsr setup described in Section [3:2] with an
additional achromatic doublet pair placed between the probe and the sample.

Spectrometer

Doublet pair

Figure 3.19: Initial Non-contact probe DRSsr setup

The focal distance of the doublets is chosen to be the same to guarantee magnifica-
tion equal to 1 at a convenient focal distance of 100 mm from the sample. To fix the
probe at the focal distance from the doublet pair, a framework with black Delrin (poly-
oxymethylene) has been manufactured to hold fast both components (see Figure .

The framework is positioned parallel to the sample to promote the perpendicular
projection between the sample surface and the probe.
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Figure 3.20: Framework to fix the probe and the doublet pair

3.3.2 Geometrical alteration induced by the optical path

To ensure that the size of the illumination and detection beams projected through the
non-contact system are the same to that of the contact probe, the geometrical deviation
with respect to the Monte Carlo model should be negligible. The latter is defined as
geometrical alteration or change in the rest of this document. This geometrical alteration
mainly originates from the doublet pair effect.

The following Paragraphs explain how we measured geometrical changes both on the
detection and the illumination paths.

Detection path

To measure the geometrical alteration on the detection path, all detection fibres are
illuminated with an extra lamp. A CCD camera (with pixel size=9.9 um) is centered at
the object plane as shown in Figure to visualize the projection of the illuminated
fibres. The acquired image is shown in Figure [3.22

T-HLamp Extra Lamp

Doublet pair
f=100mm

Figure 3.21: Setup used to measure the geometrical alteration effect of the doublet pair
in the detection path of the initial Non-Contact DRSsr setup.
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Figure 3.22: Measurement of the geometrical alteration effect caused by the doublet
pair, with the setup shown in Figure

In Figure the probe’s measured dimensions (related to the contact measure-
ments) are shown in dark yellow, whilst the blue circles follow the center of the fibres
appertaining to each ring in the non-contact projected image, affected by the doublet’s
geometrical aberration. The maximal geometrical change is present at the last fibre
ring F'1 (last blue circle) and is measured to be no more than 80 pm. This means that
non-contact S1 is measured 80 pm further from the source than S1 acquired with the
contact modality. F'2 is also affected by a geometrical alteration of 60 pm.

These alterations are considered imperceptible since they have a negligible effect
on the quantification of optical properties. Therefore, their correction has not been
considered.

lllumination path

The projected illumination beam at the object plane is spatially spread by the dou-
blet pair. To determine this elongation, the projected spatial illumination profile is
measured with the setup shown in Figure [3.23

The illumination projected point is placed at a side of the image as shown in Fi-
gureto maximize the measurement distance along the horizontal profile (green line).
By taking images with several increasing integration time ¢ values, all distances from
the central point of the horizontal profile can be measured inside the dynamic range of
the 12-bit CCD (see Figure . We verified that blooming at nearby pixels did not
occur and that detectable signals increased linearly with time despite pixel saturation
at close distances.

Hence, through the selection of the detectable signal at each integration time t, the
entire illumination profile at all distances can be recovered. This strategy is also used by
other groups such as [Jacques et al., 1993], [Bolt et al., 1993] and |[Foschum et al., 2011].
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Doublet pair
f=100mm

Figure 3.23: Setup used to measure the spatial profile of the projected illumination
beam at the object plane of the initial Non-Contact DRSsr setup.

Figure 3.24: Image of the projected illumination beam at the object plane, obtained

with the setup of Figure The considered horizontal profile is illustrated with the
green line.
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Figure 3.25: Horizontal x-profile of the image shown in Figure taken with different
integration times ¢. Signals have been previously corrected from the instrumental offset
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For this, only non-saturated average intensities with a signal higher than the limit
of detection LOD (see Equation [3.9) are selected.

LOD =3- Oof fset (3.9)

where 0,7set is the standard deviation of the offset signal at the corresponding
integration time t.

Selected intensities are then scaled according to ¢ and combined to reconstruct the
illumination beam profile up to 2.8 mm. The normalized horizontal profile of the initial
Non-Contact DRSsr system is shown in Figure [3.26
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Figure 3.26: Horizontal illumination profile of the initial Non-Contact DRSsr setup.
The theoretical radius of the excitation fibre £ and D1 — D6 distances used in the
Contact DRSsr Monte Carlo simulation are defined.

It is clear that the projected beam of the Non-Contact DRSsr setup does not have
an accurate radius of 250 pum, as that of the Monte Carlo excitation fibre, and extends
far beyond D6. Indeed, the illumination signal reaching D6 is comparable to that of
the center of the illumination beam (denominated Bc at the origin), being ~ 1072 Be.
The intensity at D5 is ~ 1073 B¢ and lower at D4 — D1.

This illumination profile extension poses the most important challenge for the esti-
mation of optical properties with the Monte Carlo simulation used which considers the
Contact DRSsr illumination profile. A more detailed explanation of this effect is given

in Section B.5.11



58 3. Spatially Resolved Diffuse Reflectance Spectroscopy

3.3.3 Spectral effect of components on signals

The additional doublet pair also has a spectral effect on the signals. These effects include
the additive parasite reflections of the doublet pair and the constant multiplicative
instrument response function which are briefly explained in the following Paragraphs.

Parasite Reflections

In the initial Non-Contact DRSsr setup, the achromatic doublet pair is part of both
illumination and detection paths. Therefore, direct parasite reflections from the illumi-
nation pollute the detected signal. The doublet pair that is used has an anti-reflection
coating ensuring optimal transmission between 400-700 nm. Parasite reflections conse-
quently arise after 700 nm. To measure them, no object is placed at the object plane
and a black absorbing cloth is disposed far from the focal plane to fully absorb the illu-
mination signal that goes through the system and ensure no reflection back (see Figure
. This allows only parasite reflections from the doublet pair to be detected.

Spectrometer

| Parasite Reflections

Figure 3.27: Setup used to measure parasite reflections originated at the doublet pair.

An example of the measured parasite reflection signal is shown in Figure [3.2§
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Figure 3.28: Parasite Reflection of the doublet pair Spurasite measured by all fibre rings
at an integration time t = 3 s for F'1 — F'5 and t = 1.5 s for F6.

Reflectance measurements are then corrected from these parasite reflections as ex-
plained further in Section |3.3.5
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Constant Multiplicative Effect: Instrument Response Function

The constant multiplicative modification of the reflectance signal by the different
components is described by its instrument response function (IRF). The spectral IRF
is calculated from the ratio between the measurement of a signal before and after going
through the components.

During the IRF measurements, we realized that the entrance angle of the beam
on the spectrometer fibre had an effect on the spectral measurement. This is most
probably due to the wavelength dependence of the fiber numerical aperture as studied
by [Kersten et al., 1982]. To cancel this angle dependence, we placed a lambertian
diffusor at the entrance of the spectrometer fibre. Figure [3.29]illustrates the setups used
to derive the IRF of the doublet pair, shown in Figure [3.30
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Figure 3.29: Setup describing the measurement of the illumination beam (a) before and
(b) after being transmitted through the doublet pair.
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Figure 3.30: Normalized measured IRF of the doublet pair transmission.

Measured signals are corrected from this multiplicative IRF as explained further in
Section [3.3.5]
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3.3.4 Measurement Procedure

Before measurement acquisition of any sample, the focal plane of the sample’s surface
is found according to the focusing protocol described further in Section [3.5.2

Once the sample is focused, S, Ssources Sparasite; ad Soffser are acquired under
the same ambient darkness conditions and with constant integration time ¢. For each
concentric fibre measurement, ¢ is adjusted to the signal intensity and dynamic range
of the spectrometer. Generally, S1 — S5 are taken at the same ¢, whilst S6 is taken at
a lower t to avoid saturation.

3.3.5 Signal Processing

Raw signals S1 — S6 are corrected from the offset and scaled with the integration time
t according to Equation to obtain S, and Sc source. Temporal source variations are
also considered by using Sy derived from Equation [3.11

Se

_ S — Soffset S _ Ssource - Soffset (310)
n ) c,source P

Sy = _Se (3.11)

SC,SOUT‘CG

Moreover, the correction of the doublet pair’s parasite reflections and multiplicative
instrument response function has to be considered. The following Paragraphs explain
each of these corrections.

Additive effect: Parasite Reflections

Normalized signals have to be corrected from the additive parasite reflections of the
achromatic doublet pair. These are measured as described previously, corrected from
the instrumental offset, scaled with the integration time ¢ and corrected from source
variations to obtain Sy perasite (see Equation .

(Sparasite - Soffset)/t

Sc,source

SN,parasite = (312)

The final signal S, corrected from the doublet pair parasite reflection, is obtained
through a simple subtraction of Sy parasite from Sy, according to Equation

SF = SN - SN,parasite (313)

Multiplicative effect: IRF

To recover the spectral signal reaching the sample and diffusing back to its sur-
face, the illumination and detection paths’ IRFs (IRF;; and IRFy.;) are considered
separately. Figure illustrates the effect of the doublet pair IRF (IRFp4r) on the
illumination signal, when reaching the surface of the sample, and on the resulting re-
flectance, when reaching the detection fibres.
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Probe
SF = Ssample - OTF pair | Sc,source
IRF gy |
Ssample | Ssource,sample = Sc,source - IRF pair
‘ Sample ‘

Figure 3.31: Multiplicative effect of the doublet pair IRF on the signals going through
the initial Non-Contact DRSsr setup.

To derive the illumination signal reaching the sample, Sgource,sample, the measured
source signal S¢ source is multiplied by IRFyq: = I RFyy;, according to Equation

Ssource,sample = Sc,source . IRFill (314)

Analogously, to recover the reflectance signal resulting at the sample’s surface be-
fore it goes through the doublet pair, Sgumpie, the measured S is divided by the
IRF,qir = IRFge according to Equation

SF
Ssam e —
¢ TRFye

Ssample corresponds to the reflectance of the sample derived after correction of the
parasite reflections, source variations and IRF of the doublet pair. This is the signal
to be calibrated and fitted to R“YT to recover the optical parameters of the unknown
sample, as explained in the next Section [3.5.1

(3.15)



62 3. Spatially Resolved Diffuse Reflectance Spectroscopy

3.4 Non-Contact CCD-based DRSsr

As a validation stage, the Dual-Step technique that we develop in this work makes
use of a probe-base Non-Contact DRSsr setup (described in the previous Section .
Yet, we explored the use of a more advanced CCD-based Non-Contact DRSsr setup. A
perspective improved stage of the Dual-Step technique, would consider the use of this
CCD-based DRSsr setup for the various advantages it offers with respect to probe-based
DRSsr setups.

Firstly, the use of a CCD detector allows the online visualization of the sample
surface, which is not possible with a fibered probe. This valuable information not only
facilitates focusing of the illumination beam on the sample, but also aids the analysis of
the surface heterogeneities in biological samples. For instance, skin corrugations which
alter the diffuse reflectance measurements are clearly seen on the images acquired with
the CCD.

Secondly, the higher spatial resolution of the CCD detector compared to that of the
probe, brings several advantages, such as the large flexibility range of possible mag-
nification in the detection path, only limited by the CCD pixel size. Moreover, the
higher spatial resolution directly increases the depth resolution of the measurements.
Various groups such as [Kienle et al., 1998], [Doornbos et al., 1999], [Cen et al., 2009]
have already investigated the use of the spatially resolved reflectance offered by DRSsr
instruments to derive optical properties at different layers. The depth selectivity can
enhance the detection of optical changes associated with superficial early stage cancer,
as demonstrated by [Schwarz et al., 2008b]. This depth resolution investigation will be
further discussed in Section [Z.2.3l

For all these advantages, the CCD-based DRSsr setup is a valuable alternative to
probe-based DRSsr setups. Therefore, it will be considered for integration in a more
advanced perspective version of the Dual-Step technique.

This Section focuses on the CCD-based DRSsr system that we developed, based on
the measurement linearity of imaging with respect to conventional point Spectroscopy
(see Appendix .

Recall from Section that to inspect the same sample volume and allow the use of
the same contact Monte Carlo simulation in a non-contact configuration, the magnifica-
tion of the detection path is set to 1. The corresponding CCD-based DRSsr instrumental
setup, with a preliminary probe-based DRSsr stage, is described in Section [3:4.1] As a
matter of fact, the optical components in the systems provoke spatial elongation (Section
3.4.2]) and spectral effects (Section on the projected beams that are corrected, as
explained further in Section to allow the quantification of optical properties. Sec-
tion describes the measurement procedure of the different setups to obtain images
or signals that are treated as explained in Sections and [3.4.6|



3.4. Non-Contact CCD-based DRSsr 63

3.4.1 Instrumental Setup

The use of a CCD requires the separation of the illumination and detection paths.
Therefore, as a translational stage with respect to the initial Non-Contact DRSsr (refer
to Section7 we built the folded Non-Contact DRSsr setup with separate illumination
and detection paths, described in the next Paragraph.

Folded Non-Contact DRSsr setup

As shown in Figure the folded Non-Contact DRSsr setup projects the illumination
beam in a folded manner whilst keeping the original vertical detection path of the initial
Non-Contact DRSsr setup. The additional components used include two achromatic
doublets and a 50:50 plate beamsplitter. Using an illumination fibre of 100 pm in
diameter, the focal distance of the doublets is chosen to be 30 mm and 100 mm to
obtain a projected beam of 500 pum in diameter at the object plane, according to the
beam dimensions of the Contact DRSsr instrument (see Figure[3.4). The use of the 50:50
plate beamsplitter allows the separation and perpendicular projection of the illumination

and detection signals.
Probe (
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Figure 3.32: Folded Non-Contact probe DRSsr setup
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CCD-based Non-Contact DRSsr setup

To build the CCD-based DRSsr system, we replace the probe of the folded Non-Contact
DRSsr setup (see Figure|3.32)) with a 12-bit monochrome PizelFly VGA CCD [PixelFly, 2015]

(refer to Appendix 1| for instrument specifications) and include a collimator filter
support just after the lamp source, as shown in Figure [3.33

cC

|:| Probe

Doublet pair
T f=100mm

D
Collimator
I “ i I\ 50:50 % Plate Beamsplitter
L. —1

Filter e Doublets:
f1=30mm, f2=100mm

T-H Lamp

Figure 3.33: Non-Contact CCD-based DRSsr setup with separated illumination and
detection paths and a CCD detector.

Since this work aims for a proof of concept, spectral resolution is not a priority so
we make use of four different conventional filters only, to cover the working spectral
range: 450, 550, 650 and 750 nm. The filters have a FWHM = 10 nm and further

specifications are given in Appendix

The effect of the optical components of these setups is explained in the next Sections

[3:4:2] and [3:4.3] respectively.
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3.4.2 Geometrical alterations induced by the optical path

The various optical components involved in the folded and CCD-based Non-Contact
DRSsr setups have an effect on the geometrical disposition of the illumination and
detection signals projected on the sample or on the detector, respectively. The following
Paragraphs describe the effect on each of these paths individually.

Detection path

The geometrical alteration of signals on the detection path is measured with the setup
shown in Figure [3.34] The effect on the projection of the illuminated detection fibres
is comparable to that obtained with the initial Non-Contact DRSsr setup described in
Section Therefore, the geometrical alteration on the detection signals originated
from the plate beamsplitter is considered negligible.

Doublet pair
f=100mm

Figure 3.34: Setup used to measure the geometrical effect of the detection path in both
Non-Contact setups featuring a doublet pair and plate beamsplitter BS.

Hllumination path

The projected illumination beam of the folded and CCD-based Non-Contact DRSsr se-
tups on the object plane is measured with the setups shown in Figure|3.35/and according
to the procedure described in Section [3.3.2

H‘
! 1 Collimator
T

s |l a
s U = &

Filter

(b)

Figure 3.35: Setups used to measure the profile of the illumination beam at the ob-
ject plane of the (a) folded Non-Contact DRSsr setup (b) CCD-based DRSsr setup,
equivalent to the folded setup with an additional filter and collimator.
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Images acquired with both setups are similar and an example is shown in Figure[3.36]

Figure 3.36: Projected illumination beam on the object plane of the setup shown in
Figure The considered horizontal profile is illustrated with the blue line.

When comparing the illumination beam images obtained with the initial Non-Contact
DRSsr setup (see Figure and the folded Non-Contact DRSsr setup (see Figure
, the effect of the 50:50 plate beamsplitter is made clear with a parasite halo and
a punctual parasite reflection adjacent to the central illumination beam. This is one of
the multiple reflections that occur in any type of plate beamsplitter because the incident
beam is refracted and reflected multiple times adjacent to each other. Figure illus-
trates the relative reflection power of the multiple subsidiary reflections (R,,) from the
beamsplitter ’s front and back surfaces with reflectivity r; and r5, and transmittance ¢;
and %o, respectively.

.t

R,=r,P T,=t,P
R,=rtP T,= rrttP
Ry=rrft’P  T,=rlitt,P

ETC.

Figure 3.37: Multiple reflections from the plate plate beamsplitter at 45° [Optics, 2015].

To better visualize the effect of the different components on the projected illumina-
tion beam, we select a horizontal profile (along the blue line of Figure[3.36) and compare
it to the previous initial Non-Contact DRSsr and Contact DRSsr setups (see Figure
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Figure 3.38: Illumination beam profiles of folded and CCD-based Non-Contact (NC)
DRSsr setups compared to that of the initial NC setup.

Notice that the illumination profiles of the folded and CCD-based (equivalent to
the folded with additional filter) Non-Contact DRSsr are comparable, meaning that
the filter effect is negligible. Compared to the initial Non-Contact DRSsr, the folded
illumination signal is higher due to the effect of the doublets and plate beamsplitter.
The folded signal reaching D6 is half the signal of the central illumination beam (B.)
and 10 times higher than that of the initial Non-Contact DRSsr setup. Remark the
intensity protrusion occurring between D6 and D5 caused by the beamsplitter’s parasite
halo of the folded illumination path. D5 is =~ 2% 1073 Be, whilst that of the initial Non-
Contact DRSsr beam is ~ 1072Bc. At D4 — D2 the illumination is < 1072Bc for all
Non-Contact signals and slightly higher for the folded setups. All signals are comparable
at D1.

The consequences of the extended Non-Contact projected illumination beams are
dramatic on the resulting diffuse reflectance and they should be considered to allow the
quantification of optical properties, as explained further in Section [3.5.1
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3.4.3 Spectral effect of components on signals

As described in the previous Section the different optical components have a
spectral effect on the signals. Since the illumination and detection paths are separated,
the folded DRSsr setups are not affected by the additive parasite reflections as it is the
case for the initial Non-Contact DRSsr setup. Yet, the multiplicative effect described
by the instrument response function (IRF) of the components is present and described
in the next Paragraph.

Constant Multiplicative Effect: Instrument Response Function

Analogously to the procedure described in Section the IRF of the detection path
(IRF.t) and that of the illumination path (IRFjy;) of the folded Non-Contact DRSsr
setups is derived from the ratio of signals measured with the setups shown in Figures

and respectively.

T-H Lamp

Prohe I

= Diffusor

Spectrometer

(a)

Figure 3.39: Setup describing the measurement of the detection beams (a) before and
(b) after being transmitted through the beamsplitter and doublet pair of the folded
Non-Contact DRSsr setup.

The normalized I RFye;, including the doublet pair and plate beamsplitter transmis-
sion, is shown in Figure and IRFy;, including the lens transmission and plate
beamsplitter under reflection, is shown in Figure

The IRFy; of the folded Non-Contact DRSsr setup is multiplied by the spectral
transmission of the filters (given in Appendix to obtain that of the C'CD-based
DRSsr setup.
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Figure 3.40: Setup describing the measurement of the illumination beam (a) before
and (b) after being transmitted through the lenses and beamsplitter of the folded Non-
Contact DRSsr setup.
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Figure 3.41: (a) Normalized I RFy., including the doublet pair with the plate beam-
splitter’s transmission in the detection path (b) Normalized I RF;y;, including the lens
transmission and beamsplitter reflection in the illumination path.
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3.4.4 Measurement Procedure

The measurement procedure for the probe-based folded Non-Contact DRSsr setup (see
Figure is the same as that described for the initial Non-Contact DRSsr setup in
Section [3.3.4]

In the case of the CCD-based DRSsr system (see Figure , a different protocol
is needed to acquire diffuse reflectance images.

First of all, focusing of the illumination beam on the sample is performed through
video-mode for each sample individually. The achromatic lenses of the illumination path
ensure that the variation of the focal plane between the different filters is negligible
(around 100 pm).

Diffuse reflectance images are then acquired under constant dark conditions. An
example is shown in Figure It is seen that the punctual parasite reflection due to
the beamsplitter’s reflection previously detected (see Figure is duplicated by the
beamsplitter’s transmission on the detection path and is visible on the diffuse reflectance
image at the CCD detector’s plane. The measurement area that we defined in the image
avoids these parasite reflections (see cyan square of Figure .

Fixed Parasite
Reflections

Mon-saturated point

Figure 3.42: Typical image showing the projected illumination beam and two parasite
reflections originating at the beamsplitter. The latter are kept out from the selected
measurement area.

To measure the diffused reflectance decay along the distance from the illumination
beam (SD distance) the same procedure as the one used to measure the illumination
beam profile (refer to Section is used. That is, various images with different
acquisition times are used to overcome the limited dynamic range of the CCD. More-
over, background images S,ffsc¢ are acquired with no light source under the same dark
conditions for some acquisition times ¢, spanning the ¢ range used for reflectance mea-
surements. The next Sections [3.4.5] and [3.4.6] explain how all these images are combined
to derive the spatial reflectance decay.
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3.4.5 Image Processing

Diffuse reflectance images acquired with the CCD-based DRSsr setup, are corrected
from the background S, ¢sc+ signal according to the exposure time ¢. Because the offset
is measured for a few ts, we build the linear S,f¢set —t curve with the average intensity
of a common area in all background images. This curve then allows to derive the offset
intensity for any integration time ¢ through interpolation.

To determine S6 — S1 in the images, the detection of the illumination point center,
obtained through a Canny filter, is first required (see red cross of Figure[3.43). Concen-
tric pixels of rings corresponding to F6—F1 (see Figure[3.4) and inside the measurement
area are selected, as illustrated by the cyan curves of Figure [3.43

Measurement area

Fixed Parasite
Reflections

Mon-saturated point

Figure 3.43: Selection of relevant areas of an image. Cyan curves delimit F'6 — F'1
detection rings with a diameter of 100 pm.

Non-saturated average signals higher than LOD (see Equation are selected to
determine S6 — S1.

3.4.6 Signal Processing

Raw signals S6 — S1 obtained with the folded probe-based and CCD-based Non-Contact
DRSsr systems, are scaled according to ¢, to obtain S. through Equation

o S — Soffset
B t

The variations of the separated illumination source signal is considered stable enough
(1.5% variation in 7 hours, see Figure and thereby it is measured only once and
not all along the experimental process. Slight variations of Ssoyurce are therefore not
corrected in the folded or CCD-based DRSsr setups as it is done in the initial Non-
Contact and Contact DRSsr setups (see Equation and we define Sy = S..

Moreover, because parasite reflections do not occur with the folded illumination
setups (see Equation , we define Sp = Sy.

The multiplicative effect of the IRF;; and IRF4.; is considered in the next Para-
graph.

Se (3.16)
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Multiplicative effect: IRF

The same analysis of the I RF effect on signals done for the initial Non-Contact DRSsr
(see Section is considered for the folded and C'CD-based Non-Contact DRSsr
setups. Figure[3.41]shows the various signal effects of the components on the illumination
and detection path.

Probe

W

Sp= Ssample -IRF pair+BSy

IRF pair+BSt

Sc,source

T

IRF pair+BSg

I

Ssaurce,sample = Sc,source - IRF doublet+BSg Ssample

Sample

Figure 3.44: Multiplicative effect of the doublets and plate beamsplitter reflection
IRF,uir+Bsy = IRF; on the illumination signals, and transmission of the doublet
pair and beamsplitter I RF}uir+Bs, = IRFye; on the detection signals.

The illumination signal reaching the surface of the sample, Ssource,sample, is obtained
by considering IRFy; = IRFpqirt+Bsy, including the transmission of lenses and the
beamsplitter reflection, on the measured S source, as defined by Equation

Ssource,sample = Sc,source . IRFill (317)

Equivalently, the measured resulting reflectance signal Sr is to be corrected from
the IRF4e; = IRFpairtBsy, including the transmission of the doublet pair and beam-
splitter, to recover Ssqmpie according to Equation

s __5r
sample — IRFdet
Ssample is the reflectance of the sample corrected from the multiplicative I RF effect
which is considered for optical property estimation after calibration and fit to the RZUT
as explained in the next Section [3.5.1

(3.18)
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3.5 Challenges encountered with Non-Contact DRSsr

The Non-Contact DRSsr setups that have been built pose new methodology and instru-
mental problems, which are not present on the reference Contact DRSsr setup. This
Section describes the challenges and proposes solutions to overcome them.

3.5.1 Quantification Method Challenges

To estimate optical parameters, the quantification method proper of the Contact DRSsr
setup and described in Section is adopted. In other words, it was decided to
use the same RUUT built with the Monte Carlo simulation under contact conditions
to derive optical properties from non-contact measurements taken with the developed
probe-based and CCD-based DRSsr setups. This strategy avoids the simulation of
individual Monte Carlo simulations, adapted to each DRSsr system, as has been done
by [Foschum et al., 2011].

For this purpose, the correction of the non-simulated non-contact instrumental ef-
fects is essential. Recall that these include spectral effects (Sections and
and spatial spread (Sections and originated from the various optical com-
ponents. Spectral effects include the components’ additive parasite reflections and/or
their constant multiplicative IRF. The non-negligible effect of the illumination path is
particularly influential since it causes a dramatic extension of the projected illumination
profile.

The following paragraphs explain how the technique we propose considers and cor-
rects these non-modelled effects to allow quantification of optical parameters.

Instrumental Calibration of constant spectral effects

The spectral non-modelled additive and constant multiplicative effects of the Non-
Contact DRSsr setups are corrected as described in Section [3.3.5] The resulting cor-
rected signal is defined as Ssqmple-

Recall from Equation that the instrumental calibration of the current method
is performed through the signal of a reference phantom Ssampie,res according to Equa-
tion

RLUT

ref
_— 3.19
Ssample,ref ( )

Consider IRF;.; to be the IRF of the detection path of any of the developed Non-

Contact setups (see Figures and [3.44). Using Equations (or equivalent [3.18)
and it can be said that

RCF = Ssample -CF = Ssample .

LUT LUT
SF Rref S chf

- IRFdet . SF,ref — o SF,TEf
ITRF e

Rcr

Notice that, since I RFy.; is constant, once the instrumental calibration is considered
in the unknown measurement, it has no effect. In other words, IRF-corrected Ssqmpie and
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uncorrected Sp signals calculate the same Rcp and thereby determine the same optical
properties. Therefore, the non-contact constant calibration Equation [3.19]is equivalent
to the contact constant calibration Equation This proves the method’s robustness
regarding constant multiplicative instrumental calibration. Thus, the measurement of
any IRF is not required. This is why, the constant CCD quantum efficiency is not
considered either.

Instrumental Calibration of the varying effect of the illumination spatial
extension

When the non-modelled effect is no longer constant, the instrumental calibration step,
described in the previous paragraph, is not enough to allow optical properties quan-
tification. This is the case with the spatial extension of the non-contact illumination
profiles (see Figure , which affect the detected reflectance according to the optical
parameters of the sample. In other words, the effect can be considered constant only if
the reference and unknown phantoms have similar optical properties and are illuminated
by the same beam profile. As soon as the optical properties between them change, the
effect on the reflectance is no longer constant and remains uncorrected.

To tackle the varying repercussion of the extended illumination profile on the re-
flectance, we propose to use an adaptive calibration strategy. This strategy is based
on the optimal choice of the closest reference optical properties to the unknown sam-
ple’s, so that the illumination extension effect remains constant. For this, the adaptive
calibration makes use of a base of various measured reference phantoms with different
reference optical properties. This is the principle for the Adaptive Calibration Algorithm
(ACA-Pro) that we have developed and that is is thoroughly explained in Chapter
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3.5.2 Instrumental Challenges

To preserve the geometrical dimensions and intensities of the Non-Contact DRSsr pro-
jected images, samples should be placed at the focal plane. Thus, focusing is an essential
step to acquire robust measurements with Non-Contact DRSsr, since it directly affects
the estimation accuracy of optical properties. We use this optical property estimation
accuracy to define a depth of field (DOF) range, which is particularly relevant for mea-
suring uneven biological samples. The following paragraphs analyse the instrumental
aspects of focusing and DOF, individually.

Focusing

Focusing of the sample is performed before measurement acquisition, and it is achieved
in two steps. In the first step, the height of the support is accommodated to a visually-
acceptable first focusing range. In the second step, we make use of S6 since it is a
direct measurement of the signal at the borders of the projected illumination beam that
decreases at the focal plane. To visualize this, some pictures were taken with the setup
shown in Figure by placing the CCD camera at different heights. An example of
focused and unfocused images is shown in Figure with the corresponding x-profiles
crossing the illumination beam, F6, and F5 (red line on images). It is clear that F'6 is
the most sensitive to the focused or unfocused central point. This is why we used S6
intensity as a good indicator for focusing.

Profile
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Figure 3.45: Focused and unfocused images with their corresponding profiles.
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To better understand the changes of reflectance intensity in F'5 — F'6 with focusing,
we measured S5 — S6 with both probe-based Non-Contact DRSsr setups on a liquid
phantom at different object planes. A span of 6.5 mm, around the visually-fixed initial
focal plane, is covered with 500 um steps. Measured S5 — S6 are corrected from offset
and integration time (S5, and S6.) and averaged over the whole spectrum. Figure
shows S5, and S6. in function of the object plane height.
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Figure 3.46: Reflectance Intensity appertaining to fibre rings F'5 and F'6 of a phantom
placed at an object plane between -3.5 mm and +3 mm from the focal plane.

The high sensitivity of S6. to the object plane height is confirmed. Consequently,
the height obtaining minimal S6,. within the first focusing range is determined to be the
methodical focal plane for all experimental procedures. Remark that the height range
for which S6. is stable is smaller than 500 pum.

To ensure the same focal plane for measurements on different phantoms, it was
decided to fix the height of the adjustable support for one phantom and preserve it for
all other phantoms. For this purpose, the same container is used for all measurements
and the phantom volume is kept constant by controlling its weight.

This focusing protocol is not feasible for biological samples in which surface hetero-
geneities are usually larger than 500 pum. The robustness of these measurements will
completely depend on the depth of field (DOF). To define the DOF range of the tech-
nique, the error of estimated optical properties of reflectance signals taken at different
object planes, is calculated, as explained in the next paragraph.
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Depth of Field (DOF)

As explained and demonstrated in Section the calibration of the instrumental
effects is only possible if non-simulated changes remain constant. Therefore, not only
measurement conditions but also all non-simulated effects (geometrical alterations and
specular effects) of the Non-Contact setups should be kept constant for all measurements.

In all Non-Contact setups, F6 is greatly affected by the non-simulated extension of
the illumination profile (see Figure . As seen in Figure the strong sensitivity
of S6, requires a positioning repeatability of the object plane to be within a range
smaller than 500 um so that S6 signals remain constant and can be corrected by the
instrumental calibration strategy. To consider a more convenient DOF (higher than 500
wm) for biological samples, S6 cannot participate in the optical properties estimation
of Non-Contact systems. Thereby, S5 — S1 having a constant non-modelled effect on
the object plane (placed in a range of 3 mm, see Figure of the same phantom, are
considered. The optical properties estimated with S5 — S1 measured at different object
planes, are consequently used to define the DOF.

Figures - show the estimated p) and p, at various object plane height
ranges: 2.5-5,3-4.2, and 3 - 3.5 mm. Notice from Fig‘urethat the p/, estimation
error for a range of 2.5 mm (between 2.5 - 5 mm), is very high, especially after 750 nm.
When considering a smaller range of 1.2 mm (between 3 and 4.2 mm), the relative error
is 4.1 % for y, (see Figure[3.48D) and 27% for p, (see Figure[3.50a]). A further reduction
of the height range to 500 pum (between 3 - 3.5 mm) achieves minimal p, relative error of
17% (see Figure. Because the latter u, relative error is too high, the absorption of
biological samples cannot be optimally quantified within this DOF. Only plane samples,
such as intralipid liquid phantoms, for which the entire measured surface lies at the
focal plane can be optimally quantified in u,. This poses a major limitation for the
absorption quantification of biological samples with the Non-Contact DRSsr technique.
We can define a convenient DOF of 1.2 mun that achieves only acceptable p; estimation
with Non-Contact DRSsr measurements and corresponding error of 4.1%.
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Figure 3.47: p, estimated with measurements at different heights and a fixed calibration
measurement at the methodical focal plane (3.5 mm) of a phantom with I Lipe, = 1%
(equivalent p1f, ;). The color code between estimated (circles) and theoretical (dotted
lines) p/, applies for the different wavelengths: 600, 700 and 800 nm.
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Figure 3.48: p/ calculated over the entire spectrum with a fixed focused reference phan-
tom and measurements at object plane height ranges: (a) 2.5 mm and (b) 1.2 mm,

defined in Figure For (a), the divergence at A >700 nm is most probably related
to the faulty correction of the doublet’s parasite reflections.
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Figure 3.49: u, estimated with measurements at different heights and a fixed calibration
measurement at the methodical focal plane (3.5 mm) of a phantom with g, iheo =0.4

em~!. The color code between estimated (circles) and theoretical (dotted lines) 4
applies for the different wavelengths: 600, 700 and 800 nm.
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Figure 3.50: p, calculated with a fixed focused reference phantom and measurements

at object plane height ranges: (a) 1.2 mm, defined in Figure for minimal g/, and
(b)500 pm, defined with both Figures and for minimal g/, and p,.
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3.6 Conclusion

In this Chapter we have described the development of the initial Non-Contact DRSsr,
used for the Dual-Step technique, and the CCD-based Non-Contact DRSsr setups. These
were built according to the same instrumental geometry of the reference contact DRSsr
setup used for the Monte Carlo simulation. Because this Monte Carlo model considers a
contact measurement modality, the different effects on non-contact measurements should
be corrected to allow quantification of optical properties with the corresponding Non-
Contact DRSsr setups. The major non-modelled changes include the spectral effect of
optical components on signals and the spatial elongation of projected beams. These are
considered by an instrumental calibration approach, that corrects only constant effects
of changes. To calibrate from the non-constant effect of changes, the instrumental cali-
bration is extended towards an Adaptive Calibration Algorithm (ACA-Pro), described
in the next Chapter



ACA-Pro algorithm

This Chapter describes the Adaptive Calibration Algorithm and Protocol (ACA-Pro)
that has been developed to correct for the varying geometrical effect (see Section
of DRSsr setups. The algorithm makes use of reference signals to calibrate measurements
taken with any DRSsr setup and a unique Monte Carlo simulation. ACA-Pro plays an
essential role in the quantification of optical properties with all the optical instruments
considered in this work.

The first Section briefly explains the main alteration of the spatial illumination
profile between DRSsr measurements and the Monte Carlo simulation that has to be
corrected to allow absolute quantification.

Section shows about the already existing calibration methods for DRSsr and
marks out the main differences with respect to our proposition, ACA-Pro (Section [4.3)).
Section [4.4] details the principle of the algorithm and the different strategies considered.

Section validates the performance of ACA-Pro with the first results on liquid
phantoms with different optical properties. Section [4.5.4] is particularly interesting as
it confirms the interest of ACA-Pro for non-contact measurements even with a more
adapted Monte Carlo simulation that considers a Non-Contact DRSsr illumination pro-
file. The validation of the entire algorithm is performed not only on intralipid phantoms
but also on an ex-vivo biological tissue (Section .

Section [4.7|summarizes the main achievements of the developed algorithm ACA-Pro.

4.1 Non-modelled illumination profile effect

The various non-contact components: doublets, plate beamsplitter and filters (depend-
ing on the Non-Contact DRSsr setup), induce optical geometrical aberrations that
broaden the projection of the illumination point on the sample (see Sections and
. To allow the estimation of optical properties with a single Monte Carlo simulation
under contact conditions (see Section this non-modelled illumination extension is
to be corrected.

As mentioned in the previous Section the non-simulated extension of the illu-
mination profile effect on the reflectance S1 — S5 can be kept constant only on phan-
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toms having the same optical properties. However, changing the optical properties of
the measured phantoms, changes the non-simulated reflectance on S5 — S1. In other
words, F'5 — F'1 fibre rings measure a combined diffuse reflectance signal resulting from
the modelled central illumination point and the non-modelled illumination extension.
Recall that in all Non-Contact setups, the influence of the non-modelled extended illu-
mination profile is strongest for the closest fibres F'6 — F'4 (see Figure [3.38)). Moreover,
as explained previously, u. and p, are estimated with fibres F5 — F3 and F5 — F1,
respectively (see Figure . Consequently, p/, estimation is the most affected optical
property by this non-modelled extension of the illumination profile. It follows that, be-
cause of cross-talk, the degradation of p/, estimation is forwarded to the p, estimation.
Thus, to achieve optimal estimation of both optical properties, it is fundamental to
correct for this non-constant illumination profile extension effect which is not done in
the current Instrumental Calibration method described previously in Section [3.5.1

4.2 State of the Art

To derive absolute quantitative optical properties of p, and p/ with DRSsr techniques,
several research groups have proposed different calibration approaches.

A possible correction strategy considers the non-contact projected illumination beam
profile in the Monte Carlo simulations as it is done by [Foschum et al., 2011]. Not only
is this process individual to each instrumental setup, but the methodology achieves only
appropriate p!, evaluation. Estimation errors of p, reach 20% (at the focal plane) and
the considered values of p, do not encompass those proper to biological tissue.

Other methods rely on the instrumental calibration of DRS measurements through
phantoms. This instrumental calibration may be integrated in inverse models such as
diffusion analytical models ([Zonios et al., 2006], [Zonios et al., 2011], [Yu et al., 2008],
[Qin et al., 20006]), Monte-Carlo simulations ([Palmer et al., 2006], [Thueler et al., 2003],
[Zhong et al., 2014]) or experiment-based look-up-tables (LUT) (|[Rajaram et al., 2008,
[Bish et al., 2014]).

For instance, [Zonios et al., 2006] uses multiple phantoms, made of polystyrene beads
and bovine blood, to deduce two unknown factors k; and k. These factors are inte-
grated in the modified diffusion equation to obtain a semi-analytical model of the diffuse
reflectance. Factors k1 and ko depend not only on the geometrical of the probe and the
refractive indices of the medium but also on the optical properties of the calibration
phantom. Therefore, for a wider range of optical properties, the accuracy of the solu-
tion with a single pair k1 and ko, is deteriorated. This was verified through a comparison
with Monte Carlo simulations by [Zonios et al., 2011], who proposed modelling k1 and ks
in function of the absorption and scattering coefficients. For this, an extensive phantom
study and additional parameters are used. This increases the number of fixed variables
that influence estimation accuracy. Moreover, the semi-analytical model is limited to
samples having haemoglobin as the only present chromophore.

[Yu et al., 2008] makes use of the [Zonios et al., 2006] model and multiple calibra-
tion phantoms, made of intralipid and haemoglobin, to fit measurements and derive
scattering and haemoglobin concentration parameters with a Non-Contact DRSsr sys-
tem. Scattering and haemoglobin concentration parameter errors are less than 5% and
10%, respectively.
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[Qin et al., 2006] makes use of the diffusion approximation at several SD distances
and calibrates from the instrumental effect through the measurement of a single in-
tralipid phantom having optical properties values in the middle of the considered range.
The average estimation errors are 7% for p/, and 12% for u,, being higher for those far
away from the calibration phantom.

With a single calibration phantom measurement at a single SD, [Palmer et al., 2000]
achieves optical properties estimation errors <12% for a large range of absorption prop-
erties. A big advantage of this work is that the Monte-Carlo is not individually simulated
for the specific contact probe geometry. It is the calibration measurement that com-
pensates all the geometrical changes of the single SD probe. The technique is based on
an iterative methodology that adjusts an initial guess of optical properties estimations
until the error between the measured and simulated reflectance is minimized. To ensure
convergence to a global minimum, the procedure is repeated many times with randomly
chosen initial guesses of optical parameters. This can be computationally expensive.

[Pham et al., 2000] calibrates hyperspectral CCD measurements with a single refer-
ence intralipid phantom and achieves errors <5% for p/, and <11% for p, but only for
a low to moderate absorption range.

[Thueler et al., 2003] uses various SD separations and required multiple phantoms
for calibration, performed at each wavelength and SD distance of the contact probe.
Errors are lower than 10% both for u, and p in a low to moderate absorption range.

[Zhong et al., 2014] develops a two-layered Monte Carlo simulation and uses a gen-
eral calibration factor to correct measurements at a single SD of a contact probe. The
calibration factor is derived from measurements of 7 phantoms with different p/, and p,
values. The estimated results show high correlation of estimated parameters of melanin
and blood oxygenation with gold-standard measurements.

Other groups avoid the use of analytical diffusion models which are not valid for short
source-detector distances and high absorbing media, or Monte Carlo simulations which
are complex and require long computing times. They achieve this through an inverse
model based on a look-up-table built with experimental measurements of phantoms in
which the instrumental calibration is already integrated.

[Rajaram et al., 2008] use a matrix of 24 phantoms, made of polysterene spheres and
diluted ink with varying optical properties. Average estimation errors are lower than
5.9% for p/, and 11.6% for pu,.

[Bish et al., 2014] used the same methodology for a non-contact probe, achieving an
average error of 5.14% for u’ and 8.34% for p,.

The merit of this experimental inverse-model technique is that it achieves good esti-
mation accuracy which might however be vulnerable to the accumulation of experimental
noise. Moreover, it is limited by the amount of phantoms that need to be produced and
the bound range of finite optical properties measured.

Table[f.I] summarizes the previously described methods including the light-transport
model, the optical properties range, the geometry and type of detector used together
with the measurement modality (contact/non-contact) and estimation errors achieved.

For comparison, we included the performance of the ACA-Pro algorithm developed
in this work and further explained in the next Sections.
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4.3 Proposition: ACA-Pro algorithm

Our method for optical properties estimations relies on the calculating precision of a
unique Monte Carlo simulation under contact conditions and the instrumental ACA-Pro
calibration of non-contact measurements. This establishes a new way to overcome the
high deviations between reflectances measured with the contact and those measured with
the developed Non-Contact DRSsr setups without the need to establish individualized
Monte Carlo simulations for each measurement modality. From all the studied research
groups, [Palmer et al., 2006] is the only that develops a similar calibration procedure
providing flexibility for different contact probe geometries. However, non-contact mea-
surements are not taken into account and the procedure iterates several Monte Carlo
simulations, which can be computationally expensive.

The ACA-Pro algorithm we propose is born as a p,-based calibration approach and
relies on the fact that for the same ! of reference and unknown phantoms the non-
modelled effect of the illumination profile on the measured reflectance remains minimal.
Consequently, we propose the use of a limited number (3 to 6) of reference phantoms,
having different scattering properties, to build an experimental interpolated model of
the illumination effect on the measured reflectance.

Furthermore, we include a robust additional calibration approach that compensates
all instrumental intensity variations that can occur between experiments such as those
originated by probe ageing or fibre alignment in front of the spectrometer fibre (see
Figure [3.5] and Section [3.2.2)). We achieve this through the use of a single measurement
of an optically stable solid material that characterizes experimental conditions. The
new and many advantages of this strategy include the exemption of phantom manufac-
turing for each experiment and optical stability of the solid material compared to liquid
phantoms.

4.4 Principle of ACA-Pro

The developed adaptive algorithm has been first developed for 11/, based on the fact that
a u'. difference between reference and unknown phantoms provokes an unacceptable error
in the estimation of p,. In other words, the C'F between measurement and simulation
mainly changes with the scattering coefficient difference. This is mostly recognizable
in non-contact measurements since we use a Monte Carlo simulation under contact
conditions.

4.4.1 Reference CFs

The key characteristic of the adaptive calibration algorithm (ACA-Pro) lies on the
selection of the best C'F for any unknown p/, inside a studied range. For this purpose,
several correction factors C'F's are pre-computed with Sy .y corresponding to a set of
reference le,re 7 within the studied range. These C'F's, computed for the signals S1— .55
used for optical properties estimation (see Section and individual wavelength A,
constitute the C'F reference base set.

The characterization of an unknown phantom follows a first estimation step and, if
required, a supplementary linear interpolation step. Using the C'F' reference base set
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proper of several ;L’we 5o a set of possible unknown /Z is computed. In the first step,
an error minimization between ;Z and f1f, . ¢ leads to the choice of the correction factor
CFA. If CFA estimates a /T’S* corresponding to a specific /Lg)Tef, ;75* and the comple-

mentary g, * are considered to be the optimal estimated unknown optical properties //173
and fi5. This is done individually for each A and S signal.

A faster implementation of ACA-Pro in the selection of C'F' A is achieved through an
iterative method, which initially makes use of single (not the whole set) random u(’w of

and corresponding C'F' to determine ,17’; Through an error minimization between u’, .

and all u’s,ref, CF A estimating /ILZ* and fig* is chosen. The flowchart of Figure
and the results shown in Section facilitate the understanding of the algorithm’s
performance.

4.4.2 Interpolation

If CF A estimates ;Z* which lies between two neighbouring i ,.. ¢, a linear interpolation
step follows. Neighbouring g, .. ¢ are used to define an interpolated correction factor
CFB (corresponding to an interpolated u;7ref,i) for each S and A. This process is

iterated until convergence occurs: ,ug:,u;me .- Thereby, the final correction factor C F'B

obtains the optimal estimation of both optical properties ;T;:ZZ:N;“ 7 and Lo (see

Figure .

4.4.3 Correction of Instrumental Variations

We propose to compensate intensity variations between experiments through an addi-
tional robust calibration approach of the ACA-Pro algorithm.

Indeed, when comparing two different experiments with the same instrumental setup,
conditions may not be identical because of minimal instrumental variations that affect
intensity. Change in conditions can be related to:

e The change of motor positions that will change the geometrical alignment between
detection fibre bundles and the slit which drives the signal to the spectrometer
(see Section [3.2.2)), provoking different measured intensities.

e Fibre ageing that will directly provoke a decrease in intensity or even spectral
shifts of the measurements.

For the optimal performance of ACA-Pro the measurement of the reference phantoms
should be done under the same conditions to that of the unknown phantom/sample. In
other words, measurements of reference phantoms should be proper of each experiment.
Because of the evolving nature of intralipid phantoms that make optical properties mu-
tate after some days, experiments outside this time period (#p) require manufacturing of
new fresh phantoms. Only by using freshly fabricated phantoms are their characteristic
theoretical absorption and scattering properties (see Section guaranteed during
the experiment. Therefore, each experiment requires a time-consuming preparation of
the same fresh phantoms.
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To allow a faster and less burdensome instrumental calibration between different ex-
periments, a new approach has been explored. The latter makes use of a single measured
signal of a common material S that is taken for each experiment and characterizes the
experimental conditions. For this, it is important to guarantee homogeneous constant
optical properties of the material over indefinite time periods separating experiments.
An attractive alternative to liquid phantoms is the use of homogeneous solids with neg-
ligible surface variations and temporal optical stability. Moreover, solid materials do
not pose the other problems of liquid phantoms including short-term conservation at
low temperatures, and demanding manipulation.

Before considering the instrumental calibration, Sy is first corrected from the source
variations as described in Equation [3:2]to obtain Syy. The calibration is then performed
by calculating the ratio between Sy taken for one experiment or moment ¢y, and that
taken for a second experiment or moment ¢; (see Equation .

SNk,to

Kiy—t, = (4.1)

SNkt

Hence, the unknown phantom measurement Sy at t1 (Sn,) is adapted to the orig-
inal instrumental conditions of the single C'F' reference base built with measurements
at tg. The corresponding signal at ty Sy, is obtained through the ratio K _:, and
according to Equation [£.2]

SNito = Kig—t, - SNt (4.2)

Figure summarizes the method for optical properties estimation with the ACA-
Pro calibration process that makes use of a CF'(y .. f) reference base and includes an
instrumental variation correction strategy for each S and .
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Figure 4.1: Summary of ACA-Pro execution with the Principle and Interpolation ap-
proach in purple and the Correction of Instrumental Variations in green. keep in mind
that the process is performed for individual .
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4.5 Results on phantoms

In the first stage of this study, we mainly validate the ACA-Pro algorithm with the
probe-based Contact and the Non-Contact DRSsr setups. In a second stage, we have

tested the performance of the algorithm with a single measurement taken with the
CCD-based DRSsr setup.

4.5.1 CF reference base

A comprehensive C'F' 6-reference base is built with six reference phantoms having com-
mon (g ref = 0.4 em™! and different u’”ef corresponding to I L.y = 0.5, 1, 1.5, 2, 2.5,
and 3%. The base is created with measurements proper of each of the three instrumental
setups: Contact, initial Non-Contact and CCD-based DRSsr.

Figures and show examples of the CF' 6-reference base, measured with the
Contact and initial Non-Contact probe DRSsr systems, respectively, for F'5 — F'1 and
some representative wavelengths A\. All C'F' values have been normalized with respect
to a common phantom having IL,.y = 1%. Ideally, if no calibration were necessary, all
normalized C'F's should be equal to 1.

% IL % IL

Figure 4.2: Normalized CF(IL,¢) 6-reference base proper of the Contact probe DRSsr
setup.

The CF(IL —ref) 6-reference base shows the variability of the relationship between
Monte Carlo simulated and measured reflectance of phantoms having different scattering
properties.

As mentioned in Section [3.2.6] we note the low accuracy of the Monte Carlo simula-
tion at low scattering values IL,.; = 0.5%.

It is clear that the relationship over all fibres and wavelengths is more uniform for
the initial Non-Contact DRSsr setup (Figure than that of the Contact DRSsr setup
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Figure 4.3: Normalized CF(IL,.y) 6-reference base proper of the initial Non-Contact
probe DRSsr setup.

(Figure . For better comparison, we plotted their C'F's on the same Figure

—— A= 550 nm
—+— =650 nm
—t+— =750 nm

Contact
Initial Non-Contact

Figure 4.4: Normalized CF(IL,.s) proper of Contact (Figure and initial Non-
Contact (Figure probe DRSsr setups.
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It is not surprising that C'Fs of different scattering phantoms measured with ini-
tial Non-Contact DRSsr tend to be generally more uniform than those measured with
Contact DRSsr. This is because the higher deviation between simulated RCLaIﬁZ and
non-contact measurements (due to the different illumination beam profiles) renders ex-
perimental noise negligible and results in a more predictable C'F function. Contrarily,
the smallest deviations between Monte Carlo and measured contact reflectances make
the Contact C'F's more vulnerable to experimental noise. This can be proved when com-
paring two different measurement sets M1 and M2 deriving different CF(IL,.)-bases
(shown in Figures and .

Notice that CF(IL,.s)-bases of both Non-Contact measurement sets (see Figure
are much closer than that of both Contact measurement sets (see Figure . This
illustrates the higher robustness of the Non-Contact CF(IL,.y)-base.

Contact M1
Contact M2

% IL % IL

Figure 4.5: CF(IL,.y) 6-reference base proper of the Contact probe DRSsr setup. Mea-
surement sets 1 (M1) and 2 (M2) are compared.
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CF

CF

Initial Non-Contact M1
Initial Non-Contact M2

Figure 4.6: CF(IL,.s) 6-reference base proper of the initial Non-Contact probe DRSsr
setup. Measurement sets 1 (M1) and 2 (M2) are compared.

4.5.2 Optical Properties estimation with the CF reference base
for all setups

The interest of ACA-Pro with the CF(IL,.¢) reference base set is shown in Figure
H with an unknown phantom having theoretical ILipeo= 1% and pq theo=1 em~ 1 at
600 nm. Optical properties ﬁg and i, are estimated with all CF from the different
IL,cy = X% (CFX%) of the CF(IL,cy) 6-reference base. The estimation results of
the three setups are compared.

When looking at ;Tg estimated with all CFX% (see Figures [4.7al [4.7¢, and 4.7¢), it
is clear that most of them are closest to the u’wef curve proper of IL,.; = 1% (dotted

violet curve) because ILipe, = 1%. Not surprisingly, when comparing all ;;73 separately,
the ,175 estimated with C'F'1% is the nearest (circle-violet curve) to I Lipe,. The algorithm
therefore chooses CF1% as CFA.

In terms of absorption (see Figures and [L.71), f, estimated with CF1%
(circle-violet curve) obtains the minimal error with respect to pg ineo (dotted-black
curve). This is consistent with all probe-based and CCD-based DRSsr measurements,
which validates the new ACA-Pro algorithm. Additional results validating the use of
ACA-Pro on measurements obtained with the folded probe-based Non-Contact DRSsr

instrument (see Figure [3.32)) are shown in Appendix
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Figure 4.7: Estimation of ,175 and p, optical properties of an unknown phantom
(ILtheo=1% and fiq theo=1 cm™" at 600 nm) with the CF(IL,f) 6-reference base for
all DRSsr setups.
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Figure summarizes the average relative error of optical properties estimations
shown in Figure Keep in mind that these errors are not impartial because only 4
As are considered for the CCD-based DRSsr setup whilst 11 As are considered for the
probe-based setups, spreading further the weight of a single A error. The errors give a
general idea of the ACA-Pro performance and confirm that minimal errors are achieved
with CF = 1% with all setups.

=1

Unknown phantom with 13IL and M prgg = Ten
50 200
A I Contact DRSsr -
[ INen-contct RS | 50
) - I CCC-bes=d DRSsr

160

140

120

100

~

o |.|'s Ermor

T Tf Eror

80

2%

CF%lLy

Figure 4.8: Left: Average ;75 errors between estimation with each CFX% and ,u"we s of
the reference phantom proper to CFX%. Right: Average i, errors between estimation
with each CFX% and pi4 theo of the unknown phantom (1 em™' at 600 nm). It is
confirmed that C F'1% achieves minimal errors of both optical properties with all setups.

The average p, relative error throughout the spectrum is calculated for each ;LZ and
Ite With corresponding ,u;re f and L theo, respectively. The minimal errors, for the three

setups, achieved with CFA = CF1%, obtaining ;T’S and [, are displayed in Table

Table 4.2: Optical properties errors achieved with CF A for all DRSsr setups.

11, error | fin error
Contact DRSsr 1.3% 5.3%
Initial Non-Contact DRSsr 1% 2.4%
CCD-based DRSsr 2.7% 9.5%

Estimation of unknown optical properties is best achieved for initial Non-Contact
DRSsr because of its robust CF(IL,.y) 6-reference base (see Figure . Correspond-
ingly, Contact DRSsr obtains slightly higher error due to the vulnerability to measure-
ment noise of its CF(ILycs) 6-reference base (see Figure [£.5)).

With CCD-based DRSsr optical properties are still estimated within an acceptable
range although higher than with the probe-based setups. To further improve estima-
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tions, we propose a more advanced CCD-based DRSsr setup, with an improved illumi-
nation profile, discussed in Appendix

4.5.3 Absorption difference with probe-based setups.

When comparing optical properties estimation with probe-based DRSsr setups of un-
known phantoms having several pg theo > 1 em™ 1 and same ILipeo = IL,cy = 1%,
the average relative errors, illustrated in Figure [4.9] are obtained.

Unknown phantoms with 1%IL and p_,, _=1,2 and 3 e
4 T
: : : I Contact DRSsr ja—
aelo e, e, e 7 | I Mon-contact DRSSt | T
3 ....................................... 4 E ............................................ 4
25 ........................................ 4 5 4
5 5
_”-'M o S i U—'ﬁ 1k i
La=N fg=N
e =
15 b e - 3 |
‘] L. - .. ... 4 2 L. 4
05 L. .. | --...... . ... 4 1 L. 4
0 ! ! 0
2 3
I"a,thec- (Cm-1J

Figure 4.9: Average ﬁz and i, errors over the working spectrum for different unknown
phantoms with IL;peo = 1% and fig theo = 1, 2 and 3 em~ Y. Contact DRSsr and Initial
Non-Contact DRSsr estimations.

All ;’; errors are considered below 4% for both probe-based DRSsr as a result of the
ph-based ACA-Pro algorithm. For what concerns the i, error, it is seen that for Con-
tact DRSsr it tends to stay constant, whilst for the initial Non-Contact DRSsr setup
it increases proportionally to the deviation from fi4 rc=0.4 cm™!. To better under-
stand these results, we examined the C'F' obtained with different 14 cf, analogously
to what has been done for different IL,.;. Figure shows the CF calculated from
measurements of phantoms with different jiq 5 taken with the Contact and the initial
Non-Contact probe-based DRSsr setups. All C'F's are normalized according to the C'F
of pa,ref=0.4 em™!. Notice that the CFs are not constant for all yi4 . and that the
deviation from 1 is a direct explanation of the errors seen in Figure Comparing
Figure [4.4] with Figure £.10] it can be concluded that the extension of the Non-Contact
illumination profile dramatically affects p’, but also, to a minor extent, p.

Therefore, to further improve the estimation of u,, the adaptive calibration ACA-Pro
based on p, is an attractive approach.
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Figure 4.10: CF calculated for different u, (given at 600 nm) with the Contact and

initial Non-Contact DRSsr setups.
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4.5.4 Optical Properties estimation with Monte Carlo simula-
tion considering Non-Contact conditions

As explained in Section and shown by the results of Section the profile extension
in Non-Contact DRSsr setups, is the main obstacle that ACA-Pro overcomes. Still,
there are other deviations between experimental measures and the forward model (built
for contact DRSsr conditions) that ACA-Pro is able to correct to allow for absolute
quantification of Non-Contact DRSsr. To prove this, we built a Monte Carlo simulation
under non-contact DRSsr conditions and used it to estimate optical properties with the
initial Non-Contact DRSsr setup.

To build the latter, the impulse response of the simulated medium is necessary, which
is obtained with a Monte Carlo simulation in which the illumination photons reach the
medium at a single point, propagate in the medium and are finally detected at the
surface at different distances. SD distances are fixed according to the probe geometry
(refer to Figure and the considered numerical aperture (0.22) is that of the fibres.
This simulation, is employed to obtain REUT for a wide range of optical properties,
e and pl,. The convolution of this LUT with the measured illumination profile of the
initial Non-Contact DRSsr setup (shown in Figure is performed to obtain RFUT
proper of a Monte-Carlo simulation under the same Non-Contact DRSsr illumination
conditions. Figure [{.11]shows the modelled reflectance obtained at D5 for punctual and
Non-Contact DRSsr illumination (M Cyon—cContact)-

-5
x10

RMUT (arb. units)

4

u, (cmi)

Figure 4.11: Modelled reflectance at D5 from a Monte-Carlo simulation generated with
punctual and extended (Non-Contact DRSsr) illumination.

We used this convoluted Monte Carlo simulation and the same Non-Contact measure-
ments taken with the initial Non-Contact DRSsr setup (on phantoms having different
scattering properties IL = 0.5 — 3%) to build another CF(IL,.s) 6-reference base that
can be directly compared with Figure [f.4] Figure £.12] shows the direct comparison of
CF(IL,.y) 6-reference bases generated with Contact and Non-Contact DRSsr measure-
ments comparison with Monte Carlo (MC) simulations that consider the Contact or
Non-Contact illumination profiles.
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—=— A= 550 nm
—+— =650 nm
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—— Contact, MC
Contact
r\Jon-Contac:t,l\/lCComact
—— MNon-Contact, MC
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Figure 4.12: CF(IL,.s) 6-reference bases built with Contact and Non-Contact DRSsr
measurements. The latter are compared with the Contact or Non-Contact Monte Carlo
(MC) models. CF's are shown for F'1 — F5 and 4 Xs.

Notice that, in general, Non-Contact CF's (for different IL,.) have comparable sta-
bility to Contact C'F's (Contact M Ccontact) and, as expected, are closer to 1 for Monte
Carlo simulation considering the Non-Contact illumination (Non-Contact M Cnon—contact)
rather than the Contact illumination profile (Non-Contact MCeontact). Yet, Non-
Contact MCnNon—contact CF's are still far from being uniform which directly affect
quantification. To further prove this, we estimated an unknown phantom having theo-
retical ILipeo = 1 % and pig theo = 1 em~ ! at 600 nm with the different Non-Contact
MCpNon—contact CFs of the reference base. Estimation results and corresponding aver-
age errors are shown in Figures [1.24] and [4.14] respectively. It is observable that optimal
estimation is still achieved with the C'F' having the closest optical properties to the
unknown phantom. Therefore, it can be concluded that even with an adapted Monte
Carlo simulation, ACA-Pro still optimizes quantitative estimation of optical properties
with a few reference measurements.
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Figure 4.13: Initial Non-Contact DRSsr optical properties estimation with punctual
Monte Carlo (MC) convoluted with Non-Contact illumination profile, M Cnon—contact-
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Figure 4.14: Average errors of optical properties estnnatlons obtained with Non-Contact
measurements and MCyon—_contact, shown in Flgure Left: Average p!, errors
between estimation with each CF%IL,.; and Ms,theo (ILtheo = 1%) of the unknown
phantom. Right: Average p, errors between estimation with each CF%IL,.; and
Ha,theo = lem ™1 of the unknown phantom. It is confirmed that CF1% achieves minimal
errors of both optical properties.
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4.5.5 Interpolation

To validate the interpolation method of ACA-Pro, we built a CF(IL,.f) 2-reference
base set with 2 reference phantoms (having common fig c=0.4 em™! and IL,.=0.5
and 1.5 %) and used it to estimate the optical properties of an unknown phantom with
ILipeo = 1% in an aqueous blue pigment solution. .

Recall from Section that interpolated estimations (u, fiq) are found with cor-
rection factor C'F'B whilst non-interpolated estimations (;Z, le) use CFA. Figure
shows interpolated and non-interpolated estimations with the CF(IL,.f) 2-reference
base and the ideal estimation (using CF1%) obtained with all DRSsr setups. Figure
summarizes the average relative % error.

Unknown phantoms with 1%IL and acguecus blue ink
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Figure 4.15: Average% error for non-interpolated, interpolated and ideal estimations of
optical properties from a phantom with IL;x., = 1% and dissolved blue pigment.

The results validate the interpolation strategy of the algorithm since it generally im-
proves accuracy of optical properties when compared to non-interpolated estimations.
The sole exception to this trend is Contact DRSsr ' estimation because of the dis-
continuity in its C'F-reference base between I'L = 0.5 — 1% (see Figure due to the
limited accuracy of the Monte Carlo simulation at low scattering values (IL = 0.5%),
which was already noticed (see Section [3.2.6)).
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Figure 4.16: 1, estimation with interpolated CF B of a phantom having I Lipe, = 1%
and fiq theo proper of blue pigment depicted in dotted lines.
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4.5.6 Correction of Instrumental Variations

An additional section of the ACA-Pro approach considers the use of a single measure-
ment of a common homogeneous material that characterizes instrumental conditions
to calibrate from variations that occur between different experiments (refer to Sec-

tion [4.4.3)).

Extreme experimental variation

As a first validation stage of this calibration algorithm, we consider the Contact DRSsr
setup only. In this study, a severe variation is simulated by deliberately provoking a
change in signal intensity of S3, S4 and S5 to affect the sensitivity both of p/ and p,
estimation (see Figure . This is done by decentering the spectrometer fibre from
the detection fibre bundles F'3, F'4 and F'5 by changing the corresponding alignment
positions (see Section [3.2.2). A solid piece of white resin [Soloplast, 2015] having sta-
ble and homogeneous optical properties is used to characterize experimental conditions
before and after the decentralization of fibres.

Figure shows Ky, (calculated according to Equation for all F6 — F1.
Notice that S3, S4 and S5 decrease according to the decentralization of the fibres
F3 — F5 whilst all other remain almost constant (close to 1). Thereby, it can be said
that resin measurements follow instrumental variations.
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Figure 4.17: K1 Ratio of resin signals acquired at different experimental conditions.

Three different phantoms with ILye, =1, 2, and 3% and common fi, theo=1 em™!

are used to show the interest of the correction strategy for the p/ estimation. Different
phantoms with common ILpe, =1% and different 14 theo=0.2, 1, and 3 em ™! are used
to show the interest in the u, estimation of the correction strategy. Figure shows
w's and [, of the different phantoms (different colors and shapes) with the non-corrected
signals (empty shapes) and corrected signals (black-filled shapes). Estimations under
the same experimental conditions of the CF(IL,.s) 6-reference base are illustrated with
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slashed black lines whilst theoretical optical properties are represented with black dotted

lines.
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(a) i estimation of three unknown phantoms with I Lspe, =1,
2 and 3% (different colors and shapes) and common fiq,theo =
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35F o~ — ——Same experiment
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(b) fta estimation of three unknown phantoms with
Pa,theo=0.2,1 and 3 ¢m ™' (different colors and shapes) and
common I Lipeo =1%.

Figure 4.18: Optical properties ﬁ’\s and fi, estimations of unknown phantoms with
different ILipeo and pigtheo calibrated with signals measured under different and the
same experimental conditions (slashed black lines) to the ones set to build the CF (I L)
6-reference base. The effect of the conditions difference correction is represented with
black-filled shapes and compared to the non-corrected signals represented with unfilled
shapes. The legend is given for one phantom but the same line type code applies to all
other phantoms.
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Figure sums up the ﬁ’\s and [, average errors of the estimations from measure-
ments taken with the same and different fibre positions, with and without correction.
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Figure 4.19: Average optical properties estimation relative error over the whole working
spectrum with non-corrected and corrected signals from the different and the same
experimental conditions to those of the CF(IL,.¢) 6-reference base. Contact DRSsr
measurements.

Figures |4.18| and show the accuracy improvement in both optical properties
estimation of corrected measurements with respect to non-corrected measurements. Es-
timations with corrected measurements lie closer to those obtained with measurements
taken under the same experimental conditions. This results validate the correction
strategy of experimental conditions variations.

To sum up, we have simulated an extreme change (unlikely to occur naturally) in
experimental conditions by reducing S3 and S4 by 50% and S5 by 15%, to test the
capability of our strategy to correct from experimental variations. The obtained esti-
mation results validate the correction approach. Moreover, we have demonstrated that
the adoption of a solid material, measured only once to characterize each experimental
condition, has the potential to replace liquid phantoms which pose temporal instability
problems.
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Real daily experimental variations

In a second study, we considered less extreme real experimental variations and used,
for precise correction, a more spatially homogeneous material than resin: the standard
99% reflecting Spectralon® fluoropolymer [Labsphere, 2016] (see Figure . Spec-
tralon has a high reflecting efficacy and negligible diffuse reflectance, spatial optical
homogeneity, and temporal optical stability.

To perform repetitive measurements of the Spectralon sample, necessary for a pre-
cise and robust correction, a special support, fixing the measurement distance and the
Spectralon position, was built (see Figure . This support is used to calibrate the
Contact DRSsr setup.

For the initial Non-Contact DRSsr setup, unfocused measurements of the Spectralon
are performed at a fixed distance from the doublet pair by controlling the support table
height.
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Figure 4.20: 99% reflecting Spectralon® fluoropolymer [Labsphere, 2016].

Spectralon
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distance

Figure 4.21: Built support fixing the DRSsr probe and the Spectralon position to keep
a fixed measuring distance and allow for repetitive measurements.
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Short-term instrumental stability is confirmed through the low signal error (see Fi-
gure calculated for 6 normalized and treated measurements Sy (see Equation
taken along 45 minutes with the Spectralon support. Similar errors are obtained
with the unfocused Spectralon measurements taken with the initial Non-Contact DRSsr
setup. It is clear that errors increase for weaker signals (lower signal-to-noise ratio) such
as the ones detected far from the source (F'1 — F2) and at lower wavelengths (470-500
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Figure 4.22: Relative error (%) of six different measurements taken on the Spectralon
support to show measurement repetability and immediaty instrumental stability.

The minimal short-term measurement error allows to correct subtle real instrumental
variations between two different measuring days. Derived Spectralon signal ratios Kig_+1
are shown for Contact DRSsr in Figure[d.23] Notice that K;o_¢; is close to 1 for F1—F6,
implying that minimal instrumental variations occurred.
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Figure 4.23: K;q_¢ ratio of Spectralon signals taken at different days.
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Figureshows the i estimation of unknown phantoms from Contact DRSsr mea-
surements taken on the same or different day than the day in which the C F-reference
base is measured. It is confirmed that the correction of experimental conditions with
the Spectralon Kiy_;; reduces the estimation error of both optical properties (see Fi-

gure .
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Figure 4.24: [1, estimation of unknown phantoms (with common I L;je, = 1.5 % and dif-
ferent fiq theo = 0.4 and 0.7 em ™" (at 600 nm) from Contact DRSsr measurements taken
on the same (slashed lines) or different day to the C'F-reference base. The correction of
experimental variations for measurements taken on different days improves estimations
(gray-filled shapes) compared to non-corrected signals (unfilled shapes). The legend is
given for one phantom but the same line type code applies to all.
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Figure 4.25: Relative optical properties estimation error averaged over the whole working
spectrum corresponding to estimations shown in Figure [£.24]

The correction strategy has also been confirmed with the initial Non-Contact DRSsr
setup through a similar decrease of the quantification error in both optical properties
(results are not shown).
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4.6 First probe measurements on biological samples

4.6.1 Heterogeneous Ham sample

The first biological sample that has been measured in this work is a heterogeneous flat
slice of ham having areas with different types of fat and muscle. Figure shows an
example of one of the slices that were measured.

Fat

Pink muscle Red muscle

Figure 4.26: Image of the ham slice measured with both probe DRSsr systems on
different types of tissues: fat, red and pink muscle.

4.6.2 Measurement procedure

The probe-based Contact DRSsr (see Section and initial Non-Contact DRSsr (see
Section setups are used to acquire measurements with a non-cooled spectrometer
MAYA2000-Pro detector.

Measurements are taken on different zones: fat, pink muscle and red muscle. For
the comparison of both modalities, the surface heterogeneity of the tissue is considered.
Therefore, five Contact measurements within the specified zone are taken and compared
to the single focused Non-Contact measurement.

To focus the Non-Contact DRSsr setup on the sample, the minimal S6 intensity is
used, as explained in Section [3.5.2

4.6.3 Method

Signals are treated as described in Sections and [3.3.5] For the instrumental cali-
bration, the ACA-Pro algorithm, explained in Section [4:4] is used for both measurement
modalities. To relate measurements to a C'F' 6-reference base built in a separate experi-
ment, experimental variations are corrected with a common measurement on a reference
intalipid phantom.

To analyse the effect of surface heterogeneities, the average and standard deviation
of estimations with the various Contact measurements are calculated.

Because of the high sensitivity of p, to the object plane height variations (see Sec-
tion , we consider only a unique Non-Contact measurement taken at the focal
plane for each zone.
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4.6.4 Results and Discussion

Figure shows the average Contact estimations with corresponding standard devia-
tion of fat, pink and red muscle compared to that of the focused Non-Contact measure-

ment estimation.

900

Contact measures 05 Contact measures
16 —— Non Contact focus : —— Non Contact focus
15 04
14
€ < 03
E 5
= -
12 02
11
ot
10
J0 o0 m0 600 0 700 70 800 B0 900 9 : ; : ; ;
450 500 550 600 650 700 VS0 800 850
nm nm
(a) Fat
20 3
Contact meas ures Contact measures
—— Non Contact focus 55 —— Non Contact focus.
15 2
2 T
E £ 19 b TN
7:."‘ 2" '
10 1
5
05
e ot
5 H . . . . . L L ; 0 L . L i : . i . :
450 500 550 600 650 700 750 800 850 900 450 500 550 600 B50 TOO 750 800 850
nm nm
(b) Pink muscle
55
40 Contact measures 5 Contact measures
—=— Non Contact focus —=— Non Contact focus
45
35 k|
4l
30 35 \_
.g Tg 3
- o 25
2
20 15 i
K T
18 ! 5
a:
05 elE '“"“-.l___(,'/‘/‘
10

0

500 550 60D BED T 450

nm

=1

0 750 800 850 900 500 550

(c) Red muscle

Figure 4.27: Optical properties estimated with Contact measurements and focused ini-

tial Non-Contact measurement on different types of tissue.
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Notice that the average Contact and single Non-Contact estimations superpose well.
Minor differences are found when the absorption is too low as it is the case for fat and
pink muscle after 600 nm. This is related to the instrumental noise originating from the
non-cooled MAYA2000-Pro spectrometer detector used. To avoid this source of error
in further measurements, we changed the spectrometer to the cooled QFE65000.

Overall, the correspondence between the initial Non-Contact DRSsr and the well-
established Contact DRSsr measurements has been validated.

4.7 Conclusion

We have presented an exhaustive comparison of the ACA-Pro calibration approach with
Contact and Non-Contact measurement modalities of DRSsr and two different detectors:
a spectroscopic fibre probe and a CCD.

The main advantage of the ACA-Pro, lies in the use of a unique Monte Carlo sim-
ulation with which measurements, taken with the different systems, have been fitted
to derive optical properties. This was achieved through the compensation of the dif-
ferent non-modelled illumination profiles that originated from the components of the
Non-Contact architectures, through a p’-based calibration procedure.

Intralipid phantoms with a wide range of scattering and absorption coefficients,
comparable to that of biological tissues, have been measured to validate the calibration
algorithm. Errors for Contact and Non-Contact probe-based setups remained below 4%
and 8% for scattering and absorption properties, respectively. Further improvement on
the estimation of u, would be achieved by including a p,-based calibration procedure
to the original u/-based calibration of ACA-Pro.

The ACA-Pro algorithm was also validated with the Non-Contact CCD-based DRSsr
that has been explored for a perspective integration in the final Dual-Step technique.

Moreover, the competence of the ACA-Pro algorithm was demonstrated with Non-
Contact measurements and an adapted Non-Contact Monte-Carlo model that was built.
Even though the adapted model improves quantification with a single reference phantom,
ACA-Pro further optimizes absolute quantification.

Moreover, we have developed two strategies to reduce the amount of measurements
and thereby manufacturing of liquid phantoms. The first was related to the use of in-
terpolation between reference measurements with different scattering coefficients. The
second dealt with the correction of intensity changes between measurements taken un-
der different experimental conditions. For this purpose, we proposed the use of a sin-
gle measurement characterizing each experimental condition. We have considered the
measurement to be taken on a solid, optically stable, and homogeneous material (eg.
standard Spectralon® fluoropolymer). This has the potential to fully substitute the
use of liquid intralipid phantoms after a first instrumental calibration. Therefore, it is
possible to bypass their related problems including temporal instability of optical prop-
erties, short-term conservation at low temperatures, and demanding manipulation. This
approach poses the base for the development of a less demanding comparison technique
between measurements taken at different time periods and subject to slight instrumental
variations.

We have further validated the performance of the entire ACA-Pro algorithm with
Contact and Non-Contact measurements in a biological sample. It is seen that Non-
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Contact DRSsr estimations clearly relate to Contact DRSsr estimations.

In conclusion, the developed ACA-Pro algorithm is an extended calibration strategy
that allows absolute quantification of optical properties of any DRSsr setup with a few
reference phantoms measured only once. These reference measurements correct from the
instrumental effects that are not modelled by the unique Monte Carlo simulation used.
Additionally, ACA-Pro corrects from the instrumental variations that occur between
experiments taken at different time periods with a single measurement of a common
optically stable material.

The p'-based calibration procedure of ACA-Pro including the interpolation and cor-
rection of instrumental variations strategy is systematically used for the quantification
of optical properties with all techniques considered in this work and discussed in the
following Chapters.






Large Field of View Multispectral
Imaging

Multispectral Imaging (MSI) of a wide field of view cannot quantify both absolute
optical properties. However, quantification of one optical property is possible if the
other is known.

By assuming an a-priori modelled scattering coefficient !, with slow spatial vari-
ation, some groups ([Bjorgan et al., 2014], [Basiri et al., 2010], [Vogel et al., 2007] and
[Zuzak et al., 2002]) fixed the same scattering coefficient on the whole imaged sample.
Yet, because no direct measurement of p/, is performed, only apparent or relative quan-
tification of absorption is possible.

Distinctively, we propose to quantify absolute p/, with DRSsr measurements to obtain
absolute p, quantification with MSI. The principle of the Dual-Step technique that we
develop achieves wide-field quantification of optical properties based on punctual DRSsr
measurements on specific zones. For this purpose, we have built a Large Field of View
Multispectral Imaging (LFOV MSI) coupled to the initial Non-Contact DRSsr setup
(described in Section as shown in Figure

Filter wheel

Lamp

Objective
lens

Illumination
ring
Doublet

‘v’ pair

P
.

.o -
- "

Figure 5.1: First Dual-Step setup combining LFOV MSI (left) and initial Non-Contact
DRSsr (right) techniques.
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In this Chapter we describe the LFOV MSI instrumental setup (Section built,
its measurement procedure (Section , and image processing (Section .

The method for optical properties quantification of the LFOV MSI technique is
described in Section Section focuses on the u, quantification capacity of MSI
based on 1, estimations provided by the initial Non-Contact DRSsr technique. Besides,
the integration of the ACA-Pro algorithm in the MSI system, for further improvement
of the absorption estimation, is explained and validated on homogeneous phantoms in
Section

An additional analysis of the spatial distribution of light in the sample is given in
Section[5.7], describing also the optimization proposed through a pixel by pixel ACA-Pro
calibration.

Section 5.8 evaluates the Depth of Field of the MSI technique with the i, estimation
error.

Section demonstrates the wide field p, quantification ability of LFOV MSI on
a heterogeneous sample as a first result. Further results on real biological samples are
considered in the next Chapter [0}

Finally, the conclusions of the technique are given in Section [5.10]

5.1 Instrumental Setup

After verifying the direct correlation between Spectral Imaging and Point Spectroscopy
measurements (Appendix , a staring modality of MSI (see Section is adopted.
The LFOV MSI instrumental setup built is illustrated in Figure The system makes
use of a 12-bit monochrome VGA PizelFly CCD detector, being a matrix of 640 x 480
pixels with a pixel size of 9.9 um (see Appendix . The lamp that is used for
homogeneous illumination is a KL2500 LCD Schott source set to 3000K of temperature
for maximal spectral distribution. This is connected to a 6-LED illumination ring, which
is inclined to avoid specular reflection of imaged phantoms.

Filter wheel

o

Lamp

= Objective
lens

Humination
ring

.- i Plastic
b corner
Support ~—
table a

Figure 5.2: LFOV MSI setup.
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A filter wheel has been customized to the lamp and the available filters to fasten
them suitably and ensure no light leakage around, so that all light coming out of the
lamp is filtered. Figure shows the manufactured wheel with Delrin. Four filters in
the visible range are used to acquire the first LFOV MSI measurements: 500, 550, 600
and 700 nm.

Figure 5.3: Customized filter wheel ensuring no light leakage around the filters.

A Xenoplan 2.0/28 objective lens ensures a field of view (FOV) of 50 x 65 mm?
(corresponding to a G=0.095) at the focal plane, where the sample is placed.

Remark the small support fixing the plastic corner inside the field of view of the
CCD, that is used for the indirect measurement and consequent correction of the source
variations (refer to Section [5.3.3)).

To ensure repeatability of measurements, the same dark ambient conditions are set.
Therefore, we isolated the whole LFOV MSI system inside a black-cardboard structure.
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5.2 Measurement Procedure

Images are acquired under the same conditions with an acquisition time ¢ that is adapted
to the dynamic range of the CCD detector. The focal plane of all objects is found as
explained in the following Section [5.2.1] For each filtered light, sample images are
acquired together with flat field images (see Section . Lastly, background images
are taken for the entire range of integration time used.

5.2.1 Focusing

The object focal plane is identified by adjusting the support table height until a focused
sharp image is obtained. The sample height around the object focal plane has a pro-
portional effect on the intensity signal detected by the CCD. The measured intensity
variation is shown in Figure[5.4|and it can be modelled through a simple linear equation.
The latter is particularly useful for the correction of the surface curvature which will be
developed in future work.

104
102 \ y = -0.5x + 103.68

=
100 B

% “\

96
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-3.5mm Focus +35mm

Figure 5.4: Percentage intensity variation with sample height (+ 3.5mm around the
focal plane.

The effect of this intensity variation on the p, estimation is shown in Section

5.2.2 Flat Field

Flat field images are acquired with the Spectralon® standard, described in Section
(see Figure for each filtered light. The flat field images are used to correct re-
flectance images from the curved focal plane of the objective lens, the inclination of the
illumination, and the filtering of light which provoke a varying intensity distribution on
the object plane. The next Section explains in detail the procedure for flat field
correction.

5.3 Image Processing

5.3.1 Flat Field Correction

Flat field images Sfiq: (see Figurel5.ba)) and sample intralipid images S (see Figure|5.5b))
are corrected from the background S, sse: taken with the corresponding integration time
t. The blue squares on Figures depict the useful area of the image, determined by
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the Spectralon size, on which flat field correction is performed according to Equations

B and 521

FF = Sflat - Soffset (51)
max(sflat - Soffset)
S — Soffset
_ 2
Se . (5.2)

3

O
(a) (b)

Figure 5.5: Blue squares show the area used for flat field correction. Smaller green
squares define the common selected area of the plastic corner intensity that is averaged
and used as an indirect measurement of the lamp (see Section . (a) Flat field
image Sfiq¢ taken with the Spectralon. (b) Intralipid phantom image S. The red square
defines the central selected area of 150 x 150 pixels in which intensity is averaged (see

Section [5.3.2)).

5.3.2 Averaged intensity

After flat field correction, the intensity of an area of size T, x T}, is selected and averaged
for further processing.

For a unique intensity with high SNR, individual to each imaged phantom, an area
of T, = T,, = 150 is selected at the center of the image, as shown by the red square of
Figure [5.50]

For wide-field processing (refer to Section, smaller areas are considered. To keep
the original spatial resolution, single pixels should be treated and T, = T, = 1. Yet,
because the calculation time of individual pixels is too long, we considered mean pixels
of the size T;, = T, = 10.

The average reflection intensity S, of the selected area is calculated through Equa-
tion

2521 Zzil SC(JZ, y)

Sa = T

(5.3)
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5.3.3 Correction of Illumination fluctuations

The variation of illumination intensity should be compensated to allow the comparison
of acquisitions and optimize the quantification accuracy. In practice, the average short-
term source variability is measured to be < 1.8% after a warm-up period of 6 minutes
(see Figure. This variation may increase up to 15.2% when measured along different
days.
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Figure 5.6: Lamp source variations over a period of 3 hours and 20 min after turning it
on.

Ideally, the direct measurement of the source at each image acquisition should be
used, as it is done in the probe DRSsr measurement methodology (see Section .
However, in the actual setup the direct source intensity measurement is not straight-
forward. Thus, we adopted an indirect measurement of the source through the average
intensity I (corrected from the background and t) of a common material, present in
all images at the same place. For this, we chose a piece of cream-coloured plastic
with a similar intensity response to our samples to ensure that it remains inside the
dynamic range of each image. It is fixed at the opposite side of the source to avoid
shadowing (see bottom left corner of Figures and and its intensity is averaged
across the same area (green square) on all images. The source variability correction is
done according to Equation @, where I, ; and I 5 are the average treated intensities
of the common material in the first image I'm, and second image Ims, respectively.
Analogously, S,,1 and S, 2 are corrected and averaged reflectance signals of images Im;
and I'msy, respectively. For notation simplification purposes, we define the reflectance of
Im, corrected from the source fluctuations as Sy = Sy 1.

Sy =8n1=S5a1" 7 (5.4)

In other words, the intensity of Sy is weighted with the factor I o/Is1 as if Imy
and I'my images were taken on the same moment under the same illumination intensity.
Thereby, all weighted reflectances Sy are comparable and their posterior processing can
follow. The improvement of this treatment strategy in terms of absorption quantification
is shown further in Section [(.6.3
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5.4 Method for the derivation of Optical Properties

5.4.1 Diffusion Model with homogeneous illumination

The forward model of this technique is chosen to be a well-established analytical ex-
pression of light transport in a homogeneous medium. The expression is based on the
diffusion model derived by [Svaasand et al., 1995] and has been used for various multi-
spectral imaging techniques such as the one developed by [Bjorgan et al., 2014] or SFDI
[Cuccia et al., 2009], being the most advanced technique (refer to Section [2.5.4).

Diffuse reflectance R, originated from an isotropic illumination, is expressed as a
function of the wavelength and the albedo a’, combining both optical properties u, and
ph. [Cuccia et al., 2009] extended the model to the spatial frequency domain. To do
so, R4 is conveniently expressed as a function of the sinusoidal spatial frequency k of
illumination. By supposing a planar illumination with frequency k = 0, the diffusion
model R(0), adapted to our technique, is obtained:

3Ad
R(0) = ¢ (5.5)
V3 —d) +1)(/3(1 — /) + 34)
where A is the proportionality constant A = 2(11%1{‘%) ;
Rc¢y is the effective reflection coefficient R.r¢ ~ 0.0636n 4 0.668 + % - 17;%4;

n is the refractive index equal to 1.33 for water-based phantoms and equal to 1.37
for tissue samples;

’
a’ is the reduced albedo a’ = : =

and iy, is the transport coefficient g = pg + pl.

Figure shows the modelled diffuse reflectance in terms of optical properties f,
and 4, that is saved in a Look-up-table LUT ( hence defined as REYT) and used for
data fitting with the measured and calibrated reflectance Rop (see Section [5.4.2)).

One of the advantages of this analytical model is that it requires little time to
calculate R'YT compared to a Monte-Carlo simulation.

As mentioned in Section the limitation of the diffusion approximation at short
distances (smaller than I7) no longer exists with the homogeneous illumination and
detection of MSI. Nevertheless, the approximation considers that scattering dominates
over absorption. This is not always the case for skin, especially for dark skin phototypes
and at A < 600 nm due to the high absorption of melanin and haemoglobin (see Figure
. [Randeberg et al., 2005] approximated the error between the diffusion model and
a Monte Carlo simulation for A=400-850 nm. They showed that the error can be reduced
through the application of a constant scaling factor on the absorption coefficients of the
diffusion model. As a first stage of this work and to determine the limitations of the
model with our system, we have not explicitly implemented this constant scaling factor
(see Section . Yet, in a second stage (see Section , we examine this absorption
deviation with the advanced calibration procedure approach of ACA-Pro.
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Figure 5.7: RYUT built with the diffusion model for homogeneous illumination of Equa-

tion @

5.4.2 Instrumental Calibration

Similar to what is done in the Contact DRSsr method, we calibrate our measurements

from the instrumental setup through the reflectance of a reference calibration phantom

SN,res for which optical properties are known. The ratio of Sy res (averaged over the

central part of the image, see red square of Figure nd the corresponding modelled
5.9

ngcT, defines a correction factor CF (see Equation

RLUT

CF = "</ 5.6
SN,ref ( )

The calibration is performed for each illumination wavelength and encompasses the
constant instrumental effect such as the disregarded Quantum Efficiency of the CCD,
numerical aperture of the objective lens, and illumination source intensity. To calibrate
all measured reflectances Sy from the instrumental effect, their multiplication with the
calibration factor C'F' is executed following Equation [5.7]

Rep =Sy -CF (5.7)

5.4.3 Non-Uniqueness Problem

The corrected Rop of an unknown phantom is close to an infinite number of particular
modelled reflectances RXYT which determine different unknown optical properties. This
is due to the fact that the captured reflectance signal is a function of the albedo a’ as
mentioned in Section [5.4.1] Therefore, we approach the non-uniqueness problem stating
that for the same reflectance measurement there exists an infinite number of possible
- pg couples [Arridge et al., 1998].
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To clearly illustrate this effect, we calculate the Eucledian Norm of the difference
between a single Rop appertaining to a specific phantom, at a single wavelength A, and
all modelled REVT | according to the matrix Ay grm (fa, i15) of Equation

ANOT"m(,u(m ,u'fs) = \/(RLUT(/J/(M ,u;) - ]%C'F)2 (58)

As an example, we choose Rop to be the reflectance of an unknown phantom having
ta theo =1 em™ 1 at 600 nm and ILipeo = 1.5% calibrated with the CF of a reference
phantom having pig .y =0.4 em~ ! at 600 nm and IL,cy = 1.5%. Figure shows
the Anorm(thas ) matrix for A = 600 nm. Red circles define the minimal difference
values determining possible unknown g, - i, couples which include the theoretical value,
pointed by the green lines intersection and green arrow.

Unknown phantom: p_=1cm-1, IL=1.5%

Wy (em™)

by em™)
Figure 5.8: Normalized R“YT model-R¢cr measurement difference showing all the pos-
sible pl, - pq couples with minimal difference in red circles.

Because of the non-uniqueness problem, measurements taken with the LFOV MSI
setup cannot quantify both optical properties alone. This is why we developed a strategy
of p1, quantification assuming a known scattering coefficient g/, ;.. ..., explained in the
next Sections and ’
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5.5 Absorption Quantification

The known scattering value u’s,,mown (or related ILjpown) determines a slice of the
normalized difference Ao, matrix (illustrated in Figure in terms of p,. Figures
and show an example of the Apnypm slices for 3 wavelengths (500, 600 and
700 nm) of the same unknown phantom with theoretically known I Ljyoun = 1.5% and
unknown fig theo = 1 em™ ' at 600 nm. The red circles define the selected minimum
value, or estimated pu, at each wavelength. The quantified errors of these estimations
with respect to the theoretical values (black circles) are given further in Figure
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Figure 5.9: p, estimation (red circles), of a phantom with ILgnewn = 1.5% and
Pa.theo = 1 em™1 at 600 nm. Refer to Figure for a zoomed view.

0.01p
U.UUB:
0.005:
U,[][]d:

Estimated-minimum
0.002- 0 Theoretical

— 500 nm
— 600 nm
— 700 nm

A Norm

u lem™)

Figure 5.10: p, estimation (red circles), with respect to theoretical values (black circles)
of a phantom with I Lgpewn = 1.5% and pg theo = 1 em™ ! at 600 nm.
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To analyse the effect of fixing a wrong known scattering value ILgnown On the pg
estimation, we considered phantoms having the same fiq theo = fla,ref = 0.4 em™ b at
600 nm and different scattering properties I Lipco,= 1, 1.5, 2 and 3 %. We fixed a single
ILknown = ILypey = 1.5 % for all. Estimation results and spectrally-averaged relative
errors of p, are shown in Figure [5.11
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Figure 5.11: (a) Absorption quantification of phantoms having the same
Patheo = 0.4 cm™! and different ILipe,, when fixing ILgnown = 1.5%. (b) Cor-

responding average relative absorption errors which are not acceptable for absolute
quantification.

It is not surprising that minimal error is obtained with the phantom having I L;pc, =
ILnown = 1.5%. For other phantoms, the estimation error generally increases as their
IL;peo moves further from ILynown = 1.5%. Supposing a wrong scattering property
differing by 50% from ILipeo (eg. ILipeo = 1%), provokes relative estimation errors
that can go beyond 30%, which are unacceptable for absolute absorption estimation.
Thus, only relative quantification is possible.

Contrastingly, supposing the known scattering properties to be correct for each phan-
tom, I Linown = I Ltheo, greatly reduces the quantification errors. This is clearly illus-
trated in Figure [5.12

Comparing p, errors obtained with fixed ILpown = 1.5% (Figure and those
with a correct ILgnown = ILipeo for each phantom (Figure , it is clear that
the absorption relative error is reduced to more than one third when using a correct
ILknown = ILipeo- Consequently, to ensure the best quantification of absorption, a
good estimation of the scattering coefficient is necessary.
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Figure 5.12: (a) Absorption quantification of phantoms having the same
Patheo = 0.4 em™! and different ILipeo, With ILkpown = ILiheo- (b) Correspond-
ing average relative absorption errors.

Absorption estimation is also analysed for phantoms with the same scattering proper-
ties I Lipeo = 1.5% and different absorption properties. Setting I Linown = ILiheo = 1.5%,
the results shown in Figure [5.13| are obtained.
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Figure 5.13: (a) Absorption estimation of various phantoms having different p4 10 and
the same I Linown = I Lipeo = 1.5% and supposing I Linown = I Lipeo for all phantoms.
(b) Corresponding average relative pu, errors.
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The Dual-Step technique that we propose achieves appropriate scattering estima-
tion through Non-Contact DRSsr measurements. The Non-Contact DRSsr technique
achieves a maximum g/, error of 3.3% at the focal plane (see Section . Keep in
mind that this error would increase with non-focused measurements inside the DOF of
1.2 mm (see Section [3.5.2)).

Figure illustrates the increase in MSI pu, error when using I Lgpown values es-
timated with the Non-Contact DRSsr technique (at the focal plane, subject to 3.3 %
error) compared t0 ILgnown = ILtheo, for phantoms having different absorption and
scattering properties.

- - -1
”'lheo_1'5 % “atheo_u"q cim

- lLknownzlLlheo
L[] S m -|Lknown=DRSSF-BS'[imaTEd IL
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Figure 5.14: Relative p, errors of (a) phantoms with different fi4 tneo and common I Lipe,
(b) phantoms with different IL;pe, and common fig theo When using I Linown = I Liheo
or Non-Contact DRS-estimated IL with maximum error of 3.3%.

Overall, it is seen that p, error increases due to the scattering u. estimation error
of DRSsr, is lower than 4%.

Notice that the minimal estimation error of 1% is that of the phantom being identical
to the reference phantom (g theo = faref = 0.4 em™" and ILpeo = ILrey = 1.5%).
This error increases to 3% with the use of DRSsr-estimated scattering values.

Errors of phantoms different from the reference phantom generally increase as their
optical properties move further from the reference. This is emphasized with the phantom
having ftg, theo = 0.2 em ™! and the other phantom having I Lijeo = 3%.

To illustrate this deviation and better understand the estimation errors, we con-
sider optical properties of all phantoms known and derive the corresponding modelled
reflectance REUT  This allows comparison of RTLE%T JREUT  with Sy ref/Sn. The
comparison is used to test the linearity between model and measurements by looking at
the fit with respect to the 1: 1 ratio. Figure [5.15] shows these ratios for A = 600 nm.
Notice that the further optical properties (in pink) from the reference (in red) are the
measurements that least fit to the 1:1 ratio (in dotted black line).
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Figure 5.15: Linearity between normalized measurements and normalized modelled re-
flectance at A = 600 nm.

For a more quantitative analysis, relative percentage errors are calculated between
REUT and Ror and shown in Table
Table 5.1: Relative errors between calibrated measurements Ror and modelled values

R,fg;{m for phantoms having the given p, values at 600 nm. The same color code of

Figure is kept.

ta (em™) [ IL (%) | Relative error (%)
0.4 1.5 0 (reference)
0.4 1 1.3
0.4 2 1.7
0.4 3 3.4
1 1.5 0.3
1.5 1.4
0.2 1.5 5.6

These errors, resulting from the use of a single reference phantom, directly explain
the u, estimation errors shown in Figure

Therefore, to improve u, quantification, we propose to use several reference absorb-
ing phantoms. In other words, the improvement is achieved by integrating the ACA-Pro
algorithm (described in Chapter [4)) to calibrate the MSI instrument according to ab-
sorption estimations. This is explained in the next Section [5.6]
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5.6 Wide-field Absorption Optimization with ACA-
Pro

The ACA-Pro algorithm, described in Chapter [@ proposes an optimal approach to
calibrate the instrumental response. Applied to MSI, ACA-Pro is able to improve
absorption quantification, which is initially limited by the diffusion model used (see
Section . Figure illustrates the flowchart of the ACA-Pro p, quantification
process applied to the MSI system of the Dual-Step technique, combining it with Non-
Contact DRSsr. The ACA-Pro algorithm makes use of a C'F' reference base (see Section
built with reference phantoms having different known scattering and absorption
properties. The selection of the best reference optical properties of the C'F is performed
in two steps. In a first step, the p/ is estimated with Non-Contact DRSsr. In a second
step, for the given scattering coefficient, the , estimation is upgraded according to the

ACA-Pro algorithm approach (refer to Section [4.4]).
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Figure 5.16: Flowchart describing ACA-Pro applied to MSI technique for absorption
quantification based on the p’ estimation of Non-Contact (NC) DRSsr technique.

ACA-Pro also allows to reduce the number of necessary reference phantoms through
an interpolation strategy of both optical properties (refer to Section [5.6.2)).
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5.6.1 CF Reference base

An extensive phantom study is carried out to validate the absorption quantification
improvement of ACA-Pro in LFOV MSI. Ten different reference phantom having two
different scattering properties (I L,y = 1 and 1.5%) and five different absorption prop-
erties (pgref = 0.4, 1.05, 2.84, 6.01, and 10.4 cm™' at 600 nm), are used. The CF
10-reference base is built according to Equation for the different considered phan-
toms and wavelengths A (500, 550, 600 and 700 nm). Figure shows the resulting
CF 10-reference base according to A and reference optical properties.
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Figure 5.17: CF 10-reference base according to illumination A built with ten reference
phantoms having two different scattering properties (IL,.y = 1 and 1.5%) and five
different absorption properties fiq,rey = 0.4, 1.05, 2.84, 6.01, and 10.4 em ™! at 600 nm.

Recall that the diffusion model used is not accurate for high absorption values (see
Section|5.4.1]). Therefore, as expected, C'F' depends on p,, justifying the use of u,-based
ACA-Pro calibration.

Wide field p, estimation is achieved by considering the average reflectance value of
10 pixels (refer to Section , calibrating it with a CF, and fitting it to RXUT. To
show the performance of ACA-Pro, an example of five unknown phantoms having the
same I Lipeo = 1% (estimated with Non-Contact DRSsr) and different fiq theo are used.
Their wide field pu, is estimated with the C'F' 10-reference base of Figure [5.17

Figure [5.18| shows an example of estimated wide field u, obtained for the lowest
absorbing phantom considered with the appropriate CF. Notice that all quantified fi,
pixels are around the theoretical value fiq 1heo With an average error of 4% for all As.
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Figure 5.18: Wide field multispectral [, quantification for an unknown phantom having
Ia,theo specified by the central figure and marked by the black arrows on the colorbars.

Spatially averaged u, errors calculated at 550 nm with respect to g theo for five
unknown phantoms (with different pig iheo and common ILpe, = 1%) calibrated with
the entire CF 10-reference base are shown in Figure[5.19] It is clear that minimal errors
are obtained with the C'F' having the closest optical properties to the unknown phantom.
Through a dichotomic procedure both on p, and u,, ACA-Pro is able to automatically
derive the optimal C'F (CF,p) for each pixel of the image. Figure summarizes the
minimal spatially averaged p, errors obtained with C'F,,; for all phantom absorptions
a,theo and A. These results comprehensively validate the optimal calibration procedure
of ACA-Pro and use of Non-Contact DRSSt f1{, 1,5, tO estimate wide field fz, with an
error < 5.5% for the range of optical properties considered.
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Figure 5.19: Average p, errors at 550 nm of unknown phantoms having different 114 theo
and common I Ly, = 1%, calibrated with the CF 10-reference base and the optimal

CF,pt chosen by ACA-Pro.
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Figure 5.20: Average [i, errors of unknown phantoms having common I Lype, = 1% and
different ftq,¢heo, calibrated with CF,p, for all considered A.
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5.6.2 CF Interpolation

The linearity of the C'F 10-reference base with respect to fiqrer (see Figure 7
allows to reduce the number of reference phantoms and derive the optimal C'F’ through
interpolation of both !, and pg.

To show this, an unknown phantom having ILpe, = 1% and pg theo = 3.12 em™
is estimated with a C'F 2-reference base built with IL,.y = 1% and 14 5 = 1.15 and
6.61 cm~!. Figure shows the wide-field relative (i, errors obtained with the use of
the CF 2-reference base and the interpolated CF (CFjpierp), at 500 nm. Notice that
CFinterp achieves minimal wide-field error which is directly comparable to the average
error obtained with C'F proper of jiq rer = 3.12 em™! (error = 3.5%, see Figure at
500 nm). This result validates the interpolation strategy of ACA-Pro applied to LFOV
MSI.
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Figure 5.21: Wide field i, error at 500 nm of an unknown phantom having fi4 theo = 3.12
em™!, calibrated with the CF 2-reference base built with g4 e = 1.15 and 6.61 cm ™1,
and the interpolated CFipterp.

An optimal choice of the minimal amount of reference phantoms used to build the
CF reference base is necessary to optimally benefit from the interpolation strategy of
ACA-Pro. This choice directly depends on the optical properties of interest.
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5.6.3 Intensity variation correction

As mentioned in Section [5.3.3] images are corrected from the lamp intensity fluctua-
tions through the indirect intensity measurement of a common material present in all
images at the bottom left corner (see Figures and [5.5b)). This is particularly useful
when using a C'F reference base measured on a different day for which the illumination
intensity variation is non negligible. To show this, we consider the case of an unknown
phantom showing an intensity variation of 15% with respect to the C F-reference base
measured on another day. Figure illustrates the reduction in wide-field fi, error
considering or not the correction of intensity variation at 500 nm.

Non-Corrected |Error| % Corrected |Error| %

mean pixel
mean pixel

5 10 15 20 25 30

mean pixel mean pixel

Figure 5.22: Wide-field i, relative error at 500 nm obtained with or without the cor-
rection of the lamp fluctuation for an unknown phantom with p4 theo = 1.27 em~ ! and
ILipeo = 1%. Through the correction of fluctuations the average error is reduced of
about 2.2%.

In average, estimation errors are reduced by 2.2%, validating the indirect measure-
ment protocol of the source fluctuations and correction process between images.
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5.7 Spatial distribution optimization

Section shows that the achieved [i, error averaged over the whole image is < 5.5%
for the range of optical properties and wavelengths considered. Further improvement
on this estimation should focus in the optimization of the spatial distribution. Indeed,
the spatially heterogeneous diffuse reflectance originated from the inclined illumination
is not corrected by the non-diffusing (reflectance) Spectralon flat field images.

To better understand this effect, let us have a closer look at Spectralon and intralipid
phantom images (see Figure [5.23)). For a comparative study, we consider images of a
sample intralipid phantom IPq (with I Lipeo = 1.5% and p ¢heoa = 0.7 em™?'), a different
intralipid phantom IPs (with same ILipeo = 1.5% and jig theo = 0.4 cm™1), and the
standard Spectralon.

(a) (b)

Figure 5.23: Reflectance images of (a) Intralipid Phantom (b) Spectralon.

The central horizontal profile (illustrated by the red line on images of Figure
of the sample intralipid IP; image and the smoothed central profiles of IP5 and the
Spectralon are normalized and compared in Figure The corresponding ratio of
profiles with respect to IP; are illustrated in Figure [5.245]
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Figure 5.24: (a) Profile of IP; and smoothed profiles of a IPy and the standard Spec-
tralon. (b) Corresponding profile ratios relative to that of IP;.
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Notice that the profiles differ between the highly reflectance diffusing intralipid and
non-reflectance diffusing Spectralon. In other words, the diffuse reflectance that occurs
in the intralipid only is imperceptible in the reflective Spectralon. The mathematical
analysis of the signals measured on the intralipid (S;z) and the Spectralon (Sspec),
shown in Figure combines the signals originating from the source (Ssource), the
impulse response function of the system (IRF'), a factor proper to the surface of the
sample (), and, in the case of the intralipid, the resulting diffuse reflectance (Ryz) (see

Equation .

SIL = Ssource x IRF x YL X RIL (5 9)
SSpec = Ssource x IRF x Y Spec .

Therefore, the ratio Srr/Sspec (shown in blue, Figure [5.24b)) encompasses not only
the constant surface ratios yrr/vspec but also the spatially heterogeneous distribution
of Ry, emerging from the inclined illumination (see Equation [5.10]).

S
Ratio= 1L = ML . g, (5.10)

SSpec YSpec

This explains the lack of spatial uniformity of the Ratio Stz /Sspec-

In analogy to the non-modelled illumination profile of Non-Contact DRSsr techniques
(see Section in the Monte Carlo simulation, the non-modelled inclined illumination
of the LFOV MSI setup, results in different diffuse reflectances according to the optical
properties of the phantom. This non-constant effect cannot be corrected by the single
CF that has been used and which is spatially averaged at the center of each image (see
Section .

Recall from Chapter [ that the ACA-Pro calibration in Non-Contact DRSsr tech-
niques uses a C'F' individual to optical property, wavelength, and SD distance to com-
pletely correct the non-modelled illumination profile.

Applying the same concept to MSI, we propose to adjust the heterogeneous spa-
tial distribution of wide field i, by using a CF individual not only to each optical
property and wavelength, but also to each pixel. In this way, the ACA-Pro calibration
includes the constant deviation between measurement (Sy,es) and model (R-Y"), and
also the heterogeneous spatial distribution of the diffuse reflectance emerging from the
non-modelled inclined illumination. This calibration procedure would considerably re-
duce the spatial distribution of the estimation error of wide-field u, due to the spatial
illumination variation and should be contemplated as a perspective improvement (see

Section [7.2.2)).
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5.8 Depth of Field

As explained in Section the distance sample - objective lens has a proportional
effect on the intensity variation. To define an acceptable depth of field (DOF), we
quantified the u, error originated by this intensity variation at A=500 nm. A reference
phantom having jiq rer = 0.4 em~ ' at 600 nm and IL,er = ILgpown = 1% (estimated
by Non-Contact DRSsr), is placed at the focal plane. The corresponding C'F is used
to calibrate images of the same phantom placed at £3.5 mm around the focal plane.
Thereby, the total u, error of the Dual-Step technique, due to difference in plane heights,
can be calculated.

Figure shows the relative u, error with respect to the theoretical value and
averaged over the quantified calculated images. As expected, the u, estimation decreases
with height, since the intensity increases as the sample approaches the source. According
to these results, a convenient DOF of 3 mm can be defined to limit the u, error to £
5% (see green lines). Therefore, the final DOF of the Dual-Step technique is defined
by the 4.1% estimation error of p/ with Non-Contact DRSsr for 1.2 mm (see Section
. With this DOF the wide field p, estimation error with MSI is < 5%.
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Figure 5.25: p, error originated from the intensity variation at different planes (+ 3.5mm
around the focal plane.

Yet, to further reduce the pu, error in biological non-flat samples, the detection of the
sample’s curvature is necessary for correction with the linear intensity-height equation
(see Figure[5.4)). This should be a focus of further development and will be discussed in
Section
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5.9 Measurement of a heterogeneous medium

A home-made gelatine-based heterogeneous phantom with different absorbing and scatter-
ing zones has been used to test the ability of LFOV MSI to quantify p, in the different
zones of the same image (see Figure [5.26). Reference optical properties of the zones
in the phantom are estimated with Contact DRSsr. Reference DRSsr p, are used as
s known Values to estimate wide-field i, with MSL. These MSI y, estimations are sub-
sequently validated with reference DRSsr p, estimations.

Absorption of the zones in the phantom depends on the different concentrations of
‘VAHINE’ red ink or HP-printer blue ink used. Scattering depends on the amount of
diffusive milk and edible gelatine used. Blue shapes are made of different concentrations
of blue ink and the same milk-gelatine mixture, whilst the pink background is made of
a low concentration of red ink and a different milk-gelatine mixture. Notice that some
pink background mixture invades the surface of the blue shapes.

Dark blue

corner

Figure 5.26: Home-made gelatine-based heterogeneous phantom composed of different
optical properties p, and p.

Contact DRSsr measurements have been taken (on similar areas than the ones im-
aged) of the pink background mixture, the dark blue, and the lighter blue shapes. Figure
shows the estimated reference optical properties.
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Figure 5.27: Contact DRSsr estimated p/, (left) and pu, (right) properties of the different
zones (background and light blue or dark blue shapes) on the heterogeneous gelatine-
based phantom.

5.9.1 Image acquisition

Filters of 550 nm and 600 nm are chosen for LFOV MSI, because at these wavelengths
there is a clear difference of the absorption signature of the various zones (see grey
dotted lines of Figure . Images with these filtered light are acquired and treated
as explained in Sections [5.2] and [5.3 and shown in Figure [5.28] Notice that some small
areas have a wrong reflectance intensity value because of specular reflections caused by
air bubbles or sample holes. The small specular reflections are bypassed through a filter
algorithm that accords the minimal value of a mask to the center pixel. Yet, because
the correction of the surface curvature of the sample has not been considered in this
case, the quantification of holes is not possible.
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550 nm 600 nm

Figure 5.28: Treated images of the heterogeneous phantom under 550 and 600 nm
filtered illumination.

5.9.2 Wide-field absorption quantification

The first step in the quantification of wide-field fz, with LFOV MST is to give a f1/, ;.. 0un
value to each pixel of the image. The pf ;..,,, map is built with an intensity-based
segmentation procedure, based on the high contrast of the 600 nm image and the Otsu

method. DRSsr estimated u! values are set for each segmented homogeneous zone
(background and shapes) as illustrated in Figure

550 nm urs,known 600 nm IJ-,s,known

200

250

50 100 150 200 250 300 50 150 200 250 300

Figure 5.29: 1 1,00, map for 550 and 600 nm.

This quantitative multispectral M; known AP, together with the C'F- reference base
is used to calibrate single pixel of images according to ACA-Pro (refer to Section
and optimally quantify wide-field 1, (see Figure . Notice that the quantitative i,
maps show values corresponding to the Contact DRSsr-estimated fi, of the different
zones shown in Figure These results ultimately validate the wide-field p, quantifi-
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cation ability of LFOV MSI based on an a-priori built u;’known map and the ACA-Pro
calibration.
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(b)

Figure 5.30: Wide field p, shown with two different scales (left-right) to enhance visu-
alization. (a) 500 nm and (b) 600 nm.
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The analysis of quantitative jz, maps at 550 nm and 600 nm is taken a step further
with the calculation of relative concentrations of blue and red inks. This is based on
linear combinations of spectral unmixing (see Equation . According to Equation
the estimated p, at each wavelength (g 550 and peeo0) is expressed as a linear
combination of the relative extinction coefficient er of red and blue ink multiplied by
their corresponding concentrations Ceq and Cpye. In this case, no theoretical quantifi-
cation of e is available and thus has been replaced by Contact DRSsr p, signatures of
the background and the light blue zones (refer to right Figure .

Ha,550 = Ha,red,550 * Cred,550 + Ma,blue,550 * Chlue (5.11)

Ha,600 = ta,red,600 * Cred,600 + Ma,blue,600 * Chiue

Cireq and Chyqe are calculated for each pixel to build the concentration maps, shown
in Figure Notice the correct distribution of red ink on the pink background mixture
and the blue ink on the shapes. Mixtures of red and blue ink are present at the border
and the surface of shapes, as expected. Areas corresponding to holes are not quantitative
because of shadow and curvature artefacts.
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Figure 5.31: Relative concentration of (a) red ink (b) blue ink, shown with two different
scales for visual enhancement.
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5.10 Conclusion

In this Chapter we have described the Multispectral Imaging (MSI) setup used to cover
a Large Field of View (LFOV). We have also validated a method for wide field imaging
quantification of absorption using an isotropic illumination model and considering the
scattering properties of the sample to be known.

We have shown that supposing wrong scattering properties, provoke estimation errors
that hinder absolute quantification of absorption. A-priori known scattering properties
should approach the theoretical ones to achieve acceptable estimation errors that allow
absolute absorption quantification. With the Dual-Step technique we propose, scattering
properties are estimated with Non-Contact DRSsr.

We also noticed a deviation between the isotropic illumination model and measure-
ments that degrades the p, quantification of samples having optical properties far from
the reference, used for calibration. This is directly related to the accuracy limitation of
the diffusion model in media in which scattering does not outweigh absorption properties.
To overcome this limitation, we integrated the ACA-Pro algorithm for instrumental cal-
ibration according to optical properties. We have shown and validated the optimal wide
field absorption quantification of ACA-Pro, including the use of a correction factor CF
reference base, C'F' interpolation, and correction of illumination intensity fluctuations
between images. Using the Non-Contact DRSsr estimated p/, and ACA-Pro, average
1o Telative error achieved for a large range of well-characterized homogeneous intralipid
phantoms is less than 5.5%. To further reduce this error, a spatially distributed correc-
tion factor C'F should be used to take into account the non-homogeneous non-modelled
spatial illumination.

We also showed the wide-field p, quantification capacity of LFOV MSI in a first het-
erogeneous phantom with different p/ and p, properties. The calculated quantitative
e maps allowed to derive concentration maps of the different absorbing chromophores.
These quantitative results on the heterogeneous medium have encouraged the measure-
ment of biological samples with our technique, shown in the next Chapter [0}



Optical properties quantification
of biological tissue with
Dual-step technique

This Chapter describes the final Dual-Step Multispectral Imaging technique which cou-
ples the initial Non-Contact DRSsr (described in Section with LFOV MSI (de-
scribed in Chapter. The technique achieves wide-field quantification of optical proper-
ties through an initial estimation of scattering with Non-Contact DRSsr used to quantify
absorption with LFOV MSI.

The final assembled instrumental setup, combining the Non-Contact DRSsr system
with the LFOV MSI system is described in Section

The approach has been validated with measurements on biological models. These
include: three different ez-vivo human abdominal skin samples (Section[6.2.1)) and three
in-vivo rat skin models (Section . The latter include two different inflammation
models which are of particular interest for future medical application.

The general measurement procedure used for all biological samples is detailed in
Section [6.3]

Section describes the signal and image processing that has been implemented
previous to the use of ACA-Pro for the optimal quantification of wide field absorption
(Section |6.5)).

Sections and interpret the absorption quantification results of each ez-vivo
human skin and #n-vivo rat skin models, respectively.

Section [6.8] terminates with the discussion and conclusions that can be drawn from
the biological sample results, obtained with the Dual-Step Multispectral Imaging tech-
nique.
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6.1 Instrumental Setup

The final instrumental system of the Dual-Step technique is shown in Figure[6.1} Individ-
ual detailed descriptions of the coupled setups are given in Section[3.3.1] for Non-Contact
DRSsr, and Section for LFOV MSI. For LFOV MSI, the wavelengths of filters cho-
sen are 500, 550, 600, and 700 nm, to allow optimal contrast of skin chromophores (see
Figures and .

The focal distance of the objective lens used in MSI, and the doublet pair used
in Non-Contact DRSsr, are fixed to settle a common focal plane (illustrated with the
green line). The sample object is placed on a translation stage and moved in the z and
y directions, according to a developed LabView interface program.

Non-Contact DRSsr ‘

= —;.‘ A
LED ring ‘_ jecti
Connected " . J "

to source '/},

Doublet
pair

Plastic
corner

Y

=8
—__Translation stage %X

Figure 6.1: Real Dual-Step setup combining initial Non-Contact DRSsr with LFOV MSI
systems. The common focal object plane to both techniques is delineated in green. The
sample object is moved between them (in z-y directions) with the translational stage.

The whole system is isolated inside a black-cardboard structure and reflecting com-
ponents are covered with a black cloth or plastic to ensure no uncontrolled reflections
and set the same dark ambient conditions for all measurements.
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6.2 Samples

The biological samples that are measured with the Dual-Step technique are: three ez-
vivo human skin samples and three in-vivo rat skin models. These are respectively
described in the following Sections and

Additional intralipid phantoms (refer to Section have been manufactured and
measured to build a CF-reference base necessary for ACA-Pro calibration of all tech-
niques.

6.2.1 FExz-vivo Human abdominal skin

Three different skin samples of human abdomen were purchased from the biochemistry
laboratory BIOPREDIC' vrervarionar (Saint-Grégory, France).

The skin samples include the full thickness of skin with underlying adipose tissue.

The first sample (Figure is a 2 x 3 em? homogeneous piece of caucasian skin of
Phototype 2. This is used as the first homogeneous model representative of a low skin
absorption range.

The second sample (Figure is a 2 x 3 em? piece of caucasian skin of Phototype
2 with stretch marks naturally present and visible. This is used as the heterogeneous
model representative of a low skin absorption range.

The third sample (Figure is a 3 x 3 em? homogeneous piece of african skin of
Phototype 5. This is used as the second homogeneous model representative of a higher
skin absorption range.

On each sample, Non-Contact DRSsr scan (NC scan) is performed on the positions
shown by the red line and the considered field of view for MSI is illustrated with a blue
square.

(b)

Figure 6.2: Samples of abdominal human skin used as (a) Homogeneous model of Pho-
totype 2 (b) Heterogeneous model of Phototype 2 (c) Homogeneous model of Phototype
5.

All samples were decontaminated before surgery with chlorhexidine alcohol and con-
served at a storage temperature of -20 °C'. The frozen samples were delivered in less
than 6 hours, during which the temperature was kept lower than 0 °C'. As soon as they
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were received in our laboratory, they were re-frozen until use. No additional treatment
has been performed.

6.2.2 In-vivo rat models

Three Lister Hooded adult rats were purchased from the laboratory Charles River
(Saint-Germain-Nuelles, France) and bred at the Institute of Advanced Biosciences Al-
bert Bonniot (La Tronche, France).

Animal experiments were conducted in accordance with the Institutional European
guidelines and approved by the Regional Ethics Committee and the French Ministry of
Education and Research.

For all manipulations, rats were anaesthetized with isoflurane/oxygen 3.5% for in-
duction and 1.5% thereafter. The day previous to the experiment, the rats were shaved
with a hair clipper and depilatory cream to allow measurements on the bare soothed
skin of the zones of interest.

Figure[6.3]shows the three rats used for the in-vivo heterogeneous models. The posi-
tion of the Non-Contact DRSsr scan (NC scan), performed on each sample, is illustrated
with a red line and the quantified field of view of MSI is depicted with a blue square.

Figure 6.3: In-vivo rat skin models (a) Bi-coloured model (b) Inflammation Type 1
model (¢) Inflammation Type 2 model.
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The first model (Figure is a bi-coloured model for which a black mark in the
white abdomen of the rat is scanned and imaged.

The second model (Figure is an inflammation model Type 1, proposed by
[Kim et al., 2015]. The inflammatory response is provoked with lipopolysaccharide
(LPS), a gram negative bacterial membrane that has been widely used in inflamma-
tory studies [Diks et al., 2001]. For our model, a 20 ul drop of LPS has been topically
applied on the rat’s abdomen. Previous to application of LPS, the zone on the rat’s
abdomen is pricked a few times with a syringe needle for faster integration. The action
period of inflammation is within 30 min - 1 hour.

The third model (Figure is an inflammation model Type 2 which has been pro-
voked through supplementary unequal shaving of the rat’s back with the same depilatory
cream and hair clipper to the ones used the previous day.

6.2.3 Reference samples

For ACA-Pro calibration of DRSsr (refer to Chapter {)) and LFOV MSI (refer to Sec-
tion , ten intralipid phantoms are manufactured, as described in Section The
selected reference optical properties of the phantoms, are summarized in Table

Table 6.1: Reference Optical properties of the C'F reference base.

Phantom # | ILycy | fla,rer at 600 nm
1 1% 0.4 cm™ !
2 1% 1 cem™!
3 1% 2.84 em~ 1
4 1% 6.1 cm™ 1T
5 1% 10.4 em~t
6 1.5% 0.4 cm™!
7 1.5% 1em™t
8 1.5% 2.84 em™1!
9 1.5% 6.1 cm™1T
10 1.5% 10.4 em ™t

Additionally, a measurement of the standard Spectralon (see Figure is per-
formed with DRSsr to correct the intensity variations (Int. var.) with ACA-Pro (see
Sectionf4.5.6)). It is also imaged with LFOV MSI to perform the Flat Field correction(see
Section [5.2.2)).

All samples are measured according to the protocol described in the next Section
to build the C'F reference base, proper to each technique.
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6.3 Measurement Procedure

In this study, the Dual-Step approach, coupling Non-Contact DRSsr and LFOV MSI
techniques, is validated with respect to the pre-existing and well-established Contact
DRSsr system.

Apart from the skin samples, measurements of the reference samples (intralipid phan-
toms and Spectralon) are performed.

The entire reference phantom base (Table is measured with all techniques only
once to build the general C'F reference base. However, together with each biological
sample, three selected phantoms (# 1, 2, and 6, delineated in bold) are also measured to
build a reduced C'F reference base used to control individual measurement conditions.
These selected phantoms and the considered biological sample define an individual mea-
surement set.

An appropriate sequence of measurements with the three techniques (Contact DRSsr,
Non-Contact DRSsr, and MSI) on the three samples (skin (in-vivo and ez-vivo models),
intralipid phantoms, and Spectralon) is followed to ensure:

e Position correlation between Non-Contact DRSsr scan measurements and LEFOV
MSI images.

e The same measurement conditions (dark and instrumental conditions) for the
single biological sample and the three selected intralipid phantoms of the individual
measurement set.

Firstly, Contact DRSsr measurements are taken on intralipid phantoms, according to
the procedure described in Section on the standard Spectralon, with the support
shown in Figure and at three measurements of the various zones of interest on the
biological skin sample, as illustrated in Figure[6.4] All these measurements are acquired
under the same dark conditions and are used to quantify p,(A\) and pl(X).

Fixation mechanism

Probe

Skin sample

Figure 6.4: Fixed DRSsr probe positioned in contact with the skin sample to be mea-
sured.

Secondly, the same DRSsr probe used for Contact DRSsr, is inserted in the frame-
work of Figure for Non-Contact DRSsr measurements. Beforehand, the height of
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the support table is adjusted for samples to be at the common focal plane with the min-
imal S6 signal, according to the procedure described in Section[3.5.2} Measurements are
then acquired as described in Section After intralipid phantoms and Spectralon
measurements, the biological sample is placed on the support table and focused at the
central point of the Non-Contact DRSsr scan (illustrated with a red line on Figures
and . Since the probe is fixed inside the Non-Contact DRSsr framework and no am-
bient light enters the setup, the same exact conditions are ensured for all measurements.
Under these conditions, both optical properties p,(A) and p} (M) are estimated. Keep
in mind that Non-Contact DRSsr achieves good estimations of /() (error < 4.1%) for
a DOF of 1.2 mm (Section [3.5.2). However, y,()) estimations are optimal at the focal
plane only and are rapidly overestimated with slight depressions of the sample.

Thirdly, the support table, on which the sample skin has been placed at the com-
mon focal plane, is moved with the translation stage under the CCD for LFOV MSI
measurements. Special care is made for the sample not to move on the support table,
so that the Non-Contact DRSsr scan positions can be directly identified in the acquired
MSI images (refer to Section [6.4.2). Subsequently, the skin sample is removed from
the support table and focused intralipid phantoms are measured under the same dark
conditions. The acquired MSI images are used for the wide field quantification of g, ()
with the a-priori DRSsr estimation of u(\).

Table summarizes the measurement sequence of an individual measurement set
and indicates the related specific purpose.

Table 6.2: Measurement sequence (Seq.) for an individual measurement set

Seq. | Technique | Conditions Sample Purpose
1 Skin o and g,
2 g?;g::t Same dark Phantoms | ACA-Pro CF-base
3 Spectralon | ACA-Pro Int. var.
4 Non-Contact Same dark, Fixed Probe, | Phantoms | ACA-Pro CF-base
5 Adapted Focus Spectralon | ACA-Pro Int. var.
DRSsr _
6 Same dark, Fixed Probe, Ski du
Common Focal Plane m Ha anC fLs
. Same dark, Skin .
LFOV MSI Common Focal Plane
Same dark, Phantoms | ACA-Pro CF-base
9 Adapted Focus Spectralon Flat Field
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6.4 Signal and Image Processing

Contact and Non-Contact DRSsr measurements are treated as described previously in
Sections and respectively.

LFOV MSI images are treated according to the fundamental corrections described
in Section Additionally, the specular reflections at the sample surface, seen in
MSI images of biological samples, should be corrected to improve fi, quantification, as
explained in Section [6.4.1

For what concerns the Dual-Step technique, a supplementary procedure of image
processing is required to correlate positions between the Non-Contact DRSsr scan and
MST images. This is explained in Section [6.4.2

6.4.1 Filtering of Specular Reflections

Despite the inclination of the source, we observe specular reflections on the surface of
the biological samples which degrade the quantification of absorption. To reduce the
specular effect, we use a filter function. The function uses a 3 x 3 kernel, which is swept
throughout the entire image assigning the minimal value of pixels in the mask to the
central pixel. Figure shows the difference on an example image (at 500 nm) before
and after filtering.

Figure 6.5: Left: Original image at 500 nm, Right: Same image after application of the
specular filter.

The effect of this filter on the i, estimation is further analysed in Section m

6.4.2 Position Correspondence

The first step of position correlation for the Dual-Step approach is to obtain a unique
coordinate axis of the entire system. Hence, the tilt of the CCD with respect to the
translation stage axis is corrected with an affine transform. For this, a grid paper is
positioned on the support table and fixed along the translation stage axis with the use of
the illumination projection of the Non-Contact DRSsr. The support table is then moved
with the translation stage under the CCD and an image is acquired. This image is used
together with a pre-built aligned grid to manually select corresponding pair points, as
depicted in Figure[6.6] The coordinates of the selected points derive the affine transform
which is methodically applied to all images.
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Figure 6.6: Example of the manually selected corresponding points (in cyan) in the real
imaged grid (left) and the pre-built aligned grid (right).

The second step of position correlation consists in identifying the Non-Contact scan
points in the MSI image. For this, we use a grid paper on which the starting and ending
points of the scan are manually drawn. The image of this paper allows the manual
selection of the points to obtain their coordinates. Figure [6.7] shows an example of the
scan points identification on one of the skin sample images.

Selected points

Figure 6.7: Affine transformed images showing the matching points (black dots) of the
Non-Contact DRSsr scan, starting with the cyan cross and ending at the red dot on the
grid paper and on the sample.

Now, the Non-Contact DRSsr scan point measurements previously validated with the
reference Contact DRSsr (see Section [6.5.1]) can be directly used for the quantification
of the corresponding pixel line in the MSI image as shown in Section [6.5.2
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6.5 Quantification of optical properties

The quantification method is described separately for Contact and Non-Contact DRSsr,
settling the reference estimations (Section which are then used by LFOV MSI,
according to the Dual-Step technique, for absorption quantification (Section . To
facilitate the explanation, we have used the measurements of the homogeneous human
skin sample of Phototype 2. The same procedure is applied to all other ez-vivo human
skin samples (Section and in-vivo rat skin models (Section .

6.5.1 DRSsr

Individual measurement sets of Contact and Non-Contact DRssr are calibrated accord-
ing to ACA-Pro with the entire general CF-reference base (of Table , through the
correction of instrumental variations with the Spectralon measurements (refer to Section
4.5.6)). Because the individual measurement sets are measured in a special L2 room,
adapted for the manipulation of human samples, and the reference phantoms of the
general C'F-base are measured after moving the entire instrumental system to a dif-
ferent room, the main source of instrumental variations is the system transfer. The
correction of instrumental variations is validated with the phantom #2 (ILipeo, = 1%
and fg, theo = 1 em ™1 at 600 nm) which is defined as unknown and is calibrated either
with the general C'F-base requiring correction, or with the individual measurement set
CF-base. The fitting of DRSsr calibrated signals to the forward Monte-Carlo model
(refer to Section results in quantified optical properties with negligible difference
(results not shown) between the different C'F- reference bases used. This validates the
performance of the ACA-Pro in the context of real experimental variations.

Figure shows an example of the average Contact and Non-Contact DRSsr mea-
surements on the homogeneous skin sample of Phototype 2. Error bars of Contact and
Non-Contact DRSsr measurements correspond to the standard deviation calculated with
twelve measurements (three measurements of four considered zones along the scan).

8

Contact DRSsr =
Non-ContactDRSsr

nm
(a) pt

Figure 6.8: Contact and Non-Contact DRSsr optical properties estimations of homoge-
neous skin model of Phototype 2.

Note that Contact and Non-Contact DRSsr estimations have a similar tendency
and their bar errors mostly overlap. Full correspondence is not achievable because
measurements with both DRSsr techniques are taken on the same average zones but not
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exactly at the same points. Therefore, slightly different volumes of tissue are inspected.
Therefore, these results validate the estimations of Non-Contact DRSsr with the
reference Contact DRSsr technique.

6.5.2 Dual-Step technique

According to the Dual-Step technique, MSI makes use of the validated and interpolated
Non-Contact DRSsr optimal i} estimation, set as 1}, 1., t0 spatially estimate fi, (as
explained in Section [5.6)). As an example, the p ;,.,,,, estimations of the Non-Contact
DRSsr scan (with a constant step of 1.5 mm) are interpolated and imaged in Figure
on top of the treated images of the homogeneous model of Phototype 2. As expected,
,u; known €stimations are homogeneous, with a maximum relative deviation of 5.5% at
500 nm which decreases for other A.

500 nm 550 nm

Figure 6.9: Treated images of the homogeneous skin model of Phototype 2. Superim-
posed to the images are the (i 1, estimations obtained with spatially interpolated
Non-Contact DRSsr scan measurements (illustrated with black dots).

These punctual u; known €Stimation values are interpolated and used to derive the
corresponding ji, with MSI. For this, ACA-Pro corrects each pixel from the source inten-
sity fluctuations (refer to Section and calibrates it with the entire C'F- reference
base of Table [6.1] as described in Section [5.6] Each calibrated pixel is then fitted to the
forward analytical model, defined in Section to derive i, estimations.

Figure [6.10] shows MSI i, estimations together with punctual Non-Contact DRSsr
I, estimations of the corresponding scanned line. The first MSI ji, estimations, shown
in blue, show a general underestimation due to the increase in intensity originated from
the non-negligible specular reflections (SR) at the surface of the sample. The estimations
are improved with the specular filter (see Section , shown in red. It is observed
that the underestimation is more significant at 700 nm. An analysis of this effect is
given further.
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Figure 6.10: Absorption quantification profile of homogeneous skin of Phototype 2 image
with Non-Contact DRSsr (black circles) and MSI, with (red line) or without (blue line)
specular filtering.

It is clear that specular filtering ameliorates the original large underestimation and
‘speckle’ impression of MST fz,. Still, it does not eliminate the entire effect of SR. Indeed,
the ratio of interpolated Non-Contact DRSsr / filtered MSI i, estimations, shown in
Figure is not uniformly at 1. Notice that the pattern of ratios is very similar at
all A\, confirming the particular SR effect. To consider this specular effect, we choose to
use the ratio of a single A (550 nm) to correct all MSI ji, estimations. An example of
this correction is shown in green in Figure [6.12]

Ratio Ha e DRSS’Ipa‘ . 4 Effect at 700 nm
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Figure 6.11: (a) Ratio of Non-Contact DRSsr / MSI i, estimations of homogeneous
model of Phototype 2 (see Figure |6.10)). (b) Division of 700 nm / 550 nm ratios to
derive the average correction factor of the 700 nm effect.
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Figure 6.12: Absorption quantification profile of homogeneous skin, Phototype 2 with
Non-Contact DRSsr and MSI corrected with the pre-calculated ratios shown in Figure
6.11). Green estimations are corrected from SR with the Ratio of 550 nm shown in
Figure Violet estimations are adjusted with the factor shown in Figure [6.1TH

We note that the obtained MSI fi, is still underestimated with respect to Non-
Contact DRSsr fi,. This is directly related to the higher ratio amplitude at 700 nm
of Figure In an attempt to quantify this effect, we determine another correction
factor through the division of the 700 nm ratio and the 550 nm ratio. The resulting
factor, shown in Figure [6.11b] is spatially averaged and also used to adjust MSI fi,
estimations at 700 nm to the parasite reflections of Non-Contact DRSsr, as illustrated
in violet in Figure A possible explanation of this effect (to be verified in perspective
work, Section the overestimation of u, by Non-Contact DRSsr due to the low
signal-to-noise ratio (SNR) resulting from the low source emission and high doublet pair
parasite reflection (PR) at A > 700 nm (see Section [3.3.3).

Since corrected MSI i, follows the punctual Non-Contact DRSsr i, estimations at
A=500, 600, and 700 nm, the common SR pattern (calculated with a different A=550
nm) is validated and the DRSsr effect at 700 nm is properly compensated. Keep in
mind that these corrections are performed for representation purposes mainly. Further
authentication of the SR ratio correction capability should be considered. Alternatively,
the use of polarized light in a perspective instrumental Dual-Step setup would completely
avoid the SR effect (refer to . Moreover, a doublet pair treated for the whole
spectral range would result in no PR of Non-Contact DRSsr (refer to Section [7.2.1]).
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The spatial average of corrected MSI [, estimations (see Figure are directly
compared to averaged Contact and Non-Contact DRSsr [i, estimations as illustrated in
Figure With these results, the u, quantification ability in biological samples of
the developed Dual-Step technique is confirmed.

Contact DRSsr
Mon-ContactDRSsr
MAS|

S

500 550 600 650 700
nm

Figure 6.13: Average absorption quantification of homogeneous model of Phototype 2
with Contact DRSsr, Non-Contact DRSsr, and corrected MSI.

The validation of this absorption quantified scanned line with MSI is extended to a
wide field in the next Section [6.5.3
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6.5.3 Wide field quantification of p,

According to the small ;Tg variations (maximum deviation of 5.5 %) of Non-Contact
DRSsr on the homogeneous skin sample of Phototype 2 (see Figure , the scattering
properties are considered constant for the whole sample. Thereby, the average Non-
Contact DRSsr p/, is set as @, 1., o all pixels and used for the wide field quantification
of 11, with MSI (see Figure .
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Figure 6.14: Wide-field absorption quantification of homogeneous model of Phototype
2, considering a unique average of Non-Contact DRSsr estimated u} = p, 1,100, (Figure
. The same scale is considered for the top four images at all As and an additional
zoom of the scale is done for images at 600 and 700 nm.

Notice that, in general, quantitative fi, values are correct on the whole imaged sample
and its expected homogeneity is confirmed. Some artefacts are present in wrinkles or
sample depressions which show an intensity reduction not only due to the curvature (see
Figure , but mostly due to the resulting shadow, provoking an overestimation of
fta- This error will be considered in a perspective technique (refer to Section [7.2.2)).
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6.6 Validation of Dwual-Step technique using ex-vivo
human skin samples

6.6.1 Heterogeneous skin model, Phototype 2

The skin sample with stretch marks and Phototype 2 (see Figure is used as the
hetero neous model. Treated images taken at the four different )\s are shown in Fi-
gure [6.15| together with the p/ estimations of the Non-Contact DRSsr scan (with a
constant step of 1 or 0.5 mm), having a maximum relative error of 8.3 %. Notice that
the contrast of the stretch marks is seen in all images. However, this contrast is not ob-
vious along the scanned Non-Contact DRSsr p/. This is due to the size of the inspected
DRSsr volume being larger than the stretch marks. Moreover, the direction of the scan
impairs the specificity of the estimations. Therefore, as a first perspective attempt to
estimate the characteristic optical properties of stretch marks and surrounding tissue
with the current Non-Contact DRSsr setup, we would propose to perform a scan in the
direction of the tissue variations, as shown in Figure [6.16

500 nm

600 nm

O WETE R

Figure 6.15: Treated images of heterogeneous model of Phototype 2. Superimposed are
the LL;’ Enown ©Stimations obtained with interpolated Non-Contact DRSsr scan measure-
ments (illustrated with black dots).
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500 nm

Figure 6.16: Proposed Non-Contact DRSsr scan to determine the characteristic optical
properties of stretch marks (cyan dots) and surrounding tissue (red dots).

Because the performed scan does not allow the identification of optical properties
proper to the stretch marks and the surrounding tissue, we make use of the average
estimations on the sample to continue the analysis. Average Non-Contact DRSsr es-
timations of both optical properties are validated with respect to the Contact DRSsr
ones, as shown in Figure[6.17] Error bars of Contact and Non-Contact DRSsr measure-
ments correspond to the standard deviation calculated with nine measurements (three
measurements of three considered zones along the scanned line) and are seen to overlap.

Contact DRSsr
Non-ContactDRSsr

500 550 600 650 700

(a) Wl (b) 72

Figure 6.17: Contact and Non-Contact DRSsr optical properties estimations of hetero-
geneous model of Phototype 2.
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Scanned line p, estimation

The Non-Contact DRSsr estimated M;,known individual values (see Figure are
used to estimate the corresponding i, with MSI with which the effects of SR (see
Figure and of PR at 700 nm (see Figure [6.18b)) are derived. Notice that with this
heterogeneous sample, the effect of SR is more disparate than that of the homogeneous
sample (see Figure due to the different surface tissue structure between stretch
marks and surrounding skin.
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Figure 6.18: (a) Ratio of Non-Contact DRSsr / MSI [, estimations of heterogeneous
model of Phototype 2, used to correct SR. (b) Division of 700 nm / 550 nm ratios to
derive the average correction factor of the 700 nm effect.

MSI 1z, estimations corrected with the 550 nm ratio (Figure and from the
700 nm effect (Figure are shown in green and violet, respectively, in Figure
together with the punctual Non-Contact DRSsr f1, estimations. The slight underestima-
tion of u, at 600 nm is directly related to the slightly higher ratio of Figure that
perfectly corrects the SR pattern but does not correct the exact SR intensity. Yet, note
how the corrected MSI fi; at A=500, 600, and 700 nm follow the same spatial pattern
to that estimated with the Non-Contact DRSsr scan, according to the stretch marks of
generally lower absorption, indicated by the yellow arrows. Thereby, the difference in
e between the stretch marks and surrounding skin is clear.
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Figure 6.19: Absorption quantification of scanned line in heterogeneous model with
Non-Contact DRSsr and MSI corrected with the pre-calculated ratios shown in Figure
6.18)). Green estimations are corrected from SR with the Ratio of 550 nm (Figure [6.18a]
Violet estimations are adjusted with the factor of Figure Dotted lines and yellow
arrows indicate the position of the stretch marks.

These MSI estimations are spatially averaged and compared to the reference Contact
and Non-Contact DRSsr estimations in Figure The strong correlation of estimated
ke with the three techniques is confirmed for all \.
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Figure 6.20: Average Absorption quantification of heterogeneous model with Contact
DRSsr, Non-Contact DRSsr, and corrected MSI.
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Wide-field 1, estimation

As a first stage towards wide-field quantification, we suppose that the whole sample has
the same y;known because the performed Non-Contact DRSsr measurements do not

allow the identification of ;T’S proper to the stretch marks and to the surrounding tissue
(see Figure [6.15). We are conscious that omiting the specific u’, values, will affect the
quantification of .. Yet, until a more appropriate scan will be performed (eg. see Figure

[6.16)), the segmentation of x/ should be a focus of perspective work (refer to Section

7.2.3), since it is not straightforward. Thus, we use a unique p/, value, averaged over
the entire Non-Contact DRssr scan (see Figure[6.15)), and set it for the whole sample as
This is how the wide-field 14, illustrated in Figure is derived.

/
:u‘s,known'

Ha (em™) 700 nm
0.8

0.3

0.2

Figure 6.21: Wide-field absorption quantification of homogeneous skin sample of Pho-
totype 2, considering a unique average of Non-Contact DRSsr estimated p/, = p;’lmown
(see Figure . The same scale is considered for the top four images at all As and
additional zoom of the scale is done for images at 600 and 700 nm.
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These quantified fz; maps show a range of absolute values of the surrounding skin
similar to that of the homogeneous skin sample (see Figure , validating the same
optical properties range of skin with no stretch marks. Moreover, the expected reduction
of J1, at the stretch marks is seen, confirming the contrast previously seen in Figure[6.19
Quantitative absorption values are correct except for the zone with a depression at the
sample’s bottom left corner due to the uncorrected shadow and slight sample’s curvature.

6.6.2 Homogeneous skin model, Phototype 5

The second homogeneous model is the skin sample of Phototype 5 (Figure which
has been considered to cover a higher absorption range of skin. Treated images at all
As, together with the Non-Contact DRSsr scan (with a constant step of 5 or 0.5 mm)
obtaining ;z = ;/S, known are shown in Figure |6.22] Because of the local overestimation
seen at a specific hot spot (in the center right of the scan), the maximum relative error
of 1} known 18 as high as 14.3% at 500 nm.

500 nm 550 nm

Figure 6.22: Treated images of the homogeneous skin of Phototype 5. Superimposed
I known €Stimations obtained with interpolated Non-Contact DRSsr scan measurements
(illustrated with black dots).

Optical properties estimations of Non-Contact DRSsr are compared to Contact
DRSsr in Figure [6.23] Error bars of Contact and Non-Contact DRSsr measurements
correspond to the standard deviation calculated with nine measurements (three mea-
surements of three considered zones along the scanned line).
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Figure 6.23: Average Contact and Non-Contact DRSsr optical properties estimations of
homogeneous model, Phototype 5.

From Figure it can be said that absorption estimations obtained with Non-
Contact and Contact DRSsr 11, estimations follow the same behaviour. Notice that
as expected, the higher concentration of melanin in this sample of Phototype 5 corre-
sponds to a higher absorption estimation when compared to the previous skin samples

of Phototype 2 (Figures and [6.17b]).

For what concerns p’,, remark the different signature of this high absorbing sample
(Figure with respect to skin of Phototype 2 (Figures and . Explana-
tions for this effect are not very clear but a hypothesis we have is linked to the limitation
of RIUT at low scattering values, as described in Section Moreover, overestimation
of p, with Non-Contact DRSsr is seen, possibly due to the low SNR resulting from the
high absorbing sample. A detailed analysis of these aspects, including the confirmation
of the pl, signature and the appropriate calibration of Non-Contact DRSsr measure-
ments, should be be investigated for the perspective technique. However, even though
w, estimations are not optimal with DRSsr, we have used them for the validation of
principle of u, quantification of the Dual-Step technique only, and we do not expect to
obtain absolute quantification for this case.

Scanned line p, estimation

The Non-Contact DRSsr /75 estimated scan is used for a first estimation of j; with
MSI. The latter is used to derive the correction ratios of SR and 700 nm effect shown in
Figure[6.24] Notice, that the amplitude of SR at the sample’s surface is very low since
the average correction ratio is very close to 1 (Figure .

Estimations of MSI i, corrected with the 550 nm ratio are shown in green in Figure
6.25] The 700 nm effect is considered with the average factor of Figure and
adjusted MSI estimations are shown in violet in Figure [6.25
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Figure 6.24: (a) Ratio of Non-Contact DRSsr / MSI fi, estimations of homogeneous
model of Phototype 5, used to correct from SR effects. (b) Division of 700 nm / 550 nm
ratios to derive the average correction factor of the 700 nm effect.
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Figure 6.25: Absorption quantification of scanned line in homogeneous model of Pho-
totype 5 with Non-Contact DRSsr and MSI corrected with the pre-calculated ratios
shown in Figure [6.24). Green estimations are corrected from SR with the Ratio of
550 nm (Figure Violet estimations at 700 nm are adjusted with the factor of

Figure
Overall, the spatial correspondence between MSI corrected and Non-Contact DRSsr
Iie estimations is confirmed for A= 500, 600, and 700 nm. Therefore, spatially averaged

and corrected [1, estimations of MSI at each A are compared with estimations of Contact
and Non-Contact DRSsr techniques (see Figure [6.26)).
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Figure 6.26: Average Absorption quantification of homogeneous model of Phototype 5
with Contact DRSsr, Non-Contact DRSsr, and corrected MSI.

These results are encouraging for the 1, quantification of MSI in highly absorbing
samples, with the given correction method.

Wide-field 11, estimation

As seen from Figure the 1} 1,0un 15 generally homogeneous at all A if the hot

spot is overlooked. Therefore, the average p estimation is set as the pl . . for the
whole sample. Nevertheless, we are aware that some p, differences might exist between
the skin and the darker spots. To validate this, a higher spatial resolution on the p,
estimations would be needed. Indeed, the current inspected area with Non-Contact
DRSsr for p estimation (performed with F'5-F3) has a diameter of 2.88 mm (F'3, see
Figure , which is larger than the dark spots in the order of 1 mm. Therefore, a more
resolved and optimized segmentation of ,L/LZ for the different zones of the samples should
be a focus of perspective work to ensure minimal absolute quantification error (refer to
Section .

For the moment, preliminary results of wide-field MSI 71, are derived from a homo-
geneous averaged {1, ;.,...,, Value and are shown in Figure
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Figure 6.27: Wide-field absorption quantification of the homogeneous model of Pho-
totype 5, considering a unique average of Non-Contact DRSsr estimated ,u;’ Enown (S€€

Figure .

Overall, estimated fi, is considered homogeneous in the flat bottom zone that is
scanned and set at the focal plane. Apart from the skin depressions affected by shadow
at the top corners of the imaged sample that show an overestimated p,, the quantitative
[, maps are within a correct range of values at all As. Thereby, the wide field absorption
quantification ability of the Dual-Step technique is confirmed for such high absorbing
samples.
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6.7 Validation of Dual-Step technique using in-vivo
rat skin models

6.7.1 Bi-coloured model

A black mark on the abdomen of a living anesthetized rat is used as the bi-coloured
model (see Figure . Treated images of the abdomen (see Figure show a
shadowed left-hand side of the image at all As due to the sample’s curvature and the
illumination originating from the right-hand side of the image. Superimposed Non-
Contact DRSsr scan (with steps of 2.85, 1, and 1.85 mm) ,u’s’known estimations span
the black mark and white skin and show a clear difference between these. Keep in
mind that the focal plane of the Non-contact DRSsr measurements is set for the central
measurement, on the black mark as shown on the right of Figure [6.28] Moreover, even
though we made an effort to improve the flatness of the imaged zone, some shadow is
still present at the left-hand side of the image.

500 nm 550 nm

Lamp

Figure 6.28: Treated images of the bi-coloured rat model. Superimposed ,u’s’knoum esti-
mations obtained with interpolated Non-Contact DRSsr scan measurements (illustrated
with black/white dots). To the right, a sketch of the curved profile is given, showing
the shadow effect and the focused central point of the NC scan.

The single Non-contact DRSsr optical properties estimations of the black mark (three
central points of the scan) and the white skin (extreme points of the scan) are confirmed
with the average Contact DRssr estimation of three measurements taken on the black
and white zones, with their corresponding standard deviation (see Figure [6.29)).
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Figure 6.29: Optical properties estimations of the black mark (blue) and surrounding
white skin (pink) with the average of three Contact DRSsr measurements (per zone)
and individual Non-Contact DRSsr measurements taken on the three central points of
the scan (for the black mark) and two extreme points of the scan (for white skin). The
thicker line in both graphs corresponds to the estimations at the central focused point
of the scan (see right sketch of Figure .

In terms of ;Tg (see Figure , Non-contact DRSsr estimation values and contrast
between the black mark and white skin are well validated by Contact DRSsr estimations.

The comparison of fi, estimated with Contact and Non-Contact DRSsr (see Fi-
gure , reveals an overestimation of Non-Contact DRSsr u, at all A. This is
explained with the fact that the focal plane is set for a unique point at the center of
the black mark (see Figure , obtaining the closest p, estimation to Contact DRSsr
(see bold blue estimation of Figure pointed out by the black arrow). Because
of the sample’s curvature, the other measured points are not at the object plane. As
previously seen in Section and more concisely in Figure I, estimations with
Non-Contact DRSsr are very sensitive to the sample’s height. Thereby, a depression of
the sample, quickly provokes an overestimation of jz,. The overestimation error seen in
Figure clearly corresponds to the curvature range of the rat’s abdomen scan (> 1
mm).

Otherwise, both Contact and Non-Contact DRSsr show an increase of u, at all A of
the black mark, according to the increase of melanin concentration (refer to its signature
shown in Figure .
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Scanned line p, estimation

A first estimation of Ji; with MSI based on the scanned Non-Contact DRSsr u’s’kmwn,
derives the correction ratio shown in Figure [6.30]

Ratio Ua, NG DRSer Ua, 1611

— 500 nm
— 550 m

Ratio

150 200 250 300
pixel

Figure 6.30: Ratio of Non-Contact DRSsr / MSI f, estimations used to correct SR
effects.

Notice that the SR effect included in the correction ratio is higher than on the
previous human skin samples (see Figures|[6.11al [6.18al and [6.24al). Also, a difference is
clear in the middle of the profile, corresponding to the black mark position. Moreover,
the shadow effect at the left-hand side (see Figure is also detected with the decrease
of the correction ratio.

MSI fi, estimations corrected with the 550 nm ratio (Figure are shown together
with Non-Contact DRSsr ji, estimations in Figure [6.31] Notice that the same spatial
distribution is effectively followed at all As, confirming the width of the central black
mark = 8.5 mm (80 pixels, recall that G is 0.095 and pixel size is 9.9 um).

Corrected MSI [z, estimations are spatially averaged for the black mark (190<pixel<230)
and the non-shadowed scanned white skin (280<pixel<320). These values are validated
with Contact and Non-Contact DRSsr estimations in Figure [6.32
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Figure 6.31: Absorption quantification of scanned line in bi-coloured in-vivo rat skin
model with Non-Contact DRSsr and MSI corrected with the 550 nm ratio (shown in
Figure 6.30)) from SR and shadow effects.
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Figure 6.32: Average Contact DRSsr and MSI with individual Non-Contact DRSsr f1,
estimations. The black mark is represented in blue, whilst the surrounding white skin
is represented in pink-red.
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Wide-field 1, estimation

The estimations of !, with Contact and Non-Contact scan DRSsr (see Figure [6.29al)
clearly show the contrast (> 25%) between the black mark and the surrounding white
skin at all considered As. Therefore, for wide-field [tz quantification, the appropriate
averaged Non-contact DRSsr p/, value is set for the different zones. These zones are
determined through the segmentation of a reflectance image at A=700 nm, because
it is the least sensitive to the absorption signature of chromophores (see Figure
and thereby the most sensitive to changes in scattering properties. The segmentation
method is based on the Otsu multi-threshold algorithm and has been adapted to the
image to obtain a clear separation of the black and white skin zones. Figure|6.33|shows
the segmented image for which the shadow effect is overlooked.

Segmentation for I's nown

Figure 6.33: Reflectance Segmentation of the image taken at 700 mm for which the
shadow at the left-hand side of the image is ignored. As an example, values shown
correspond to the i ;.. at 700 nm.

This segmented image is used to create the pf ;... map according to the average
Non-Contact DRSsr estimations in the black mark and the surrounding white homoge-
neous skin (see Figure [6.29a)). An example of ﬂ;, known & 700 mm is shown in Figure
According to the uf 1., map at all A, the estimation of Ite is performed for all
pixels of the image. The resulting wide-field i, quantification is shown in Figure [6.34
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500 nm

Figure 6.34: Wide-field absorption quantification, considering the i, 1,,,,,,, map shown

in Figure[6.33]

Even though, the shadow artefacts provoke ji, overestimation at the left-hand side of
the image, these quantified jz, maps show a clear spatial correspondence and a similar
range of absolute fi, values to that shown in Figure for all A for the different
non-shadowed zones of the sample.
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6.7.2 Inflammation model Type 1

The second rat (see Figure[6.3b]) is used for the inflammation model of Type 1, previously
explained in Section Figure shows the irritating LPS drop that was topically
applied on the center of the rat’s abdomen.

Figure 6.35: LPS 20 ul drop placed on the shaved abdomen of the rat used for the
inflammation model of Type 1.

Treated MSI images at the different illuminating As are shown in Figure[6.36] Notice
the present shadow at the left part of the image. The performed Non-Contact DRSsr
scan (with steps of 4 and 2 mm), superimposed on the images, spans the position of the
drop, shown with cyan dotted margins. The Non-Contact DRSsr estimated ZLZ show a
slight difference (maximum relative error of 8.4%) between the left and center-right side
of the drop, suggesting an inflammation effect at the drop position which has diffused
to the right. However, this effect remains a hypothesis since it has not been confirmed
with histological measurements.

500 nm

700 nm

Figure 6.36: Treated images of the in-vivo inflammation rat model Type 1. Superim-
posed [1{ 1., 0un €Stimations obtained with interpolated Non-Contact DRSsr scan mea-
surements (illustrated with black/white dots).
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The non-existing visual difference between inflamed and non-inflamed skin make the
acquisition of measurements difficult on the two zones with Contact-DRSsr. Therefore,
the Contact DRSsr estimations shown in Figure[6.29|give the average range and standard
deviation of optical properties (corresponding to three measurements per zone) but
are not indicative of the difference between inflamed and non-inflamed skin. The case
of Non-Contact DRssr is different since the measurement positions have been strictly
controlled with the translation stage. This allows the separation of measurements taken
inside (two central scan points) or outside (extreme scan points) the zone where the
drop was applied. Thereby, according to the Non-Contact DRSsr scan, some slight
diminution in both optical properties is seen between inflamed and non-inflamed skin.
Compared to Contact DRSsr, Non-Contact DRSsr 1/, estimations are validated, whilst
a general overestimation of u, is noticed due to the sample’s curvature.
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Figure 6.37: Optical properties estimations of inflammation model Type 1 with the
average of three measurements taken with Contact DRSsr and individual Non-Contact
DRSsr measurements on the zones. The inflamed zone is represented in pink-brown
whilst non-inflamed zone is represented in green.

It is interesting to notice that the optical properties values of the non-inflamed skin
(in green of Figure are of the same order than the non-inflamed white skin of the
previous bi-coloured model (pink estimations shown in Figure . This confirms the
coherence of both optical properties estimations on the skin of two different rats.

Scanned line 1, estimation

The validated Non-Contact DRSsr ,L/LZ scanned estimations (shown in Figure I are
used as u's, known b0 derive a first fi, estimation with MSI of the corresponding scanned
line in the image. The latter determines the p, correction ratios shown in Figure [6.38
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Figure 6.38: (a) Ratio of Non-Contact DRSsr / MSI i, estimations of inflammation
model Type 1, used to correct from SR and shadow effects. (b) Division of 700 nm /
550 nm ratios to derive the average correction factor of the 700 nm effect.

Corrected MSI with the ratios of Figure and Non-Contact J1, estimations of the
scanned line are shown in Figure [6.39
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Figure 6.39: Absorption quantification of scanned line in inflammation Type 1 model
with Non-Contact DRSsr and MSI corrected with the pre-calculated ratios shown in
Figure . Green estimations are corrected from SR with the Ratio of 550 nm (Figure
Violet estimations at 700 nm are adjusted with the factor of Figure

Notice how well the MSI adjusted estimations correlate to Non-Contact DRSsr es-
timations at A=500, 600, and 700 nm. All estimations show a slight reduction of u, at
the center of the profile (150< pixel < 200), corresponding to the area where the LPS
drop has been applied.
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Spatially averaged MSI i, in the identified central inflamed zone (160< pixel < 200)
and the non-shadowed right-hand side zone (220 < pixel < 260) is compared to the
e estimated with Non-Contact DRSsr in Figure [6.400 With these results, the slight
reduction of ji; due to inflammation is clear.

—— Non-Contact DRSsr

—— wsi

500 550 600 650 700

Figure 6.40: Averaged MSI with individual Non-Contact DRSsr [, estimations for
inflamed (pink-brown) and non-inflamed (green) skin.
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Wide-field 1, estimation

According to the difference (relative variation of 8.4%) of ﬁz estimations with Non-
Contact DRSsr (see Figure between inflamed and non-inflamed skin, two cases
are considered. The first case overlooks the p, measured contrast between inflamed
and non-inflamed zones and sets a unique average ,Tg estimation as the le, known fOT the
whole sample area. Although more straightforward, this supposition limits the absolute
wide-field quantification of p,, since it will be affected by a cross-talk with the g/ ..~
inaccuracy. The second case, considers the slight u’ measured contrast by using two
averaged 11/, = s known €stimations for inflamed and non-inflamed skin.

The first supposition, in which the same average ,u'& known 1 set for the whole sample,
calculates the quantitative ji, wide-field maps shown in Figure The shadow effect
in the left-hand side of the image is hidden to improve visualization. The results show
a slight reduction of Ji, in the central area at all A, corresponding to the inflammation
zone provoked by the LPS drop. Notice that at 700 nm, this reduced f1, extends towards
the right-hand side of the image.
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Figure 6.41: Wide-field absorption quantification, considering a unique average of Non-
Contact DRSsr estimated p1f 1., (see Figure [6.37a)) at each wavelength. The same
scale is considered for the top four images at all As and an additional zoom of the scale
is done for images at 600 and 700 nm.



6.7. Validation of Dual-Step technique using in-vivo rat skin models 179

Remark the clear fi, contrast of the inflamed zone with respect to the non-inflamed
zone. With these preliminary results we show the great interest of the Dual-Step tech-
nique, being able to quantitatively discriminate non-visual effects of inflammation. Yet,
as mentioned before, the estimated i, values are affected by the cross-talk originated
from the inaccurate supposition of ,u’svkmwn. Thereby, the contrast seen in Figure

is not only due to the natural contrast of i, but also that of ;LZ

This is why, to approach absolute u, values, independent from pu’, we explored the
second case, which considers the different ,u;known in inflamed and non-inflamed skin.
For wide-field 1, quantification with both u; known & Spatial segmentation of both zones
is necessary and is performed based on the reflectance image taken at 700 nm because
it shows the highest intensity contrast (see Figure between the supposed inflamed
and non-inflamed zones. Keep in mind that this supposition of spatial inflammation
has not been validated with other techniques and that the segmentation method should
be improved. Yet, we make use of it because the objective of this study is merely to
explore the Ji, quantification capability of the Dual-Step technique.

Segmentation for W's known

Figure 6.42: Reflectance segmentation of the image taken at 700 nm and neglecting the
shadow at the left-hand side of the image. As an example, scattering ju ;,, ., Values
are given for 700 nm.

The segmented image is used to create the ,u’s’known map according to the average
of Non-Contact DRSsr estimations of the inflamed and non-inflamed zones (see Figure
6.37a]) at each As. An example of u;known values on the segmented map at 700 nm are
shown in Figure

The wide-field estimation of [, with MSI, based on this us known Map, is shown
in Figure - In general, it is observed that estimated fi, values are decreased with
respect to the first case (Flgurem, confirming the cross-talk effect of us known O1 the
estimation of 1. Therefore, by con51der1ng a more accurate [17, ..y, We consider these
[ta to be more absolute than the previous fi,, calculated with an average i/, ... Also,
notice that, because the u’s’ known Crosstalk effect on i, is reduced, the contrast between
inflamed and non-inflamed zones is also reduced. Certainly, the contrast of absolute
optical properties of this inflammation model, would increase with a longer time could
be granted for LPS to act.
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Figure 6.43: Wide-field absorption quantification, considering the //S known Map shown
in Figure The same scale is considered for the top four images at all As and an
additional zoom of the scale is done for images at 600 and 700 nm.

In summary, it can be said that the Dual-Step technique allows to see the slight
It reduction at the inflammation site which is not perceptible to the naked eye. This
shows the interesting potential of the Dual-Step technique for the clinical diagnosis of
non-perceptible inflammation symptoms.
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6.7.3 Inflammation model Type 2

The third rat (see Figure , is adopted for an inflammation model of Type 2. As
previously described in Section this inflammation is provoked with additional
shaving of the rat’s back skin. Treated images at the different A\s are shown in Figure
[6.44] Notice the different contrasts of the inflammation marks at the middle-top of the
images taken with A = 500 — 550 — 600 nm and the black marks at the bottom right
and middle left of images taken with A = 600 — 700 nm.

For what concerns the Non-Contact DRSsr scan (with steps of 2, 1.5, and 0.5 mm),
spanning an inflammation mark, the determined f ,,,,,, estimations are considered

homogeneous throughout the whole sample at all As with a maximum relative error of
4.1% at 550 nm.

Figure 6.44: Treated images of the in-vivo inflammation rat model Type 2. Superim-
posed are the u’& Enown ©Stimations obtained with interpolated Non-Contact DRSsr scan
measurements (illustrated with black/white dots).

The homogeneous scattering individual estimations of Non-Contact DRSsr of each
zone are clearly validated with Contact DRSsr average and standard deviation of three
measurements per zone (see Figure[6.45a]). In the case of absorption (see Figure [6.45D)),
Non-Contact DRSsr i, overestimation is observed as in the previous rat models, due to
the sample’s curvature and shadow effect. However, the same behaviour is noticed for
both Contact and Non-Contact DRSsr estimations. Notice that all fi, values at A < 600
nm are higher for inflamed skin, according to the increase of haemoglobin.

It is particularly interesting to remark that the homogeneous p/, and the j1, difference
in this inflammation model are in opposition to the inflammation model of Type 1, in
which the inflamed zone features lower scattering and absorption than the non-inflamed
zone (see Figure [6.40)).
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Figure 6.45: Optical properties estimations of inflammation model Type 2 with average
of three measurements with Contact DRSsr and individual measurements with Non-
Contact DRSsr on the zones. The five central points of the Non-Contact DRSsr scan
are considered to be inside the inflamed zone (pink) and the four extreme points of the
scan are considered for the non-inflamed zone (green).

Scanned line 1, estimation of inflammation

Validated Non-Contact DRSsr ;Tg estimations are used to quantify f, with MSI through
the same scanned line. The latter derives the p, correction ratios shown in Figure|6.46
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Figure 6.46: (a) Ratio of Non-Contact DRSsr / MSI i, estimations of inflammation
model Type 2, used to correct SR and shadow effects. (b) Division of 700 nm / 550 nm
ratios to derive the average correction factor of the 700 nm effect.

The corrected MSI 1, is shown together with Non-Contact DRSsr 1, estimations
in Figure Remark the spatial correspondence of estimations with both techniques
at A=500 and 600 nm. The slight overestimation of u, at 600 nm is related to the
lower ratio (see Figure that does not completely compensate the SR intensity.
Expected increased i, values are seen for the thin inflammation mark (of width ~ 4
mm) at A=500-550 nm, less at A=600 nm and not at all at 700 nm.
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Figure 6.47: Absorption quantification of scanned line in inflammation Type 2 model
with Non-Contact DRSsr and MSI corrected with the pre-calculated ratios shown in
Figure . Green estimations are corrected from SR and shadow effects with the
Ratio of 550 nm (Figure Violet estimations are adjusted with the factor of
Figure

MSTI fi, estimations are spatially averaged at the central zone (140 <pixel< 160)
to define the ji, proper to the thin inflamed mark and at the non-shadowed zone
(180 <pixel< 220) to define that proper to the non-inflamed skin. These results are
compared to Non-Contact DRSsr fi, estimations in Figure [6.48
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Figure 6.48: Spatially averaged MSI with individual Non-Contact DRSsr 1, estimations
for inflamed (pink-brown) and non-inflamed (green) skin.
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Black mark pu, estimation

Additionally, a single Non-Contact DRSsr measurement has been performed on a black
mark of the rat’s back (see bottom righ corner of the 700 nm image of Figure .
Comparing optical properties estimations, it is seen that its scattering coefficient is
identical to that of white skin (see Figure . In what concerns absorption (see
Figure , the black mark shows a general higher jz, than non-inflamed white skin,
at all A\, according to the increase of melanin (refer to the chromophore signature of

Figure [2.10).
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Figure 6.49: Non-Contact DRSsr optical properties estimations of the black mark (blue)
compared to inflamed (red) and non-inflamed skin (green).

Since the higher contrast of inflammation lies at A < 580 nm, the higher contrast for
the black mark lies at A > 580 nm. Indeed, the black marks are most distinguishable
in the wide-field [, quantification at A=600 and 700 nm shown in the next paragraph
(see Figure [6.50)).

Note that the scattering properties of this black mark are very different to those
of the black mark in the bi-coloured model. This opens the door to an interesting
discrimination potential of different chromophores. Further analysis on this could be
performed with a depth approach in future work (refer to Section .
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Wide-field 1, estimation

o~

Since a negligible p/, difference (maximum relative error of 4.1%) is obtained with Non-
Contact DRSsr validated measurements at the different zones (see Figure and
, the average ,178 value is used as u'sykmwn for the whole imaged sample. The
resulting wide-field 11, at all As is shown in Figure [6.50] Notice the different expected
contrasts of the inflamed skin at A =500, 550, and 600 nm and the black marks at
A =600 and 700 nm. Areas with hair should be ignored.
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Figure 6.50: Wide-field absorption quantification, considering a unique Non-Contact
DRSsr averaged f1{ ;..o (S€e Figure [6.45a]). The same scale is considered for the top
four images at all As and an additional zoom of the scale is done for images at 600 and
700 nm.

The quantitative fi, maps show correct spatial correspondence of the considered field
(with no hair) and at all As. Moreover, the range of absolute values in non-inflamed
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skin is similar to that of the previous models (see Figures and [6.43]). Notice that
quantitative absorption maps reveal a black mark (see 600 and 700 nm contrast ) with
inflammation (see 500, 550, and 600 nm contrast).
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6.8 Discussion and Conclusion

In this Chapter, we have applied the Dual-Step technique and shown its quantification
potential on six different and pertinent skin models. Three of them were based on ez-
vivo human abdominal skin samples with two different Phototypes (2 and 5) and either
homogeneous or heterogeneous real surface patterns. The other three were based on
in-vivo skin of three different rats, used for a bi-coloured model and for two different
inflammation models.

The scattering parameters estimated with Non-Contact DRSsr scan on the differ-
ent samples are thoroughly validated with the reference Contact DRSsr measurements.
However, since Non-Contact DRSsr measurements are performed at a fixed plane, the
larger the sample’s curvature (eg. rat’s abdomen or back), the higher the absorption
quantification error of Non-Contact DRSsr is. Besides, at A > 700 nm Non-Contact
DRSsr absorption estimations are probably affected by the low signal-to-noise ratio
(SNR) due to the lower signal of the lamp the parasite reflections of the doublet pair at
the given spectral range.

The Dual-Step technique makes use of the optimally estimated scattering properties
by Non-Contact DRSsr scan, to quantify absorption with MSI on the corresponding
scanned line. These MSI absorption estimations at the considered A (500, 550, 600,
and 700 nm) follow the same spatial patterns as Non-Contact DRSsr. Estimated MSI
e is generally underestimated because of the specular reflection which depends on the
sample’s surface. A developed filter algorithm reduced this effect but was not enough
to overcome it.

To compensate for the low SNR at 700 nm of Non-Contact DRSsr and the specular
reflection of MSI measurements, correction ratios were calculated with the [, estima-
tions of both techniques. With this adjustment, obtained results showed good quanti-
tative correspondence with Contact DRSsr and were used as part of the validation of
principle study. Perspective work should focus on the improvement of optical properties
estimations by changing the doublet pair of Non-Contact DRSsr to another one having
an anti-reflection treatment also for A > 700 nm. To optimally correct measurements
from specular reflections, further investigation on the feasibility of the correction ratio,
calculated with a single A (in this case 550 nm) and used for all other A (in this case 500,
600, 700, nm), would be interesting to explore, due to the simplicity of the approach.
Alternatively, a more complicated and expensive instrumental solution would consider
the integration of a polariser in the setup to completely avoid specular reflection.

Apart from the quantification of the scanned line spanning the zones of interest,
wide-field quantification of both optical properties has been investigated. According to
the variation of Non-Contact DRSsr p/, estimations in the different zones, either a unique
average u’s, known 15 considered for the whole sample, or individual #IS, known Values are set
for the different zones. For the latter, an intensity-based segmentation of the reflectance
image at 700 nm is proposed to build the ,u’s7 known 1ap. The reflectance image at 700 nm
is selected to move further away from haemoglobin absorption peaks and approach the
differences of reflectance caused mostly due to p/, changes. This spatial p/, ... map has
been used to subsequently quantify wide-field ji, for all imaged sampleS:. Even though
we made an effort to inspect the flattest zones of the samples, a shadowing effect was
still present due to the natural curvature. Shadow at certain depressions of the sample
is the major artefact affecting wide-field 11, quantification since it provoked a reduction



188 6. Optical properties quantification of biological tissue with Dual-step technique

in the intensity which directly generated a i, overestimation. This effect should be
avoided with a better illumination in the perspective instrument (see Section .

The preliminary results that we obtained are very interesting. For instance, it was
seen that estimated optical properties are coherent on the same skin type of different
samples. Indeed, the scattering and absorption optical properties of caucasian human
skin with no stretch marks are of the same range in the homogeneous and heteroge-
neous models. Likewise, non-inflamed skin of the three rats show similar scattering and
absorption values.

We also showed that the two considered rat skin inflammation models (Type 1 and 2)
featured different quantitative optical properties. This is a promising result that ap-
proves the interest of achieving absolute optical properties quantification to perform a
more accurate diagnosis of different superficial lesions. Moreover, it is of special interest
to mention the quantitative discrimination that this technique was able to provide for
the commonly used inflammation model Type 1 showing no contrast to the naked eye.

When comparing the black mark on the rat skin of the bi-coloured model with that of
the inflammation of Type 2 model, we observed that the scattering properties were very
different. These results should be further analysed with the depth-resolution analysis
offered by DRSsr modality (refer to Section . Also, more experiments, completed
with histological measurements, would be interesting to pursue this investigation.

Furthermore, with the measurements of the inflammation Type 2 model, we showed
the ability of the Dual-Step technique to detect not only inflamed zones and black marks
separately but also inflammation on the black mark, with no cross-talk between them.

We also introduced the interest of the high spatial resolution of the Dual-Step tech-
nique. Recall that scattering properties are estimated with the initial Non-Contact
DRSsr to allow absorption estimations with LFOV MSI. According to the higher sensi-
tivity to u/, of short source-detector (SD) distances in DRSsr, an analysis of the shortest
distances achieving optimal estimation of /T’,S and the diameter of the excitation fibre,
would define the best spatial resolution of the technique. This will certainly be smaller
than 2.88 mm, Wthh is the actual maximal fibre rlng diameter (F3) used for p/, estima-
tion (see Figure . Based on these absolute p/, estimations, absolute i, estimations
can be obtained w1th LFOV MSI for each pixel with a size controlled by the magnifi-
cation of the optical system which can be as small as the CCD’s pixel size of 9.9 um.
This provides a much more precise analysis than Contact DRSsr and has been visualized
with some of the heterogeneous biological samples with thin different structures consid-
ered in this study. What is more attractive, is that no prerequisite on the scattering or
absorption contrast between the small structure and surrounding medium is required
to obtain absolute quantitative optical properties, as it is the case for the SFDI study
[Laughney et al., 2013].

In conclusion, the obtained preliminary results of this study have shown the poten-
tial for the wide-field resolved quantification of scattering and absorption properties of
the Dual-Step technique in biological skin models. Particularly appealing is the inter-
est of the developed technique not only for the clinical diagnosis of visual superficial
abnormalities but also for those that are imperceptible to the naked eye. Further mea-
surements and analysis would be necessary to optimize the technique as explained in
the next Chapter
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7.1 Conclusions

In this work, we proposed a Dual-Step technique capable of quantifying absolute scatter-
ing and absorption optical properties of biological tissue in a wide field of view through
non-contact measurements. With these features we aspired to provide an accurate,
non-invasive, and wide field clinical diagnosis of superficial lesions of skin such as skin
inflammation.

Some existing techniques rely on the absolute quantification capability of punctual
spectroscopic techniques like Diffuse Reflectance Spectroscopy (DRS). Punctual DRS
systems achieve accurate absolute estimations of optical properties but require a long
time to spatially scan a wide zone of interest. Other approaches consider Multispectral
Imaging (MSI) covering a large field of view (LFOV) with homogeneous illumination,
which can provide relative but not absolute estimations of optical properties. Thereby,
the accuracy of MSI techniques is not optimal.

The Dual-Step technique we proposed relies on the combination of a Non-Contact
modality of punctual Spatially-resolved Diffuse Reflectance Spectroscopy (DRSsr), being
more robust than DRS, with LFOV MSI. Quantification is based on the scattering
estimation of Non-Contact DRSsr which is subsequently used to achieve absolute wide-
field estimation of absorption with LFOV MSI.

In the first part of this work, we focused on the development of two different Non-
Contact DRSsr instrumental setups, with a working spectral range of 470-880 nm. These
were based on the geometrical dimensions and quantification method of an existing and
well-established Contact DRSsr system to facilitate comparison by ensuring that the
same sample volume is inspected and that measured signals can be fitted to the same
Monte Carlo model. The first developed setup is a probe-based Non-Contact DRSsr
defined as the initial Non-Contact DRSsr which is integrated in the Dual-Step technique
developed in this work. The second developed setup is the CCD-based Non-Contact
DRSsr, which was investigated for the advantages it would offer in the integration of a
perspective Dual-Step technique.

The developed Non-Contact DRSsr setups posed new instrumental and methodolog-
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ical challenges that were solved to allow robustness of data acquisition and subsequent
quantification of optical properties.

The instrumental challenge dealt with the sensitivity of measurements to the posi-
tioning of the object plane. Thereby a robust focusing protocol was set to determine
the focal plane. It was identified that absorption estimations require a strict positioning
of the sample at the focal plane. In contrast, scattering estimations with an acceptable
spectrally averaged error of 4.1 % allow for a convenient object plane range of 1.2 mm,
determined to be the depth of field (DOF) of the initial Non-Contact DRSsr technique.

The methodological challenges comprised the optical component’s spectral effect
and spatial alterations on projected beams which are not considered in the Monte Carlo
model. Because the spectral effect remains constant for all measurements, a basic cal-
ibration procedure was able to correct this effect. However, the spatial alterations of
the projected beams provoke a non-modelled diffuse reflectance that depends on the
sample’s optical properties. To correct this non-constant effect, we developed a new
calibration methodology defined as the Adaptive Calibration Algorithm and Protocol
(ACA-Pro). The algorithm uses a few reference phantoms, with known optical proper-
ties, to derive correction factors that calibrate measurements of any sample through an
interpolation approach. The main advantage of ACA-Pro is that it allows quantification
of optical properties with any DRSsr measurement modality (Contact or Non-Contact)
and a unique Monte Carlo simulation modelled under contact conditions. Thereby,
time-consuming Monte Carlo simulations are not necessary for each instrumental setup.
ACA-Pro has been thoroughly validated with all DRSsr systems considered in this work
based on the calibration of the scattering properties. The resulting estimation errors of
absorption and scattering for the initial Non-Contact DRSsr system are inferior to 7.6%
and 3.3%, respectively, at the focal plane. Moreover, the ACA-Pro algorithm integrates
a calibration procedure of instrumental variations (i.e. between different experiments)
which avoids the measurements of reference phantoms at each experimental session.
The entire algorithm has been validated not only on phantoms but also on ez-vivo and
in-vivo biological samples.

In the second part of this work, we considered the development of the LFOV MSI
instrumental setup and wide-field absorption quantification method. The instrumental
setup was established on a staring MSI technique covering a field of view of 5 x 6.5 cm?.
Filters used for the spectral scan were chosen to be at 500, 550, 600, and 750 nm ac-
cording to the chromophores of interest (mainly oxy, deoxy- haemoglobin, and melanin).
The absorption quantification method of MSI adopted a commonly used diffusion model
coupled with an estimation of scattering properties with the initial Non-Contact DRSsr
system. To overcome the limitations of the diffusion model in the estimation of absorp-
tion, we included a p,-based ACA-Pro calibration procedure. Together with a developed
method for correction of source fluctuations, ACA-Pro achieved quantitative errors infe-
rior to 5.3% for the entire field of view, absorption range, and all wavelengths considered,
of flat characterized phantoms. We also considered an heterogeneous gelatine-based
phantom to quantify wide-field absorption properties from which spatial maps of ink
concentration were derived.

In the final stage of this work, we used the Dual-Step technique combining initial

Non-Contact DRSsr, to estimate scattering and allow absorption estimations with LFOV
MSI. The potential of the method in the quantification of optical properties of tissue was
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assessed using ez-vivo human skin samples and in-vivo rat skin models. Human samples
included two homogeneous samples of low and high absorbing ranges (Phototype 2 and
5) and a heterogeneous sample with stretch marks. In-vivo models of rat skin included
a bi-coloured zone, an imperceptible inflammation reaction, and a visible inflammation
manifestation.

Scattering properties estimated with initial Non-Contact DRSsr were validated with
Contact DRSsr on different zones of all measured samples. To allow wide-field quan-
tification of scattering, an image segmentation approach was developed to determine
the zones of the image with different scattering properties. The approach was based
on the image acquired at 700 nm because this wavelength is the most sensitive to the
reflectance contrasts that are directly associated to scattering changes. Non-Contact
DRSsr scattering estimations were assigned according to the resulting segmented zones
to create the absolute quantitative scattering maps.

The Non-Contact DRSsr scattering estimations allowed a first quantification of ab-
sorption with MSI which was subsequently corrected from the unfiltered specular re-
flections and adjusted to the 700 nm effect (probably originating from the parasite
reflections of the Non-Contact DRSsr doublet). Thereby, the wide-field absorption
quantification of all samples with MSI has been confirmed with respect to Contact
and Non-Contact DRSsr. With this method, we validated the absorption quantification
capacity of the Dual-Step technique.

The obtained preliminary results on biological samples are promising. Optical prop-
erties estimation on the same skin type were coherent between different ez-vivo samples
(eg. caucasian skin) or in-vivo models (eg. white skin of the three rats). Thus, the
difference in optical properties, observed between the black marks of two in-vivo rat
skin models, is reliable. Moreover, in one of the rat inflammation models, the technique
detected, with no cross-talk, the presence of inflammation on the black mark. Com-
paring the two measured inflammation models, a quantitative discrimination of optical
properties was observed. Particularly interesting is the quantified optical property con-
trast measured by the Dual-Step technique and not discernible by the human eye in
one of the in-vivo inflammation skin models. This shows the potential of the developed
Dual-Step technique for the clinical diagnosis of superficial lesions, imperceptible to the
naked eye.

In conclusion, we have developed a new Multispectral Imaging technique capable
of providing absolute wide-field quantification of optical properties with non-contact
measurements. We have obtained absolute quantification of the technique with well-
characterized known phantoms, whilst a preliminary validation of the technique has
been shown with three pertinent ez-vivo and three in-vivo skin samples. Yet, further
experiments are needed to prove the absolute quantification on biological samples. Spa-
tial maps of a few chromophores concentration were obtained with a heterogeneous
gelatine-based phantom. Using the same unmixing method, chromophore concentration
maps of biological samples can be easily derived. Thus, we have demonstrated the po-
tential of the Dual-Step technique as an accurate, wide field, and non-invasive optical
diagnosis tool.
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The absolute quantification of optical properties obtained with characterized in-
tralipid phantoms and the encouraging results on biological samples can be used to
define new interesting directions for future developments.

The main instrumental advancements deal with the development of a parallel illu-
mination CCD-based DRSsr technique, a homogeneous illumination to avoid shadowing
in the LFOV MSI setup, and an intelligent coupling of the optimized setups for the
Dual-Step technique.

The main methodological evolutions consider the development of a method achieving
depth-resolution of optical properties with DRSsr, the correction for specular reflections
in MSI images, and the optimal establishment of a p/-based segmentation algorithm of
the Dual-Step technique.

These should be the focus of perspective work, detailed in the following Section [7.2
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7.2 Perspectives

To further evolve the Dual-Step technique towards a real clinical instrument, we propose
various instrumental and methodological improvements. Some of these are focused on
the composing initial Non-Contact DRSsr (Section[7.2.1)) and LFOV MSI (Section[7.2.2)
techniques individually. Additional improvements of the combining Dual-Step technique
are given in Section [7.2.3]

7.2.1 Non-Contact DRSsr perspectives

Instrumental perspectives

Instrumental improvements of Non-Contact DRSsr aim to reduce undesirable signals
and facilitate focusing of projected beams on the sample.

One of the undesirable signals of initial Non-Contact DRSsr include parasite re-
flections originated at the doublet for A > 700 nm (see Section . These parasite
reflections are inconvenient because they have to be measured at each experiment ses-
sion and they reduce significantly the signal to noise ratio. Therefore, a change of
doublet pair with anti-reflection coating for the entire working spectral range should be
considered in a perspective setup.

Moreover, the undesirable spatial spread of the illumination beam projection of Non-
Contact DRSsr setups (see Figure should be truncated to approach the modelled
signals of the Monte Carlo simulation. This would benefit ACA-Pro calibration by ex-
tending the optical properties range that achieve optimal quantification with correction
factors. A first progress of the CCD-based DRSsr illumination profile has been obtained
by adding a diaphragm in the illumination path as described in Appendix [A75] A more
advanced setup would avoid the use of a beamsplitter giving rise to unwanted parasite
reflections (see Section through the inclination of the illumination beam. Some
groups ([Reif et al., 2007], [Zhu et al., 2011]) have already considered various tilt angles
of the illumination beam in DRS. An investigation of the specific angles needed for
the advanced C'CD-based DRSsr setup should be performed in terms of instrumental
arrangement and Monte Carlo model.

Further refinement of the illumination profile should be envisaged in all Non-Contact
DRSsr setups with the reduction of spherical aberration with an aspheric lens. Measure-
ments on characterized phantoms should be performed with this corrected illumination
projection to confirm the estimation improvement of optical properties. Moreover, this
correction will most probably improve the depth of field of the technique. The latter
will have to be accurately determined with the optical properties estimation error of
several unknown phantoms calibrated with different reference phantoms.
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As explained in Section the use of a CCD detector instead of a probe detector
for Non-Contact DRSsr, should be considered for the various advantage it offers in a
perspective integration of the Dual-Step technique.

Once the advanced setup of punctual CCD-based DRSsr will be validated, it is at-
tractive to imagine a parallel DRSsr measurement with the use of an illumination point
grid projected on the sample as shown in Figure This setup would make use of an
inclined illumination focused through multiple aspheric microlenses and diaphragms to
reduce the spatial spread of individually projected filtered beams. For this, the utiliza-
tion of an autofocus system, proper to each illumination beam, is necessary for samples
having a curvature higher than the depth of field defined as 1.2 mm for appropriate p/,
estimation (refer to Section [3.5.2)).

Moreover, the setup should integrate the indirect measurement of the illumination
intensity through a fixed calibration material (plastic corner) to correct from intensity
fluctuations. This correction strategy has already been used and validated in the LFOV
MSI technique developed in this work (refer to Section .

ccD

Filter

Diaphragms

Micro lenses

Plastic corner

Figure 7.1: Left: CCD-based DRSsr setup with multiple inclined illumination points
focused on the sample. Notice the fixed plastic corner to indirectly measure the source
intensity. Right: Grid of focused illumination points on the sample (white points) and
indirect source measurement on plastic corner (circle on the bottom left corner.)

The distances between illumination points should be optimized according to the
spatial reflectance decay used to recover optical properties. Ideally, the acquisition of
the spatial reflectance decay around each point should be automated with the acquisition
of images at specific integration times, adapted to the sample and the dynamic range
of the CCD. Also, the spectral scan (filter change) should be automated. Both of these
controls are essential to reduce measurement duration and progress towards real-time
acquisition.
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Methodological perspectives

Estimation accuracy of optical properties with the developed method for DRSsr depends
on the forward model (Monte-Carlo simulation) and the calibration procedure A CA-Pro.
Both of these aspects could be ameliorated to reduce the estimation error and improve
the efficiency of the diagnosis.

We have shown that the adopted Monte Carlo simulation has accuracy limitations
at the low scattering range (1), < 10 em™!). Hence, this constraint should be further
analysed. As a starting point of this analysis, a comparison of the estimation error
obtained with a Monte Carlo simulation or with the diffusion model should be done for
optical property estimations at this low scattering range. Subsequently, the limits of the
scattering model of [Van Staveren et al., 1991] used for intralipid should be examined.
The investigation should be extended towards measurements of high absorbing samples
such as the dark skin sample of Phototype 5, to verify the obtained scattering estimations
(refer to Section [6.6.2)).

In terms of the calibration procedure, we have shown that the estimation of ab-
sorption changes according to the absorption properties of the reference phantom (see
Section . Thereby, to achieve the best estimation of optical properties, ACA-Pro
should be based not only on scattering, as it has been done (Section, but also on
absorption properties.

Besides, to fully benefit from the interpolation strategy of ACA-Pro, the optimal
choice of reference phantoms used to build the CF reference base, should be done

according to the optical property range of interest and the modelled reflectance response
RLUT
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7.2.2 LFOV MSI Perspectives

Instrumental perspectives

Instrumental improvements of the developed LFOV MSI setup should be considered to
avoid unwanted effects of specular reflections and shadow. Figure illustrates the
advanced LFOV MSI setup with the main ameliorations for this end.

First of all, specular reflections that do not allow accurate estimation of fi,, should
be corrected. In a first stage, it would be interesting to explore the Non-Contact / MSI
i Tatio at one A that derives the specular reflection pattern to correct the specular effect
at other ), as shown in Section The simplicity of the approach should motivate
the optimization of the correction method. Alternatively, the standard solution, more
complicated and expensive, from and instrumental point of view, would consider the
integration of a polariser in the instrumental LFOV MSI setup (see yellow element of
Figure , to completely avoid specular reflections.

Second, a homogeneous central illumination should be considered to avoid shadow
effects originating from the inclination of the illumination source that are difficult to
correct a-posteriori. A plausible solution for this is to illuminate the sample perpen-
dicularly by placing the illumination ring around the CCD detector as shown in Figure
An optimization of the numerical aperture and distance of the illumination ring is
necessary to ensure the best illumination homogeneity.

Fifter wheel
cco

Objective
lens

Lamp

Polariser
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corner
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Figure 7.2: Advanced LFOV MSI setup with a homogeneous central illumination, to
diminish shadow effects and polariser to avoid specular reflections.

In analogy to the perspective Non-Contact DRSsr setup, to progress towards real-
time acquisition, the spectral scan (filter change) and image acquisition with adapted
integration time (according to the sample and dynamic range of the CCD) should be
automatised.
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Methodological perspectives

The methodological perspectives of the LFOV MSI technique encompass calibration
improvements and curvature correction of the sample.

Regarding the calibration improvements, we propose to perform an ACA-Pro cal-
ibration for each pixel of the image, as explained in Section [5.7] to compensate for
illumination spatial nonuniformity.

Moreover, in analogy to the ACA-Pro calibration for DRSsr, an optimal benefit of
the interpolation strategy would be obtained with an intelligent choice of the reference
phantoms used to build the C'F reference base adapted to the optical property range of
interest.

As seen in Chapter [f] quantification of multispectral images are affected by the
curvature of the sample itself and its consequences, mainly shadowing. A clear example
is shown in Figure [7.3] with the image at 500 nm of the heterogeneous sample of human
skin (Section . Note that the absorption of the depressions at the bottom and top

left corners of the sample are overestimated (see Figure [7.3b]) because they correspond
to an intensity diminution of the acquired image (see Figure [7.3a))

(a)

Figure 7.3: (a) Treated image and (b) Wide field p, estimation at 500 nm.

Apart from avoiding shadowing with a homogeneous illumination, as explained previ-
ously, a curvature optical profiling method could be considered to perform correction of
these artefacts. Correction would be based on a more detailed intensity-height function
than the one that has been measured and discussed in Section £.2.11
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7.2.3 Dwual-Step technique Perspectives

Instrumental perspectives

The advanced instrumental version of the Dual-Step technique should combine the grid-
ded CCD-based DRSsr system (see Figure and the improved LFOV MSI setup (see
Figure , as shown in the simplified diagram in Figure Notice that in this setup,

the translation stage is no longer needed for the position correlation between both tech-
niques.
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Figure 7.4: Simplified diagram of the ideal setup for the Dual-Step technique.

The characteristics of the common objective lens should be chosen according to a
compromise between the spatial resolution of the DRSsr reflectance decay that allows
optimal quantification of optical properties, distance/compactness instrumental require-
ments, and field of view covered by the MSI technique. This is of particular interest
in the approach of a medical application, in which the development of a compact and
ergonomic instrument is essential.

Moreover, automatised measurement acquisition of the Dual-Step technique accord-

ing to a clear measurement protocol, is essential towards real-time performance in the
clinical domain.
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Methodological perspectives

The advanced version of the Dual-Step system combines all improvements of Non-
Contact CCD-based DRSsr described in Section[T.2.1land LFOV MSI detailed in Section
(2.2

Since the Dual-Step technique is based on punctual measurements of Non-Contact
DRSsr for wide-field scattering quantification, the most urging development should focus
on the rapid acquisition of this wide-field scattering map. Instead of a long-time scan
of punctual Non-Contact DRSsr, we propose to perform the minimal essential number
of punctual DRSsr measurements on zones of the sample having the same scattering
properties. For this, the development of a robust pu/-based segmentation algorithm is
required. As seen in Sections and the first development of the segmentation
method is based on the 700 nm image because it is the least sensitive of the considered
wavelengths to absorbing chromophore changes (eg. oxy- and deoxy-haemoglobin). Ac-
cordingly, reflectance intensity changes of the 700 nm image were supposed to be directly
related to scattering changes and less affected by absorption changes. The segmentation
algorithm we used is based on the Otsu method with varying number of thresholds.

A more rigorous investigation of the spatial variations of scattering in a wide range
of biological skin samples is needed to evolve the segmentation method. For this, an
appropriate direction of the Non-Contact DRSsr scan, according to the heterogeneities
of the sample, could be used, and the size of the DRSsr inspected volume, limiting
the spatial resolution of estimated optical properties, could be optimized. With this
approach in mind, it would be interesting to analyse the heterogeneous human skin
sample (refer to Section @ with a spatial u; known Map-

Furthermore, a corresponding meticulous analysis of the spectral variations of scatter-
ing properties on different samples would be interesting to choose the most pertinent
wavelengths on which an optimized segmentation method could be established.

These aspects are important to improve the accuracy of the segmentation that di-
rectly affects the wide-field quantification of the Dual-Step technique not only of scatter-
ing but also of absorption since the latter is based on the former.

It is known that bulk optical properties derive chromophore concentrations which
are affected by the epidermal thickness variations [Saager et al., 2011]. Therefore, layer-
resolved quantification of optical properties is one of the main investigations to follow
to enhance the diagnosis accuracy of the Dual-Step technique in the clinical domain.
Indeed, layer-resolved optical properties allow to detect more subtle alterations occurring
in early-stage lesions such as cancer [Zhu et al., 2011].

The Dual-Step layer-resolution of quantified optical properties relies on the punctual
DRSsr technique, as it has been studied by many groups ([Zhu et al., 2011], [Yu et al., 2014],
[Koenig et al., 2015], [Wang et al., 2016]). The principle is based on the use of the differ-
ent SD distances to investigate different volume depths. To illustrate this, we estimated
optical properties with different fibre rings of the Contact DRSsr technique. A clear ex-
ample is shown with absorption estimations on white skin (Figure of the bi-coloured
in-vivo rat model.
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Figure 7.5: Left: Simplified illustration of the top absorbing epidermis layer and dermis
underneath of the white rat skin. Right: Estimated absorption properties considering
different fibre rings signals F'.

Figure[7.5|illustrates photon paths through the tissue for each SD distance (F5—F1).
Note that F'1 detects photons that have travelled deeper into the tissue, whilst those
detected by F'5 interrogate a more superficial volume. Because of the higher melanin
concentration, the top epidermis layer has a higher absorption than the dermis layer
underneath. Correspondingly, photons that scrutinize mainly the epidermis superficial
layer and are detected by F'5 and F4, estimate a higher absorption than photons who
have travelled deeper and are detected by F'3 — F'1. The influence of F'5 and F'4 in the
higher absorption estimation is clear in Figure

These estimations exemplify the different sensitivities that SD distances have to op-
tical properties individual to layers in depth. Certainly, the more SD distances, the
better the depth resolution of quantification is. Hence, the use of a CCD detector pro-
viding a continuous spatial reflectance decay offers the best depth resolution, limited
only by the object pixel size. The latter can be easily changed by changing the mag-
nification of the detection optical system. This is why, the depth resolution capacity
of optical properties estimation should be developed with the more flexible CCD-based
DRSsr technique. Keep in mind that an essential requirement to allow depth-resolution
of both optical properties is to ensure that the illumination point is perfectly focused.

Furthermore, the angled illumination of the perspective CCD-based DRSsr system
(see Figure could be exploited to restrict transport of detected light to the top layers,
and increase corresponding depth resolution as has been done by [Wang et al., 2016].
However, a compromise of the illumination angle should be done between depth resolu-
tion and the maximum detectable depth of the technique.
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As mentioned earlier, to approach real-time performance, the automatism of the
optimal measurement protocol of the Dual-Step technique should be established in per-
spective work. To start off, the MST images used for the p/-based segmentation method
(to be developed) should be acquired and a single position of the segmented zones with
different p/ should be identified. Next, Non-Contact CCD-based DRSsr measurements
would be performed. Depending on the punctual or grid illumination of the CCD-based
DRSsr system, two options are possible. In the case of a unique punctual illumina-
tion, consecutive DRSsr measurements should be taken on each segmented zone (at the
previously identified positions) to estimate scattering properties. In the case of a grid
illumination, parallel DRSsr measurements would estimate a discrete scattering map in
one go which would be interpolated with the p/, segmented image. All DRSsr measure-
ments should be ensured within a depth of field of 1.2 mm. Eventually, multispectral
images would be acquired followed by the curvature profiling. Based on the u’ quan-
titative maps and the curvature correction, absolute quantitative maps of u, would be
achieved.

Further information on layer-resolved quantitative optical properties can be then
acquired with auto-focused DRSsr measurements, either on a determined zone or on the
whole image. The latter would obviously be faster with a grid illumination CCD-based
DRSsr setup performing focused parallel measurements, than with a single focused scan.
Punctual estimations of optical properties would then be interpolated with the help of
the wide-field map of bulk optical properties obtained previously.

An important advancement towards clinical diagnosis is to use the resulting quan-
tification of optical properties to derive clinically significant parameters such as different
chromophores (eg. oxy-, deoxy-haemoglobin, and melanin) concentration from absorp-
tion and tissue structure from scattering. The calculation of optimal estimations of chro-
mophore concentration would be based on the same unmixing method that was used to
derive the various ink concentration maps of the measured heterogeneous gelatine-based
phantom. Obviously, the calculations should target the given chromophores and tissue
structural changes that reveal important diagnosis information. For this, an appropriate
choice of spectral ranges is required.

To approach real-time clinical diagnosis, it is essential to accelerate all measurements
and calculations. The minimal number of measurements should be therefore performed
and treated in an automatic manner to avoid not only human delay but also human
error. Ideally, fast calculation algorithms should be ready to provide real-time wide-
field chromophore concentration and tissue structure maps.

Once the aforementioned aspects will be developed, the Dual-Step technique should
be compared to the state of the art technique (ie. SFDI).






Appendix

A.1 Contributions to the current DRSsr procedure

A.1.1 Reduction of numerical noise

The discretization step of the range [us, ta], Aps and Apg,, used to generate the LUT
with the Monte Carlo simulation, may induce numerical artefacts in the estimation
of optical properties (see Figure left). This numerical noise is reduced with the
optimized interpolation (smaller discretization step) of the [us, 1,] range (see Figure

right).
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Figure A.1: Optical properties estimation with the original LUT (left), having a step
size of 2 em™! in p, and 0.02 em~! in p,, and the new interpolated LUT having a
smaller step size in p, of 0.2 em™! and of 0.01 em ™! in w,.
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A.2 Detectors’ specifications

A.2.1 PixelFly VGA CCD

L[ untJeewont | pixetyveA_|
no
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non linearity
(differential)

uniformity
darkness
DSNU ?

uniformity
brightness
PRNU *
trigger, auxiliary
signals
power
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power supply
camera
dimensions
(wxhxl)
weight

operating
temperature
range

operating
humidity range

storage
temperature

range
optical input

optical input
window

data interface

interframing time
CE certified
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@ 1ms exposure
time

full temperature
range

@ 90% center
zone

typical

internal / external

1: 2000
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1

1.0

software / TTL
level, 24V
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via PCI board
39 x39x 53
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technical data

[ | it Jsetpont | pixefiyvaa |
resolution pixel

640 x 480
(hor x ver) '
pixel size pm?2 9.9x9.9
(hor x ver)
sensor format/  inch /mm 172" /7.9
diagonal
quantum % @ 500nm typical 40
efficiency
full well capacity e 30 000
image sensor ICX414AL
dynamic range dB CCD + camera 68.7
dynamic range bit 12
A/D 2
readout noise e rms range / typical 1..14/12
imaging fps @ full frame / 50 /95 /177
frequency, @ binning 2x ver /
frame rate @ binning 4x ver
pixel scan rate MHz 20
A/D conversion e/ count 6.5
factor
spectral range nm 290 .. 1100
exposure time s S5uys..65s
anti-blooming @100 ms > 1000
factor exposure time
smear % 0.005
binning horizontal pixel {2
binning vertical pixel 1,2, 4

Figure A.2: PizelFly CCD specifications [PixelFly, 2015].

quantum efficiency [%)] pixelfly CCD image sensors
—— ICX414AL (VGA

60 4 — standard mode)
== ICX285AL (low light mode)

50 4

40 A

30 4

20 4

EEEEEEEEREEES

wavelength [nm]
Figure A.3: Quantum efficiency curves measured by PCO. Consider only the VGA CCD
sensor used in this work (blue line) [PixelFly, 2015].



206

A. Appendix

A.2.2 JETI Spectrometer

Specifications
Optical Parameters
Spectral range specbos 1211 350 nm - 1000 nm
specbos 121UV 230 nm - 1000 nm
Optical resolution (FWHM) 45 nm
Calculated wavelength step 1 nm
Digital electronic resolution 16 Bit ADC (15 Bit used)
Viewing angle 1.8° (Luminance mode)

Measuring distance / diameter
Measuring values

Measuring ranges and accuracies
Measuring range luminance
Measuring range illuminance
Luminance accuracy
Luminance reproducibility
Chromaticity accuracy
Color reproducibility
CCT reproducibility
Wavelength accuracy

Other technical data
Dispersive element
Light receiving element
Power supply
PC interface
Dimensions (drawing)
Weight
Operating conditions

Miscellaneous

All inclusive accessones packet

Calibration
Recommended recalibration interval

20cm - @6 mm; 100 cm - @ 31 mm (luminance mode)

Spectral radiance

Total luminance/ total radiance

Total illuminance/ total iradiance

Chromaticity coordinates x , y ; u', v’

Correlated Color Temperature, color purity

Color Rendering Index, RGB

Circadian metrics, Photosynthetically Active Radiation

0.1 - 2500 cd/m® (higher values with optional filter)
2-10 000 Ix

42 % @ 100 cd/m* and illuminant A

1%

+0.001 x , y @ illuminant A

+00005x .,y

+ 20 K @ illuminant A

+ 0.5 nm

Imaging grating (flat field)

CCD array 2048 pixel

USB powered

USB 2.0 fullspeed

180 mm * 82 mm * 53 mm

4509

Temperature 10 - 40 °C

Humidity < 85 % relative humidity at 35 °C

Cosine comector head-piece

Tripod

Transport box

PC software JETI Lival

JETI SDK

LabVIEW V1's ( Virtual Instruments )

Operating instructions and firnware commands (digital)
USB cable

Trigger connector

NIST traceable

1 year

Figure A.4: Specbos 1201 JETI Spectroradiometer specifications | 2015).
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A.3 Transmission of Filters
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Figure A.5: Filters Transmission.
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A.4 Relationship of Spectral Imaging and Spectroscopy

To analyse the relationship between Spectral Imaging and Point Spectroscopy, measure-
ments of the same samples under the same conditions are taken with both techniques.
In this Section we explain how the measurements are carried out and how the units of
each are converted to validate the linear relationship between both techniques.

A.4.1 Experimental setup

The two detectors used to measure reflectance with spectral imaging and point spec-
troscopy are the monochrome PizelFly QE CCD |PixelFly, 2015] and the JETI Specbos
1201 spectroradiometer [JETI, 2015), respectively. Instrumental specifications of both
detectors can be found in Appendix Figure illustrates the setup that is built
to fix the same measurement distance for both detectors.

|| JETI

ceb
It lllumination ring

Lens

Lamp

Filter wheel

Figure A.6: Instrumental Setup built to measure the correspondence between imaging
and punctual spectroscopy.

A KL2500 LCD Schott Lamp source is connected to a 6 LED illumination ring that
is fixed around the axis normal to the sample. The setup allows the placement of any of
the two detectors inside the fixed light ring and at the same distance d from the sample.
This distance d is set to 30 c¢m to optimize illumination homogeneity of the 6 LED
ring (yellow lines of Figure [A.6). A Xenoplan 2.0/28 objective lens is placed in front
of the CCD allowing the view of an area L1 x L2 whilst the spectrometer measures the
reflectance of a small circular area with diameter g,. Blue and red lines of Figure
depict the Field of View of the CCD and the Spectrometer detectors, respectively.

Round filters are placed in the filter wheel integrated in the lamp to obtain spectral
illumination bands of 10 nm full width half maximum (FWHM) (see Appendix.
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The whole setup is covered with a black cloth and measurements are taken in ambient
obscurity to avoid pollution from ambient lightning.

Diffuse reflection measurements on X-rite color samples placed at the object plane
are taken with both techniques under filtered light and compared.

A.4.2 Measurement procedure

The lamp source is fixed to 3000 K for maximal spectral distribution of the spectrometer
working range between 380-780 nm.

Four X-rite color samples are chosen with the intention of covering different ranges
of the working spectrum with different reflection intensities. The selected color samples
are blue, green, red and white colors to cover the primary colors of the visible spectrum

(see crosses of Figure [A.7)).

Figure A.7: X-rite color samples used are marked with a cross: white, blue, green and
red.

Filters ranging from 400 to 750 nm are used and optimized to the selected X — rite
color samples as summarized in Table

Table A.1: Filters used (x) for the various X-rite color samples (blue, green, red, white)
are marked with a cross.

Filter Blue | Green | Red | White
450 nm X b'd
500 nm X X X
550 nm X X X b'd
600 nm X X X X
650 nm X X X

700 nm X X X X
750 nm X X X

Diffuse reflection images are taken with an exposure time ¢ that is adapted to the
X — rite color sample, the filter used, and the fixed illumination intensity. To correct
from the inhomogeneous illumination, the curved focal plane of the objective lens and
the positioning of the filter, the flat field is measured. This is done for each filter
position by placing a white Teflon board at the object plane under the same illumination
conditions. Since there is no pollution from varying ambient lightning, background light
is considered stable and measured only once at the various integration times used. These
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images are representative of the CCD’s offset (thermal effect and readout noise) which
is subtracted from the images. To reduce photon noise, the diffuse reflection, flat field
and offset are measured through the average of three images.

Point Spectroscopy measurements are taken just after the image measurement with-
out changing the filter or sample position to ensure the same illumination conditions on
the same sample area. To do so, the CCD detector and objective lens are removed and
the JETT spectrometer is placed in the same image plane as shown in Figure Since
the spectrometer automatically adapts its integration time ¢, no manual adjustment of
the dynamic range is needed. The spectrometer’s offset is measured under the same
dark conditions.

A.4.3 Signal Processing

Diffuse Reflection S and flat field Sf;q: images are corrected from the background o fset
at the same integration time. Reflection images S are then corrected from the flat field
through the correction factor F'F and exposure time ¢ as described in Equations[A-T]and
A region of interest in the corrected image S. is chosen and the average intensity
grey value S, is used for further comparison with point spectroscopy.

FF — Sflat _Soffset (Al)
mam(Sflat - Soffset)
S — Soffset
c = -———-r A.2
5 FF -t (A-2)

Point Spectroscopy radiance measurements provided by the spectrometer are already
corrected from the exposure time ¢. Therefore only the instrumental offset correction is
considered (subtracted).

A.4.4 Optical analysis for unit agreement

Spectroscopy measurements are calibrated from the detector response and therefore
considered to be the reference to which imaging measurements are compared. For com-
parison, reflection measurements taken with both modalities have to be converted to the
same units. The average intensity I,, from Spectral Imaging in gv and Radiance from
Spectroscopy in #, are converted to Photon Flux Epp in S?V#, (N, being number of
photons). To facilitate the comprehension of the unit conversion, Figure depicts the
optical decomposition of both modalities in the combined setup shown in Figure
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(a) Spectroscopy Optical path. (b) Imaging Optical path.

Figure A.8: Optical decomposition of punctual spectroscopy and spectral imaging setups

of Figure

A.4.5 Spectroscopy: Radiance conversion

The number of photons IV, can be derived from the ratio of the total radiation energy
FEiotar and the quantum energy of a single photon Ejpeton according to Equation @

Etotal
N, = ——"F" A3
P Ephoton ( )

Ephoton is calculated according to the Planck hypothesis expressed in Equation @

hc
Ephoton = 7 (A4)
where h is the Planck constant in %, c is the speed of light in =, and A is the
wavelength in m.

Spectroscopy measurements are given as Radiance R,, in ST‘_}TVnQ by the setup shown

in Figure This is converted to Photon Flux Epp in 5%’2 for comparison with
Imaging measurements through Equation

1
Epp=Rp-Q —— (A.5)
Ephoton

where Q is the solid angle in sr, calculated with Equation [A26]

71'.(%.@8)2

Q= 7

(A.6)
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A.4.6 Imaging: Intensity conversion

The imaging setup is analysed for one object pixel as shown in Figure The
Intensity I, in grey value (gv) for an integration time ¢ is converted to Photon Flux

Epr in with the use of Eq.

s-m?2

gv-q
Epp = NN AT
PET Y QE- sin?(a) - p? fene,As (A7)

where ¢ is the quantization step in number of electrons N, per grey value %, QF
is the quantum efficiency or photon-to-converted electron ratio of the CCD in N./N,

(refer to Figure|A.3), sin(a) is the image numerical aperture calculated for an f# = 12
(see Equation |A.8)), p, is the size of an object pixel in m (see Equation [A.9), Tiens, z; 1S
the lens transmission for a distinct wavelength ;.

sin(a) = ﬁ (A.8)
Po = % (AQ)

where p; is the size of an image pixel in m and G is the magnification.

G is calculated by imaging a ruler at the object plane (at a distance d from the
CCD). For an image size of 1392 x 1024 pixels and pixel size p; =6.45 um, G is 0.124.
Thus, the object pixel has a size p, of 52.25 um according to Equation [A9]

A.4.7 Results and Discussion

Diffuse reflection measurements of the four X-rite color samples with Point Spectroscopy
and Imaging are compared and analysed in this Section. Figure shows the linear
correlation between reflection measurements in Epp under all filtered light.

The overall linearity between Punctual Spectroscopy and Spectral Imaging is clearly
confirmed. It is noticed that the higher the signal-to-noise ratio, the higher the correla-
tion R? between both measurement modalities is (i.e. the white sample, with the highest
intensity signal, has the best R?). From these results, a linear function can be derived
to convert imaging measurements into the reference spectroscopy measurements. This
function deviates from the 1:1 ratio between modalities (dotted black lines of Figure[A.9))
and therefore absolute analogy between modalities is not possible because of the various
simplifications that were made in the measurement and conversion procedures:

e There exists an uncertainty in the measurement of the distance d between the
sample and the JETI detector since the distance from the case to the detector is
unknown. This affects the value of Q.

o The Eppoton is calculated for the central filter wavelength only. This simplifi-
cation disregards the filter’s wavelength width having a FWHM of 10 nm (see

Appendix |A.3).
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Figure A.9: Correlation of Epp in 5%2 of Imaging and Spectroscopy measurements.

A.4.8 Conclusion

The linear spectral correlation of Spectral Imaging and Point Spectroscopy has been
validated through a simple experimental setup and an extensive unit conversion pro-
cess. With the same experimental and processing procedure, it is possible to apply the
derived linear function to convert imaging measurements into reference spectroscopy

measurements.
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A.5 Improved CCD-based Non-Contact DRSsr setup

As seen in Section [3.4.2] the use of the beamsplitter provokes a non-negligible parasite
halo around the projection of the illumination beam. To remove it, we propose to include
a diaphragm between the doublets of the illumination path as shown in Figure

|:| Probe

CCD
s |
Doublets f1=30mm, f2=100mm Doublet pair
f=100mm

Collimator .
L
| 50:50 % Plate Beamsplitter

Filter o=
Diaphragm

Sample

T-H Lamp

Figure A.10: Non-Contact CCD-based DRSsr setup with an additional diaphragm be-
tween the doublets of the illumination path.

To show the effect of the diaphragm and filters on the illumination profile, the
resulting normalized profiles with and without diaphragm and various filters are plotted
in Figure together with that of the folded and initial Non-Contact DRSsr setups
(see Figures and . Comparing the profiles, is it seen that the different filters
do not provoke different effects. What is more, it is clear that the diaphragm cuts down
the illumination intensity protrusion between D6 and D5 caused by the beamsplitter’s
parasite halo and reduces further extension. Therefore, the use of the diaphragm should
be considered in an advanced version of the CCD-based DRSsr setup.

Overall, it is seen that the illumination beam profile of the Non-Contact probe-based
and CCD-based with different filters are comparable, and that the use of a diaphragm
improves the profile at closer distances.

This profile enhancement will most probably improve optical properties estimations
with the ACA-Pro calibration algorithm explained in Chapter
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Figure A.11: Illumination beam profiles of folded Non-Contact DRSsr setups with and
without filters and/or diaphragm: ND=No Diaphram, D=Diaphragm.
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A.6 Validation of ACA-Pro with folded Non-Contact
DRSsr measurements

Figure shows the optical property estimation of phantoms having different 1 .,
and [iq theo With the Adaptive Calibration Algorithm ACA-Pro, described in Chapter
For a more detailed explaination refer to [Dehghani et al., 2015].
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Figure A.12: (a) 11, estimation (b) 7i; estimation with measurements obtained with
folded Non-Contact DRSsr measurements and ACA-Pro calibration.



Scientific Communications

To date, the present work has established various communications covering patents,
proceedings for oral and poster presentations, and journal articles.

B.1 Patents

Submitted

Procédé de traitement d’un signal de rétrodiffusion (2015).
Submitted

Multimodal Quantitative Musltispectral Imaging (2016).

B.2 Communications

1. Poster: ‘Large Field quantification of optical properties’. BIOMED (2016).

2. Oral: ‘Non-Contact Quantitative Diffuse Reflectance spectroscopy’. FEuropean
Conferences of Biomedical Optics (ECBO). International Society for Optics and
Photonics (2015) [Dehghani et al., 2015].

3. Poster: ‘Diffuse Reflectance Spectral Imaging for the quantification of absorption
and diffusion properties in homogeneous turbid media’. GRETSI (2015).

4. Poster: ‘New Multispectral Imaging Technique’. European Society for Photobiol-
ogy (2014).

B.3 Journal Articles

Published

‘ACA-Pro: Calibration Protocol for quantitative diffuse reflectance spectroscopy. Val-
idation of Contact and Non-Contact probe- and CCD- based systems’. JBO (2016)
[Sorgato et al., 2016].

In progress

‘Wide-Field quantification of optical properties in biological ex-vivo and in-vivo skin
models with Dual-Step Multispectral Imaging Technique’.
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Abstract

The Novel Dual-Step Multispectral Imaging Technique that has been developed intends
to contribute to the clinical diagnosis of superficial lesions by providing non-invasively
quantitative spatial wide field maps of absorption and scattering endogenous optical
properties. The approach relies on the combination of a Non-Contact Spatially-resolved
Diffuse Reflectance Spectroscopy (DRSsr) technique with a Multispectral Imaging (MSI)
technique. Absolute quantification is based on the scattering estimation with Non-
Contact DRSsr which is subsequently used by MSI to estimate wide field absorption.
The instrumental setups of each technique are built and thoroughly characterized in
this work. The optimal quantification of optical properties relies on a newly established
calibration algorithm (ACA-Pro) that achieves minimal estimation errors inferior to
3.3% for scattering and 5.5% for absorption. The developed Dual-Step technique has
been validated not only with an extensive intralipid phantom study but also with ex-
vivo biological human skin samples and in-vivo inflammation skin models on rats. The
results show the potential of the Dual-Step technique as a valid quantitative, wide-field,
and non-invasive clinical diagnosis approach.

Résumé

La nouvelle technique ‘Dual-Step’ d’Imagerie Multispectrale qui a été développée a
comme objectif de contribuer au diagnostic clinique des lésions superficielles, en procu-
rant des cartes grand champ quantitatives des propriétés optiques endogenes telles que
I’absorption et la diffusion. L’approche repose sur la combinaison d’une technique sans-
contact de Spectroscopie de Réflectance Diffuse spatialement résolue (DRSsr) pour es-
timer la diffusion utilisée ensuite par une autre technique d’Imagerie Multispectrale
(MSI) pour estimer I’absorption. Les bancs d’essai de chaque technique ont été constru-
its et caractérisés dans le cadre de ce travail. La quantification optimale des propriétés
optiques s’appuie sur un nouvel algorithme de calibration (ACA-Pro) qui atteint des
erreurs d’estimation minimales et inférieures & 3.3% pour la diffusion et 5.5% pour
I’absorption. La technique ‘Dual-Step’ a été validée sur des fantomes d’intralipide mais
aussi sur des échantillons ez-vivo de peau humaine et des modeles in-vivo d’inflammation
de peau de rats. Les résultats montrent la faisabilité de la technique ‘Dual-Step’ et son
potentiel en diagnostic clinique grace a son approche quantitative, grand champ et non-
invasive.



