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Abstract (EN)-

The failure to accurately delineate breast tumor margins during breast conserving surgeries results
in a 20% re-excision rate. Consequently, there is a clear need for an operating room device that can
precisely define intraoperatively breast tumor margins in a simple, fast, and inexpensive manner.
This manuscript reports investigations that were conducted towards the ability of terahertz radi-
ations to recognize breast malignant lesions among freshly excised breast volumes. Preliminary
works on terahertz far-field spectroscopy have highlighted the existence of a contrast between
healthy fibrous tissues and breast tumors by about 8% in refractive index over a spectral window
spanning from 300 GHz to 1 THz. The origin for contrast was explored. Results seem to indicate
that the dynamics of quasi-free water molecules may be a key factor for demarcation. On these
basis, different methods for tissue segmentation based on refractive index map were investigated.
A cancer sensitivity of 80% was reported while preserving a specificity of 82%. Eventually, these
pilot studies have guided the design of a BICMOS-compatible near-field resonator-based imager
operating at 560 GHz and sensitive to permittivity changes over breast tissue surface.

Keywords: Terahertz spectroscopy imaging; Biomedical engineering; Breast cancer; Data sci-
ence; Inverse electromagnetic problem.

Résumé (FR)-

La faible précision avec laquelle sont délimitées les marges d’exérése des adenocarcinomes mam-
maires se traduit par un recours régulier a un second acte chirurgical. Afin d’en limiter la fréquence,
la communauté scientifique tente de définir les grands axes de conception d'un systéme intraopératif
permettant la reconnaissance des 1ésions mammaires malignes. Ce manuscrit de theése rapporte
les investigations menées sur la capacité des ondes térahertz a fournir un contraste entre tis-
sus mammaires sains et malins. Les premiers travaux ont montré 'existence d'un contraste sur
I'indice de réfraction entre 300 GHz et 1 THz, évalué en moyenne a 8%. Ce dit contraste semble
prendre origine dans la dynamique des molecules d’eau intrinseques aux cellules cancéreuses.
Différentes techniques de segmentation d’'image, basées sur 'indice de refraction des zones tissu-
laires, ont permis de rapporter une sensibilité au cancer jusqu’a 80% tout en maintenant un taux
de spécificité de I'ordre de 82%. L'ensemble de ces études a guidé la conception d'un imageur
champ-proche opérant a 560 GHz, dont la réponse des différents senseurs est sensible a la per-
mittivité en surface des tissus du sein.

Mots Clefs: Spectro-imagerie térahertz; Ingénierie biomédicale; Cancer du sein; Science des
données; Probleme électromagnetique inverse.

Université de Bordeaux
Laboratoire de I'Intégration du Matériau au Systeme (IMS)
UMR CNRS 5218, F-33400 Talence, France
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Oscillator supplied

Posc:
power;
Ry: Detector voltage respon-
sivity;

ATy o : Transmitted power dif-
ference with and without sam-
ple;

wesc: Oscillator angular fre-
quency;

Ss1: Transmission parameter
between port #1 and port #2;

«;: Fitting term;

I,,: Image width;
6x: Morphological dilation;
2: Structuring element;

€: Structuring element compo-
nent;

P’: Transposed projection ma-
trix;

Sp: Nyj, SCOTE;
l,,: nyy, loading;

T: Projection plane;
R: Residual matrix;

0,,: n;y, observable;

«p: Fitting term;
B1: Fitting term;
B2: Fitting term;

~

€,: Real rel. permittivity;

I
el‘

: Imaginary rel. permittivity;
tan: Loss angle;

Aé&™i"; Minimum detectable
permittivity change;

Vyu,ine: Total noise integrated
over the sensor;

P;: Transmitted power;

€00 cO-frequency permittivity;
Ae: Permittivity step;

T: Characteristic time;

o: Conductivity losses;

DR: Dynamic range;



Medical Glossary

Adenocarcinoma: Specific type of malig-
nant tumor that arises from the neoplasia
of epithelial tissues.

Aneuploidy: Presence of an abnormal
number of chromosomes in a cell.

Angiogenesis: Formation of new blood
vessels.

Apoptosis: Programmed cell death pro-
cess in which redundant or flawed cells
destroy themselves.

Carcinogenesis: Process by which a
healthy cell becomes cancerous.

Centromeres: Region where the chro-
matids of a chromosome meet.

Cirrhosis: Cirrhotic diseases of the liver
that progressively destroys the liver’s abil-
ity to aid in digestion and desintoxifica-
tion.

Deoxyribonucleic acid: Molecule that
contains the genome of living organisms.

Differentiation: Process through which a
cell changes from on cell type to another.

Ductal: Refers to breast ducts.

Duct: Tube that carries breast milk from
the glandular tissue to the nipple.

Dysplastic: Abnormal changes in cells of
a tissue. Cells are not cancerous but they
may progress to cancer.

Epithelial: Cellular structure lining, pro-
tecting and enclosing the organs.

Fibroblast: Cell that helps the formation
of collagen and elastic fiber of connective
tissue.

Gene: Sequence of nucleotides that en-
codes the synthesis of a proteins and
RNA.

Genome: Referring to the inherited en-
semble of chromosomes and genes.

Glandes: Group of cells that produces
specific substances.

Glandular: Refers to glandes.

Glioblastoma: Most frequent and most
aggressive brain tumor.

Grade: Measure of the cell appearance in
tumors and other neoplasms.

Haploidy: Presence of a single complete
set of chromosome in a cell.

Keranocyte: Cell of the epidermis that
produces a protein called keratin and
forms a soft protective sheet for the body.

Leukemia Group of blood cancers that
commonly starts in the bone marrow.

Liposome: Spherical vesicle exhibiting at
least one lipid layer.

Lobule: Gland that produces breast milk.

Lobular: Refers to lobules.



MEDICAL GLOSSARY

Lumpectomy: Surgical removal of a dis-
crete portion of the breast.

Lymph: Fluid that flows through the lym-
phatic network.

Lymphatic: Organ system that is a part of
the circulatory and immune system.

Lymphocyte: Type of white blood cell
that can recognize foreign substances in
the body.

Mastectomy: Surgical removal of the
breast.

Metastasis: Spread of cancer cells from
primary site to another part of the body.

Mitosis: Part of the cell cycle during
which replicated chromosomes are di-
vided into two new nuclei.

Mucosa: Tissue that lines the tube-like
structures of the body.

Necrosis: Premature death of living cells.

Neoplasia: Abnormal growth of tissues ei-
ther benign or cancerous.

Nucleotides: DNA and RNA building
block molecules.

Orthotopic: Referring to an event that oc-
curs in the normal or usual place in the
body.

Pleomorphism: Ability of an organism to
modify its intrinsic functions in response
to environmental conditions.

Polyp: Noncancerous growth that pro-
tudes from mucous membranes.

Ribonucleic acid: Molecules that takes
part in coding, decoding, regulation and
expression of genes.

Ribosome: Cytoplasmic organite where
takes place protein synthesis.

Squamous: Referring to a flat, scaly ep-
ithelial cell.



General Introduction

Breast cancer is the most frequently diagnosed cancer in women. Worldwide, nearly one in four of
new cancer cases in women are identified as breast carcinoma. The chart below summarizes the
GLOBOCAN survey released by the International Agency for Research on Cancer (IARC) in 2018.

“:l Mortality [ Incidence ‘
T T

T T
Breast 1

Colorectum

Lung

I — |
I
I — |
Cervix uteri ;l
Thyroid D:| i
Corpus uteri I:’:I
Stomach El
Ovary ;l
Liver El
=

NHL }

I I I I I I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
Number x10°

Estimated number of cancer incident cases and deaths in women, worldwide, in 2018. Source: Global
Cancer Observatory, 2018.

Breast cancer is not an unique disease, but rather gathers a constellation of distinct subtypes
associated with diverse clinical outcomes. Most common tumor initiation and progression oc-
cur in cells that line the ducts and the terminal ductal lobular units, that supply the ducts with
milk. Despite considerable advances towards diagnosing and curing breast cancer, several crucial
clinical and scientific issues have not been entirely resolved. These problems are related to pre-
vention, to diagnosis specificity and sensitivity, to cancer prediction, to the type and to the length
of treatment and, to therapeutic resistance. Addressing and resolving all these problems remain
drastically challenging as breast cancer is not a single disease but is highly heterogeneous at both
the clinical level and the cellular one.

Breast cancer management depends on the disease characteristics established by a set of in-
dicators: (i). the tumor stage; (ii). the tumor grade; (iii) the tumor immunophenotype. Breast
conserving surgery, followed by radiation therapy, is nowadays the standard therapy to promote
healing for early stage breast cancer. Such a local therapy is often preferred since it is safe and
provides an overall equivalent survival rate as mastectomy. In 2005, the international consensus
conference defined breast conserving surgery as “[...] complete removal of the breast issue with
a concentric margin of surrounding healthy tissue performed in a cosmetically acceptable man-
ner (lumpectomy) usually followed by radiation therapy”. It is, however, worth mentioning that
women undergoing breast conserving surgery to treat cancer carry slightly greater risk of breast
cancer local recurrence, for life. The success of breast conserving procedures is therefore dictated
by the accuracy with which are delineated the concentric margins of excised breast volumes dur-
ing the surgery. Although there is no generic definition of ideal margins, it is common to consider
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a 10-mm wide edge, if feasible, followed by postoperative radiation management to eradicate the
eventual remaining malignant cells. The cleanliness of edges are assessed during biopsy exami-
nation for which, excised tissues are successively fixed into formalin solution, paraffin embedded,
sliced in micrometric section and immersed into different alcohol and biological stain baths. Usu-
ally, hematoxylin and eosin stains are used as hematoxylin stains cell nuclei blue and eosin stains
both the cytoplasm and the extracellular matrix pink. The stain draws the global layout of a tissue
structure so that a pathologist can easily state on margin cleanliness. Overall, two extreme cases
towards edge definition can be distinguished: (i). positive margins - malignant cells are located
at the edge of the excised volume; (ii). negative margins - absence of tumor cells at the edge or
the distance of abnormal cells from the edge is at least more than 1-mm. Currently, following
histopathologic inspection, up to 20% of excised volumes are reported to exhibit positive margins.
Reasons behind tumor edge delineation failure are often due to random specimen for biopsy, dis-
continuous tumor spread from the original disease site or inappropriate excision during surgery.

With the aim to address the issue of margin positiveness, this work reports investigations on
a specific window of the electromagnetic spectrum, the terahertz band, towards its potential for
demarcation between healthy and malignant breast tissues. Terahertz radiations have been re-
ported to be particularly sensitive to water content. Indeed, water exhibits relaxation mechanisms
in the terahertz band at approximately few tens of gigahertz and 900 GHz, respectively'. At the
same time, water is the predominant fluid among living organisms. Unifying concepts around car-
cinogenesis suggested that cell hydration could be on the front lines. All of these reports strongly
advert that terahertz waves may help surgeons to accurately define breast tumor margins intraop-
eratively, based on both terahertz radiations and tumor specificities.

Terahertz waves cover photon energies that are orders of magnitude smaller (0.4-40 meV) than
the visual spectrum. Furthermore the low energy carried by such waves indicates that they do not
have an ionizing effect and are overall considered to be weakly hazardous for cells, organs and
organismes.

This manuscript attempts to answer questions fundamental to the terahertz band’s ability
to manage demarcation between abnormal and normal breast tissues. The title of this thesis
work should be interrogative rather than simply affirmative: Terahertz radiations for breast tu-
mour recognition ? Throughout this manuscript different strategies and methodologies are subse-
quently considered, described, applied and discussed in trying to respond to such a question.

The first chapter Context and Key Concepts, establishes the physics that is proving to be use-
ful to study the interaction of electromagnetic waves in the sub-millimeter range with biological
entities, whereupon interaction mechanisms from a sub-cellular point of view are discussed. In
this regard, the most promising candidates for interaction are reported and a related overview of
the research field is provided. The discussion then turns to the super cellular level responsiveness
to terahertz stimuli, where the main findings and biomedical application are listed, as exhaus-
tively as possible. Ultimately, the chapter ends on a section dedicated to the specific case of breast
carcinoma, from breast anatomy review to cancer treatment, through carcinogenesis.

The second chapter Terahertz Spectroscopy begins by introducing the different concept and
techniques to generate and to detect terahertz waves. Subsequently, the experimental set-up em-
ployed to conduct the investigations on biological samples is presented. Such a system allows
to measure the fraction of electromagnetic energy that is either transmitted through or reflected
by the sample under inspection. Therefore, important concepts to extract the intrinsic dielec-
tric properties of the different types of tissue found in breast volume are discussed. Some spe-
cific contributions to the field are reported and the concept of inverse electromagnetic problem
is described as it is omnipresent throughout this work. These tools are then used to extract the
dielectric profile of water and the associated relaxations are addressed. As the actual breast envi-
ronment is complex and definitely not homogeneous, preliminary studies are conducted on tissue
mimicking breast phantoms. These samples are aimed to provide generic information on the the-
oretical behavior of real tissues, by mimicking the actual chemical composition. Specific trends

INote that these values may slightly vary from one study to another.
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are reported that tend to suggest that terahertz is globally sensitive to the fraction of protein, fat
and water found in tissues. In an attempt to provide a generic formulation to describe the over-
all dielectric profiles, the grounds of a mathematical model are discussed. Then, based on the
characteristics exhibited by tissue mimicking breast phantoms, a campaign of measurements on
freshly excised breast tissues conducted at Bergonié Institute (Bordeaux, FRANCE) is reported.
Global dielectric profiles of adipose, fibrous and malignant tissues are reported. Clear evidence of
demarcation between adipose tissue and other types are reported. Subtler changes in optical con-
stants are additionally underlined between healthy fibrous and malignant tissues. Ultimately, to
understand the source of contrast between tissue types, investigations on different concentration
of cancer cells in solution are reported and some possible explanations towards tissue contrast are
postulated.

The third chapter Terahertz Imaging: Far-field Survey is dedicated to the acquisition of tera-
hertz images of freshly excised breast tissues in far-field. First and foremost, the performances
of the imaging set-up are identified and sorted. Then, a self-reference image inversion proce-
dure is described that aims to improve sample characterization. From raw images, the described
process and inverse electromagnetic problem, the refractive index map of different tissues are ex-
tracted. The refractive index derived over the sample surface are then aimed to be employed to
segment within the terahertz image. Image registration and correlation with pathology images
are detailed. Thereafter different classification strategies are investigated and their relative perfor-
mances in terms of sensitivity and specificity are reported. Compliance map between pathology
images and terahertz classifications are provided. Last, to complete the field of inquiry, principal
component analysis, that is an unsupervised data analysis, is investigated as a potential additional
tool towards segmentation. Reported results on principal component analysis are in good agree-
ments with refractive index classification.

The last chapter Breast Cancer Imaging: Near-field Survey reports the development of a ter-
ahertz near-field solid-state imaging matrix working at a frequency that is identified in preced-
ing chapters as promising towards tissue differentiation. The chapter begins by pointing out the
diffraction limit of resolution that severely affect far-field imaging systems. The state-of-the-art
of the near-field research domain is discussed, whereupon the conceptual working principle of
a resonator-based permittivity-sensitive sub-wavelength near-field imager is described. Such a
device is aimed to break the diffraction limit of resolution and to provide an image resolution
that is overall at the scale of the typical size of eukaryote cells. A battery of simulations are re-
ported that support the idea that such a device could effectively break the diffraction limit while
remaining sensitive to tissue dielectric behavior. The task is however reported to be challenging
as only subtle changes in response of such an imager between healthy and cancer are anticipated.
The fabrication process and the overall architecture of the solid-state array are described and its
intrinsic imaging performances are provided. Preliminary studies with the sub-wavelength near-
field imaging sensor are reported and an image of a deparaffinized breast section concludes this
manuscript.

The work reported in this manuscript takes part in collaborative projects: the Far and Near-
sense projects, respectively funded by Région Nouvelle-Aquitaine and the German Research Foun-
dation as a part of the Priority Program ESSENCE (SPP 1857). Three entities were part in these joint
projects and have to be acknowledged. Studies on interaction mechanisms between terahertz ra-
diations and biological tissues were conducted at the University of Bordeaux (FRANCE) under the
supervision of Dr. Dir. Rrch. Patrick Mounaix (DR). The development of the near-field imager was
addressed by the University of Wuppertal (GERMANY) under the guidance of Prof. Dr. rer. nat.
Ullrich Pfeiffer. Finally, the medical background for the study was assured by the department of
pathology at Bergonié Institute (Bordeaux, FRANCE) under the watch of Dr. Gaétan MacGrogan.
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Chapter I

Context and Key Concepts

They didn’t know it was
impossible, so they did it.
Mark Twain
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CHAPTER I. CONTEXT AND KEY CONCEPTS

I.1 Introduction

The first chapter Context and Key Concepts prepares the ground for the study of the interaction
between terahertz radiations and breast cancer tissues, to which this thesis is dedicated.

Abrief statement on the physical characteristics of sub-millimeter waves is established, where-
upon safety surveys on their use are reported.

Due to those specific properties, these radiations are expected to be a potential tool for ad-
vances in biology. Consequently, the subsequent section reviews the physical concepts in electro-
magnetism useful to study the interaction between external terahertz fields and biological objects.
In light of these considerations, past and ongoing scientific efforts on the application of terahertz
waves for biology are discussed.

In order to address the specific case of breast cancer, preliminary knowledge on breast struc-
ture and oncology are required. To this aim, a succinct review is provided and the prospective
sources of tissue distinction in the terahertz regime are raised.

[.2 Terahertz Radiations

Sub-millimeter waves are known since the end of the XIX*" century thanks to Samuel Langley and
the invention of the bolometer [1]. However, it was not until the early-1900s that such radiations
will begin to be employed with the introduction of effective, compact, powerful and broadband
sources and detectors. Mainly used at the beginning for plasma diagnostics [2], molecular spec-
troscopy [3] and astrophysics [4; 5], it took a decade before their apparition in the field of biology
and medicine. To understand the current motivations for the implementation of this particular
region of the electromagnetic spectrum in various research fields, an introduction to its peculiar
characteristics is primarily given.

I.2.1 Physical Features

Terahertz regime, also called far-infrared, is between the microwave and the infrared domain. It is
commonly considered that frequencies spanning from 100 GHz to 10 THz belong to the terahertz
spectral range (Figure I.1.).

Radiowaves Microwaves  lerahertz infrared Visible UV X-ray

300 MHz 0.3 THz 3 THz 30 THz 0.6 PHz 30PHz 0.3 EHz
} | : : } | :
| | | | | | |
T ] I ] I I ]
Im Imm 100 um 10 um 500 nm 10 nm Inm

Figure I.1: Location of the terahertz regime within the electromagnetic spectrum.

Still, in some studies, these boundaries are extended to a lower limit in the gigahertz range
down to 60 GHz [6], or further within the far-infrared domain up to 30 THz [7]. A terahertz emis-
sion possesses a single photon energy of 0.41-41 meV, a wavelength ranging from 30 pm to 3 mm, a
wavenumber of 3.34 to 334 cm™! and an equivalent transient time of 0.1-10 ps. In view of the fore-
going, the terahertz regime makes the link between energies used for electronics and the associ-
ated classical interpretation of light-matter interaction and to higher energies for which quantum
mechanics is employed to describe interactions. Due to the energy of terahertz waves, the reac-
tion following the irradiation of a material is generally in the form of collective rotations of dipoles.
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This feature reflects in an increase of absorption for polar materials, which nevertheless remains
globally marginal for non-polar ones. Hence, terahertz spectroscopy is able to provide absorption
spectra for the identification of substances and for the characterization of their chemical compo-
sition. For instance, applications have emerged in the scope of pharmacology [8] and of heritage
conservation [9] for the characterization of drugs and historical pigments. On the opposite, while
non-polar and non-conductive materials, i.e. dielectrics, do not exhibit specific spectral features,
their sufficient transparency to terahertz rays makes possible in-depth (compared to infra-red)
and non-destructive (compared to X-rays) control, with an adequate spatial resolution (compared
to millimeter-waves).

1.2.2 Safety Issues

The first question to be raised when dealing with radiation sources is the one of the safety. Are these
radiations deleterious for cells, tissues, organs and individuals ? However, assessing it requires a
distinction between the energy and the power of the source but also the exposure time to those
radiations.

The Planck’s energy—frequency relation states that the frequency v is proportional to the en-
ergy E carried by a photon:

E=hv, (I.1)

where h = 6.626 x 10734].s7! and denotes the electromagnetic quantum. The energy limit car-
ried by terahertz photons is 41.4 meV at 10 THz, far from the first ionization level of carbon (11.26
eV), the main constituent of living organisms. Single terahertz photons are thus assumed to be
non-ionizing and harmless for biology samples from an energy point of view.

To evaluate the impact of source power and exposure time, Wilmink et al [10], employed, in
2011, a 2.45 THz monochromatic radiation with an average surface power of 84.8 mW.cm™2 to
irradiate dermal fibroblasts. Fibroblasts were exposed for 0 to 80 minutes. They did not report
variations in comparison to the control line, emphasizing that THz radiations do not appear to
damage intracellular proteins or cell DNA. Another study conducted on lymphocytes exposed to
120 GHz, 1mW for 20 minutes did not report appreciable changes at a cellular and molecular level
[11]. However, contrary to the previous study, another research [12] observed gene instabilities in
lymphocytes exposed to an equivalent dose (0.45 J.cm~2) following an exposure time of 2 hours.
They reported the induction of a significant number of cases and disturbances in the replication
process of chromosome centromeres. Additional studies have also reported alterations in gene
expressions [13], in blood antioxidant activity [14] , in liposome permeability [15], in seed ger-
mination [16] and in yeast colony growth rate [17]. However, it has not been demonstrated that
terahertz radiation causes harmful effect to keratinocytes, epithelial cells, nucleobases, desoxyri-
bonucleic acid or tissue matrix [18-20]. The effect of terahertz radiations on biology samples is
still under discussion but are, overall suggested, less hazardous than smaller wavelength waves by
using mild-power sources.

I.3 Terahertz Field and Biological Samples

Nowadays, scientific efforts are not solely restricted to safety issues but have expanded to dermal
control of skin injuries [21], hydration level monitoring in stratum corneum [22], lumpectomy
margin checks [23-25] or early screening of diabetic syndrome [26].

I.3.1 Physical Quantities in Electromagnetism

The interpretation of recorded data arising from the interaction between terahertz light and bio-
systems usually deals with the analysis of a set of parameters denoting for instance the light veloc-
ity changes from a material to another, the wave attenuation or the dipole sensitivity of the probed
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structure to the propagating electromagnetic field. For this reason, the mathematics behind inter-
actions between media are, hereafter, described.

Light Transport Theory

Electromagnetic wave propagations are disturbed when encountering a change of medium. This
disruption reflects in a portion of light which is reflected back while the rest is transmitted (also
called refracted) through the subsequent medium (Figure 1.2).

Reflected
wave

e

Refracted
[ wave

Incident
wave

Figure 1.2: Refraction and reflection occurring at a dielectric interface between two media of propagation.

These aforementioned portions of light either reflected or transmitted at the interface between
two media are illustrated by the Fresnel’s coefficients:

271c080;
== — R 1.2)
1c0801 + 712c0505
f11c0s01 — fiocosO
_m 1—Hh2 2 1L3)

" A1c0s01 + fizcosB,’
where t and r are the Fresnel’s coefficients in transmission and reflection, (7;,0;) and (7,,0)
are the refractive index and the characteristic angle couple of incidence and refraction, respec-
tively. For instance, let’s now consider an incident radiation whose electric field satisfies the Helmholtz'’s
equations and is of the form:
E(r,t)=Egcos(wt—k-r)u,, (1.4)
where Eg = | E | = E(0,0) is the amplitude and phase of the electric field at the origin at ) =0,
o = 27 f is the wave pulsation, r ! is the spatial vector, k is the wave vector denoting the propa-
gation direction and u, is a unit vector. One can recognize the formulation of a monochromatic
plane wave. We can then express the transmitted (I.5) and reflected (I.6) part of the electric fields
as a function of the incident field:
271c050;

IE'(7, | =E'(r,0) = t xE(r, 1) = — ° < B(r, 1), (L5)
1c0s01 + 71oc0505

= o or : _ fycosby —pcosh,
[E"(r,0)|=E (rt)=rxE(r,t) = = - x E(r, 1). (1.6)
71c0501 + 712c050,

The 7 parameter, referred to the complex refractive index in the following, is of great impor-
tance when dealing with light-matter interaction. In fact, the complex refractive index denotes:

INote: || 7 || = \/x2 + y2 + 22
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first, the relative velocity of light 7 = { in a medium, wherein c is the light velocity in vacuum and
v the light phase velocity in the medium; Second the radiation extinction k. The complex refractive
index is of the form:

l=n-Iix. 1.7)

Most of materials are dispersive, which means that the real refractive index and the extinction
coefficient are frequency dependent. Thus one can rewrite equation (1.7):

(w) = n(w) — ik(w). 1.8)

From the extinction coefficient k, one can express the absorption coefficient a which addresses
in a similar fashion the losses within a material:

a(w) = , (1.9)

from which we can intuitively derive the penetration depth 6 of an incident radiation:

8(w) = a(w) L. (1.10)

These representations come from the optics field. However, as we mentioned before, terahertz
regime lies between the optics and the electronics fields. Thus, we will see in the following that
these two quantities, namely n and « are linked to electronics parameters.

Permittivity

The permittivity €(w) of a material can be seen as its sensitivity in regards of an external electric

field E in which the material is emerged. Alternatively, it is a measure of the motion of charge
carriers due to the presence of an external electric field. To illustrate this statement, one can draw
the following scheme:

Figure 1.3: Representation of charge carrier motions induced by an external electric field E inside a charged
sphere. One unique field line is drawn for visual convenience.

The application of an external electric force through the charged sphere in Figure 1.3. induces
the motion of charged elements with respect to the electric field lines. The new charge distribution

within the sphere triggers an induced electric field E ;,; whose field lines are in opposite direction
to E. The permittivity is then an intrinsic parameter denoting the weight of an external field on

an internal electric redistribution:

D () =€e(w) E (), (L11)
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where D () is the induced electric displacement field. In general, the permittivity of a mate-
rial is given relative to that of free space. Introducing then €, the vacuum permittivity and €, the
relative permittivity, equation (I.11) becomes:

D () = epe, () E (w). 1.12)

Let’s note that the permittivity € in (I.11) and the relative permittivity €, in (I.12) are not neces-
sary scalars. For anisotropic materials, the permittivity is a third rank tensor, i.e. a matrix.

In most cases, the permittivity of materials is complex. The real part of the permittivity €. ()
is related to the dynamical response of a system to an external field and the imaginary part €/ (w)
denotes the losses within the lossy material:

é(w) =o€, (W) — i€} (). (1.13)

We can however distinguish different sources for losses:

* Losses due to the transformation of the absorbed electric energy into thermal energy through
polar relaxation: dipole losses.

* Losses due to the conduction currents: conductivity losses.
The imaginary part of the permittivity is then a measure of these two sources of losses:

" o (w)
€ (w) =€g4(w) + P (I.14)

here €4 (w) stands for the dipole losses and ¢ (w) for conductivity losses. It must be highlighted
that €, and €/ are not independent. Insofar as science accepts the principle of causality, and inas-
much as the complex permittivity is a linear complex function, one can obtain the relation be-
tween the real and the imaginary part of the complex permittivity via the Kramers—Kronig relations
[27]:

2 o0 (D/el/ (D/
e (w=1+ —][ r—()du)', (1.15)
nJo (DIZ _ wz

20 [®e(w)-1

!
) md(l) (116)

€ (w)=-

Beyond the mathematical complexity of those relations, the calculation of the imaginary part
from the real part (or vice versa) requires the integration of (I.15) or (I.16) from the 0 frequency to
the infinity. Alternatively said, one has to characterize over the entire electromagnetic spectrum
either the imaginary or the real part of the permittivity to extract the other one. From a theoretical

1

point of view, w = 0 is verified for [lh}l 7 = 0. That means that the wave has only a single crest

and dip and is, obviously, not observable. On the other hand, w = co is equivalent of A = 0 which
defies the definition of wave itself. From an experimental point of view, there is no existing sys-
tems that may provide a full characterization. However, one can still extract one parameter from
an other through Kramers-Kronig transformations by extrapolation or by making assumptions on
the behavior of the real permittivity (or the imaginary one) outside the experimental spectral win-
dow. This complexity is nevertheless overcame for terahertz radiations. In fact, one of the most
used system in terahertz spectroscopy is the time-domain spectroscopy set-up based on coherent
detection and thus is able to provide both the real and imaginary part of the permittivity without
the use of the Kramers-Kronig relations. This asset will be discussed in greater details in Chapter
II, I11.2 Generation, Detection and Sensing.

We have seen that when dealing with a lossy material, the permittivity takes complex values.
In such a case, one can show by solving Maxwell’s equations, that for non-magnetic materials:

nw) = Vér(w), (1.17)
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which in turn leads to:

n(w)? +2in()k () + %k ()% = €, (w) - ie! (w). (1.18)

Through identification along the real and imaginary planes, we can define the relations be-
tween the electronics parameters and the optics ones:

€} (0) = n(w)* - k(w)* n(w) =/ el

Z_ (1.19)
e () = 2n(w)k(w) k(w) =/ e @),

Equation (1.9) prescribed that the absorption a(w) of a radiation is proportional to the imag-
inary part of the complex refractive index k(w) and thus, the higher k() is, the smaller 6(w) is.
Considering the way (7, k) and (e’,, e’r’) are related to each others (eq. 1.19), one can draw a similar
conclusion for the relative dielectric loss factor €//(w). For instance, let us consider the dielectric
properties of different polar liquids at 70 GHz and at room temperature:

Table I.1: Dielectric properties of some alcohols and water at 70 GHz. [28]

Liquid € €/ K S(mm)

Propanol 3.00 0.80 0.19 3.60
Ethanol 3.47 098 0.26 2.62
Methanol 4.63 2.36 0.54 1.26
Water 9.93 17.56 2.26 0.30

As we can see, the penetration depth for each of those compounds are inversely proportional
to both the dielectric and optics loss factors. Furthermore, losses related to water are by far the
highest in the set described above and consequently the penetration depth is the smallest. Water
is the polar liquid having the highest extinction. One can roughly estimate that the amplitude of
a 70 GHz monochromatic wave would be attenuated by about 95% after a penetration of 36 (0.9
mm). We can emphasize that water absorption is -at the edge of the terahertz domain- particularly
strong. At the same time, water is one of the main constituent of organisms and bio-like objects
in general. Intuitively, one can thus anticipate that water is about to play a crucial role in the
interaction between terahertz fields and biological systems.

I.3.2 Interaction Mechanisms

The previous section established a qualitative framework for the understanding of the main phys-
ical quantities involved in the interaction between terahertz radiations and biosystems. Now that
the mathematics behind the quantification of interactions are settled, one can assess there physi-
cal and chemical forms.

Relaxation & Distribution

When an external stimulation is applied to biological objects, the molecular dipoles tend to align
with respect to the field lines and against the surrounding friction forces. The directional change
of the polarization vector across the irradiated structure is not instantaneous and is subject to time
lag with respect to the alternating field. The kinetic of the charge redistribution is frequency de-
pendent but may additionally be affected by the viscosity, the temperature and the molecule mo-
bility. When illuminating a sample with a given energy range, one can analyze the frequency de-
pendence of the relative permittivity: the dielectric spectra. The greatest variation among the di-
electric spectra arises when the frequency of the external field matches a characteristic frequency
of a system and is called a permittivity step Ae,. The relaxation time associated to the characteris-
tic angular frequency of a system wc is defined as:
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Tp = wg'. (1.20)
Such a behavior is modeled by the simple Debye model in which [29]:

A

€r (W) =€+ (I1.21)

l1+iotp’

where €, is the permittivity at infinite frequency (in a relative meaning). Upstream and down-
stream of Ae,, the permittivity is roughly constant. When the pulsation wg of an incident radiation
is to small to stimulate the resonant peak located at wc, the permittivity takes the value A€, + €.
In fact, charge carrier alignment is proceeded in time if wg << w¢. On the other hand, if wg >> wc,
dipoles cannot reorient as fast as is the external stimulus and thus, no redirection polarization is
observed and €, (w) = €. In the analysis of dielectric relaxations, it is common to draw the Argand
diagram in which the imaginary part of the permittivity €/’ is plotted as a function of the real part
€,.. The dielectric function describes a semi-circle which links €4, to A€, + €5. The Debye treat-
ment assumes, in a sense, that all molecules belong to the same environment. Additionally, to
accurately extract the dielectric parameters from the Debye equation, one has to ensure that the
characteristic frequency w¢ at which, e’r (w) observes an inflection point and e’,’ (w) has its maxi-
mum value (Figure 1.4.), belongs properly to the sensing range. In other words, if the higher limit
of the probing frequency is lower than wc, the accuracy of the parameter extraction is anticipated
to be rough [28].
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Figure 1.4: Example of a simple Debye treatment for Ae, —e, = 12, €, = 2 and 1p = 1ps. The inflection

point of €, (») and the maximum of the dielectric loss factor €/ (w) are located at ¢ = 1.01 rad.ps~".

The Debye model is a simplistic view of the process. Let’s note the vast majority of molecules
does not follow the description established by (I.21). One can in fact encounter polyrelaxations
within material dielectric spectrum. Their description can be achieved mathematically by a su-
perposition of Debye functions with different relaxation times by introducing the concept of re-
laxation time distribution, leading to a new formulation [28]:
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N A€n
&0 =€xt+ ) ——, (1.22)
o1 ltioTt,

from which we can sort the real and the imaginary part of the permittivity:

N S v
€ (w) =€+ — (1.23)
n=11+w0T5
N Aen
" r
€. (w)=—- —— Ty (1.24)
r ,;1 l+w?ty "

In the following, for simplicity, €/ () will consistently refers to |/ (w)|.

Other models have been suggested yielding more complicated formulations. Among them,
one can mention the empirical Cole-Cole model [30; 31], developed on the basis of polyrelaxation
distributions but assessing the relaxation time width over the frequency band:

N Ae”
& () =€t ) T, (1.25)
o1 1+ (wTy,)%
where 0 < a < 1 and denotes the aforementioned width of relaxation time. The a-term reflects
the permittivity step damping, spreading incrementally the energy dissipation over the frequency
range as it decreases (Figure 1.5). Let’s note that a = 0 depicts the absence of relaxation features
and a = 1 reduces to the Debye model.
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Figure L.5: Illustration of the Cole-Cole treatment for the Debye parameters used in Figure 1.4 (Top: blue;
Bottom: red) and for o = 0.25,0.50,0.75 subsequently.

Another experimental approach is the Davidson-Cole model [32; 33]:
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N Aen
€r(w) =€+ ) !

_ 1.26
S+ ioT,)]Pn (1.26)

where the empirical parameter p is positive and no greater than unity. Similarly to the Cole-
Cole model, the Davidson-Cole treatment turns into the Debye model if assuming § = 1. The
impact of the 3 parameter on relaxations is shown in Figure L.6.
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Figure I.6: Illustration of the Cole-Davidson treatment for the Debye parameters used in Figure 1.4 and for
B =0.25,0.50,0.75 subsequently.

Ultimately, a formal generalization of both the Cole-Cole and Davidson-Cole models is given
by the Havriliak-Negami representation [34] whose formulation is:

N Ae?
& =€nt+ ) ——, (L.27)
A= (14 ({0T,) P

here, a, and §,, are necessary parameters for the treatment of the aforementioned model. The
Havriliak-Negami expressions reduces to the Cole-Cole equation for f,, = 1 and reduces to the
Cole-Davidson formulation for a;; = 1. A complete description of the relaxation behavior under
different a and f is given in Figure 1.7, for an unique relaxation.

Heretofore, only models describing relaxations have been assessed. However, when stimulated
with external electromagnetic fields, other processes than those reported may occur. Permittivity
steps can, in fact, be due to molecular vibration. Complementary to the previous models, one can
consider the Lorentz model to describe molecular motions induced by a force field:

N An(JJ()Z
é-(w) =€y + I , (1.28)
' 0 n;l (Wo% — w?) —iTpw
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Figure 1.7: Illustration of the Havriliak-Negami formulation for the Debye parameters used in Figure .4 and
for a and f taking the successive values: 0.25, 0.50, 0.75.

where, € is the low-frequency permittivity, wg; the resonant frequency of the n;j, process, A,
the corresponding oscillation amplitude and I';, an associated damping factor (Figure 1.8).

These models are usually used to fit and characterize the dielectric spectrum recorded from
dielectroscopy measurements with a Levenberg—-Marquardt algorithm [35; 36] or equivalently the
damped least-squares method. The need for relaxation distribution to describe system responses
is however not instinctive. Furthermore these parameters have to be adapted to the physical sys-
tems under inspection, that is, with a physical sense. The difficulty is even more harder when
dealing with biological systems. The complexity of biological systems made of a lot of different
molecules is expected to blur resonant peak(s) of individual compound. For instance, biological
tissues are made of an extracellular matrix and an ensemble of cells assuming various functions.
The extracellular matrix, holding up the biochemical support for cells, is mainly made of collagen,
enzymes and glycans linked to amino acid side-chains through covalent bonds. Cells are in turn
made of a phospholipid shell enclosing proteins, DNA, RNA, proteinogenic amino acids, antibi-
otics, inorganic ions (Na*, K*, Ca?*, and so on), salts and unsurprisingly water, accounting for at

23



CHAPTER I. CONTEXT AND KEY CONCEPTS

77 T T T

76.5 [

76

S 755

75

745

0 : )
10°8 1072 107! 10° 10"
(32)[TH~]

Figure 1.8: Illustration of a Lorentz oscillator for €y = 75, A/(2m)? = 0.25 THz?, I'/(2n) = 0.32 THz and a
characteristic frequency at wg/(2n) = 500 GHz.

least 70% of the total cell mass [37].

Interaction Bands

The dielectroscopy of biological objects is expected to be highly dispersive and inhomogeneous,
to exhibit spatial dependence and superimposition of dielectric domains owing to the complex-
ity of their structure. One usually distinguish four different spectral bands among the electro-
magnetic spectrum. These bands, namely «, 5, § and vy, arise from relaxation or dispersion pro-
cesses occurring within the biological object due to external stimuli [38; 39]. The representation
of these four relaxation domains is shown in Figure 1.9. The « and p bands are located far in the
microwave regime (in the KHz for a and in the MHz for ) and denote relaxation of ions and large
biomolecules. The § and y relaxations are however taking place at higher frequencies, between
about 1 and 5 GHz for 6 while above 100 GHz for y processes. Let’s note that the y-band starts
from where we have initially defined the low limit of the terahertz regime. The y dispersion is as-
sumed to be responsible for the relaxation processes within small and mobile polar molecules. In
fact, at these frequencies, the energies (eq. 1.1) are yet too low to impact the electronic cloud, and
are absorbed in the form of resonant molecular vibrations. Mainly, these relaxations are attributed
to bulk water and hydration water molecules. Water is the leading role in all living organisms [39].
At the microscopic level of tissues, it governs the formation of cell phospholipid membrane, it reg-
ulates concentration gradient in and out cells for osmosis to occur or its participates in enzymatic
reaction for DNA molecule synthesizing. In a nutshell, water is essential for tissues, is the main
constituent and thus is expected to dictated the interaction between terahertz radiations and or-
ganic structures by ruling the global dielectric response.
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Figure 1.9: Schematic representation of the real and imaginary part of the relative permittivity, €, and €/
as a function of the frequency and the location of the dispersive domains «, B, 6 and y. Where a denotes
KHz relaxation of ions, p describes the MHz relaxation of large biomolecules, & depicts the hydration shell
relaxation within protein surface - water complex and y stands for bulk and free-water relaxations. Simu-
lation performed by a tetra-Debye treatment (equation .22 wherein N = 4) for €5, = 3.33, Ae; = 2.49- 108,
A€z =6.66-10%, Aeg = 900, Aey = 96.67, T = 10725, T, = 10755, 13 =5-107 105, 1y =5-10" 1.

I.3.3 Candidates for Interaction: Sub-cellular Level

The informativeness of terahertz radiations when applied on biosystems depends on the specific
dielectric responses of the various biomolecules in presence. Since the early stage of bio-terahertz
investigations, it was certain that water could be the primordial feature. However, water is not the
only object that exhibits specific features in the terahertz band. There is actually plenty of biolog-
ical entities that may additionally interact with terahertz radiations. In regards to the incredible
wealth of biological compound interoperating with each other among bio-organisms, the analysis
of those biostructures requires preliminary investigations on these individual elements.

Water

By assuming 70% of the total mass of cells, water is the key factor which in a lot of biological sys-
tems dictates the dielectric response. Water is a tiny bent molecules whose chemical formulation
is H,O [40]. Water molecules are electrically neutral but polar. The center of the slightly nega-
tive pole is located at the oxygen atom and the positive one between the two hydrogen atoms,
at 0.8 A from each, approximately. The hydrogen atom is a simple structure made of one proton
and an electron located in the first orbital level Is. Oxygen atom is formed of a nucleus consist-
ing of eight protons and neutrons, surrounded by the electronic cloud made of eight electrons.
On forming the water molecule, each hydrogen atom shares an electron with the oxygen atom to
form a so-called covalent bond, leaving the positively-charged hydrogen nucleus alone. On the
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contrary, the oxygen side of the molecule is consequently partially negatively charged. Individual
water molecules are then similar to dipoles in the sense that they exhibit a negative and a positive
pole. This specificity allows water molecules to bind with each others through hydrogen-bonding
in which, the negatively charged side of the molecule binds with the positively charged hydrogen
nucleus of another one. These hydrogen-bonds give the particularity to water to have a lower den-
sity in the solid state than in the liquid one. It additionally explains the high boiling point of liquid
water due to the high energy required to break those bonds. The highest water density is reached
at 277.15 K. The mean distance between two oxygen atoms in bulk water is 2.82 A and between
hydrogen-bonded hydrogen and oxygen is 1.88 A. Water molecules that are hydrogen-bonded are
represented in Figure I.10.

Hydrogen-bond Network

Covalent

/ Bonds \

Hydrogen ——¢—— ¢

Bonds Hydrogen-bond

Figure 1.10: Water molecules. Right: the hydrogen-bond network. Left: closer look on a hydrogen-bond
and a covalent bond.

Due to the importance of water molecules in biological object organisation, studies on the
dielectric response of water in the terahertz regime started in the mid-1990s. Barthel et al [41]
reported in 1996, preliminary investigations on the dielectric spectrum of water in the microwave
region, close to the terahertz limit, up to 89 GHz. They revealed the necessity to consider two
main relaxation processes for bulk water. One process exhibited a long relaxation time by about
Tp = 8.32ps and a fast relaxation whose characteristic time was about 1, = 1.02ps. In 1997, Kindt
and Schmuttenmaer [7] published an article in which they characterized the dielectric behavior
of water from 60 GHz to 1.50 THz. They reported a slow relaxation time tp = 8.24 £ 0.40 ps and
the other, a fast process, T2 = 0.18 ps. One can notice the discrepancy between the two reported
values for 1,. This difference is not an inherent shortcoming in one of the studies, but reflects
the restricted spectral range employed by the first study. In fact, the fast relaxation process 1, was
reported to be equal to 1.02 ps which corresponds to a characteristic frequency of f = 2n1r2 =156
GHz. However the frequency window used, in this pioneer study, was up to 89 GHz. In other
words, as underlined in Relaxation & Distribution, the external field frequency wg was too low in
comparison to the characteristic frequency wc of the system to accurately probe the relaxation
process. Further studies [42-45] have confirmed the existence of these two relaxation processes.
The slow relaxation 1p whose characteristic frequency is located at ~ 19.3 GHz is commonly at-
tributed to the breaking and reformation of hydrogen bonds within the hydrogen-bonded water
molecule population. Put more simply, it consists of the cooperative reorganization among bulk
water. On the other hand, the fast relaxation, occurring around 884 GHz denotes in a way fast
water molecules, i.e. free or quasi-free water. These water molecules are not or poorly involved
in hydrogen bonding and therefore exhibit a faster reorientation with respect to the external field
lines. In 2008, Yada et al [44] have suggested the contribution of other processes occurring at
higher frequencies by including in their study the results of a previous experiment from Asfar et al
[46] in the far-infrared regime. They found that the total dielectric step Ae; could be expressed as:
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As A
Aer = Aeyy +Aep + — +—, (1.29)
Wg Wy

where Ag and Ay, are intermolecular stretching vibration and intermolecular libration? occur-
ring respectively at 5 and 15 THz. The following table summarizes the water properties found in
the main studies.

Table I.2: Comparison of the dielectric Debye parameter for water molecules found in the literature.
@ parameter fixed during the Levenberg-Marquardt fitting procedure [41; 47]. ? Includes intermolecular
libration amplitude.

Study Spectral Band A€,y A€ 1D [ps]  T2[ps] A, [THZ?] €co
Barthel et al [41] (0.1-89) GHz 72.18 1.69 8.32 1.02 / 4.69
Kindt et al [7] (0.06-1.5) THz 73.43% 1.45 8.24 0.18 / 3.48
Ronne et al [43] (0.1-2.0) THz 72.14 1.9 8.5 0.17 / 3.3
Sato et al [42] (0.1-89) GHz 722 214  8.32 0.39 / 3.96

Yada et al [44] (0.2-3.5) THz  749% 1.63 943  0.25 31.5x2n% 25
Moller etal [45] (107*-2.5THz 723 2.12 834 0.36 28.4x2m% 2.68°

To summarize, when investigating below 3 THz, one can assume that only two relaxations in
the form stipulated by Debye are necessary to properly fit the data. One slow relaxation process
whose characteristic frequency is located at ~ 20 GHz, denoting configurational changes within
the hydrogen-bond network and one fast relaxation located at ~ 890 GHz, involving free and quasi-
free water molecules rotating or translating with respect to the external stimulation. Nonetheless,
if dealing with higher frequencies, one should consider intermolecular vibration stretching (~ 5
THz) and libration (~ 15 THz).

Carbohydrates

The name carbohydrate refers to molecules or group of molecules whose chemical structure is of
the form CxHyxOx and commonly known as sugars [48]. D-glucose (C¢H120g) is the only active
form of glucose found in cells. D-glucose as a significant importance as it serves as the first source
for cell energy, as the fundamental brick for mitosis and as a metabolic intermediate for cell-cell
communication. Sugars having at least five carbon atoms can cyclize. With its six respective atoms
of carbon (C = 6), D-glucose is then often cyclic. Let’s however underline that its linear form ex-
ists but is naturally found in a proportion of ~ 1 for 100 among aqueous solutions. D-glucose is
found in two alternative forms (anomer): the a-D-glucose and the 3-D-glucose which only differ
in the orientation of -H and -OH groups on carbon 1 (Figure I.11.). Nonetheless, despite their quite
similar structure, the chemical association of several a-D-glucose gives arise to a polymer starch.
By contrary, f-D-glucose molecules bond with each other to form a polymer cellulose. Both a-D-
glucose and 3-D-glucose are expected to exhibit specific features within the terahertz band thanks
to their cyclic nature, presumably allowing different intermolecular vibration and phonon modes.

In an article printed in 2006, Liu & Zhang [49] have sensed polycristalline monohydrated-D-
glucose (CgH1206 » H20) and anhydrous-D-glucose. They reported three main absorption peaks
for the monohydrated-version located at 1.82, 1.98 and 2.46 THz. On the other hand, four dif-
ferent absorption peaks have been observed for anhydrous-D-glucose for 1.29, 1.44, 2.10 and 2.6
THz. As a-D-glucose, f-D-glucose and amorphous-D-glucose (linear) are operating at different
levels and for different functions, Fischer et al [50] conducted a study to evaluate the terahertz
regime upon discrimination between anomers and the amorphous state. They have reported that
the first resonant peaks observed for the a-form of D-glucose were also observed among the -
D-glucose spectra but were however slightly positively shifted along the frequency axis. Authors
have emphasized that clear differences were nevertheless observed in the range between 50 cm ™!

2Motion of an object with a fixed orientation in which it repetitively rotates slightly back and forth.
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Figure I.11: Structure of the a-form (left) and the f-form (right) of D-glucose.

and 75 cm™~!. These measurements were conducted at room temperature and at 13 K but were,
intriguingly, still comparable.

Another sugar found in histology is the linear anionic heparan sulfate polysaccharide [51; 52]
(Figure 1.12.) found in the extracellular matrix protein or at the surface of cells by bonding cova-
lently to proteins to form proteoglycans [53]. It assumes various biological actions which lie at the
heart of harmonizing tissue development. For instance, blood coagulation or formation of new
blood vessels from pre-existing ones. It has been however shown that heparan sulfate polysaccha-
ride was involved in tumor metastasis and could act as a cellular receptor for numerous viruses
[54].
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Figure I.12: Structure of the heparan sulfate polysaccharide subunit.

In [55], authors have investigated the dielectric spectra of porcine mucosal heparin which
mimics the heparan sulfate polysaccharide behavior from 1 to 13 THz. They inspected the six
cationic form of heparin (Na*, K*,Ca?*, Mg?*, Cu?>* and Zn?"). The overall forms exhibited a
comparable spectra. However they have underlined differences in the location of the first peak.
In addition they have observed a broad dip in the spectra whose centre was not similarly located
for each cation form. Moreover, the intensity difference between the peak and the dip observed
in absorption spectra was greater for the Na*, K* and Mg?* cation forms than the others. Holder
and his co-authors concluded that the relatively high absorption of terahertz waves by heparin at
room temperature, was caused by vacancies in fundamental modes and thus, a certain amount
among these modes could be occupied by the absorption of the external field when sensing.
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Lipids

Lipids refer to a heterogeneous group of biomolecules that includes fat, oil and steroids. The sim-
plest lipid form is fatty acid that generally consists of 16-or-18 carbon atoms forming a hydrocar-
bon chain and ends at one side by a carboxyl group (COO™) (Figure I.13.).
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Figure 1.13: Chemical structure of the fatty acid C14H320> (palmitic acid).

When carbon atoms contained in the hydrocarbon chain are not bonded with the maximum
number of hydrogen atoms, they are referred to as unsaturated fatty acids. On the contrary if
carbon atoms are bonded to the maximum number of hydrogen atoms, they are referred to as
saturated fatty acids. Lipids have major role in organisms. The most noteworthy point is their
participation in the formation of the selectively permeable plasma membrane that consists of two
saturated fatty acid layers and phosphate group heads on each side. Fatty acid tails are by nature
non-polar elements as they only consist of non-polar C-H bonds. Consequently they cannot in-
teract with water molecules. While tails are hydrophobic, phosphate head groups are hydrophilic.
When emerged in aqueous solutions, the hydrophilic heads orient themselves to be on the out-
side, in contact with polar molecules and hydrophobic tails arrange to be on the inside. Such a
molecular configuration is referred to as amphipathic arrangement. Sometimes, unsaturated hy-
drocarbon chains are inserted as tails in the phospholipid bilayer. This induces an increase of the
permeability of the membrane to ions and other small molecules. Another asset of lipids is that
they are a significant source of energy storage. Fatty acids are stored in the form of three fatty acids
bonded to a glycerol molecule, commonly called fat. Fat is accumulated into the cell cytoplasm.
When energy is required to yield biological reactions, they break down. The main difference with
the energy provided by carbohydrates aforementioned is that, on breaking down, fat releases more
energy per unit of volume. As an example, carbohydrates only allow energy to be accumulated in
more than twice the body weight that would be needed to store the equivalent quantity of energy
in fat.

Hishida and Tanaka [56] conducted experiments on the response of phospholipid solutions
(water solvent) to an ultrafast stimulus (t ~ 1.1073s). Authors reported that both the real and
imaginary part of the dielectric function were decreasing as the concentration of phospholipids
was increasing. This observation yields to the distinction between bulk water from hydration
water. While bulk water refers to molecules whose neighborhood is only populated by other
hydrogen-bonded water molecules, hydration water consists of water molecules in close inter-
action with other biological compounds, e.g. carbohydrates, lipids, proteins and so on. Conse-
quently, by increasing the portion of phospholipid into the bulk water solvent, they indeed pro-
gressively and concomitantly turned previously bulk-like water molecules into hydration water.
The slow relaxation process of water, Tp ~ 8 ps, referring to the structural reorientation of the bulk
water network, was notlonger exhibited for high phospholipid concentrations. Authors concluded
that on interacting with phosphate head groups, hydration water considerably loses its dynamics
inducing the loss of the slow relaxation. The hydration shell length was estimated by about 10 A

29



CHAPTER I. CONTEXT AND KEY CONCEPTS

from the lipid surface. Similarly to this study, Reid and co-authors [57] reported analogous di-
electric decrease features when increasing the lipid concentration. However, for a comparable
maximum concentration (25% for Hishida and 20% for Reid), the second study did not report on
the global loss of the main relaxation component.

Nucleic Acids

Desoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the informational molecules of cells
(Figure 1.14). Both DNA and RNA are made of a chain of monomeric purine (adenine, guanine) and
monomeric pyrimidine (cytosine, uracil, thymine) bases attached to phosphorylated sugars. Nu-
cleotides are connected with each other through a covalent bond network.
The phosphate group, to which are linked each bases, is
joined to the carbohydrate group of the next one and so
on. While DNA is made of two hydrogen-bonded strands,
each carrying the transposed information of the other, RNA
is a one strand molecule which carries the information out-
side the nucleus and serves as a template for protein syn-
thesis. In regard to the complexity of the DNA structure,
candidate sites for interaction with terahertz radiations are
numerous. From the foregoing, terahertz waves are sensi-
tive to hydrogen-bonds -via which, DNA strands are joined-.
Furthermore, the complexity of the DNA structure may lead
s to interaction with aminyl radicals (NH»), with phosphory-

[ lated sugars or may additionally involve longitudinal phonon
| /I§ modes. Despite this list -which was not fully representa-

3 tive of the DNA complexity-, theoretical works conducted
toward the description of DNA within the terahertz regime
have foreseen the existence of specific relaxations. Duong

Helix Axis

M and Zakrzewska [58] have calculated the normal modes for
\p—— == A the three canonical conformations of DNA known as the A,
s B and Z forms and considering the two possible nucleobase

: ~7 : g sequences. They reported a wide quantity of modes corre-
/ sponding to the deformation of the double-helix between
J 0.3 THz and 7.50 THz. Both the A-cytosine/guanine and
2nm A-thymine/adenine exhibited the highest number of vibra-

tional modes at 1.8 THz (by about 13 distinct vibrational
Figure I.14: Schematic diagram of the modes), whereas the two other allomorphs shown the largest
DNA helix structure. number of vibrational modes around 600 GHz, 3 THz and 900

GHz, 2.4 THz for B and Z conformation, respectively, with-
out discrepancies regarding the two alternating base sequence. They additionally shown that
B-DNA was the form subjected to the largest vibrational amplitudes, whereas A-DNA had the
lowest, Z-DNA being the intermediate case. Other studies reported the theoretical capacity of
terahertz to interact with fractional propeller twist modes or hydrogen-bond breathing modes
[59; 60]. Heretofore, it was only theoretical investigations. To compensate for the lack of exper-
imental data, Brucherseifer et al [61] studied the response of hybridized-DNA (double stranded)
and denatured-DNA (single stranded) within the 0.2-2.5 THz window. They have shown that due
to denaturing, the refractive index of single stranded DNA was globally decreased by 0.1 over the
frequency range. This was the first observation of demarcation between binding-state-dependent
properties of polynucleotides in the terahertz frequency range.
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Proteins

In the previous section we mentioned that nucleic acids carry the genome information. Proteins
are the direct executors of the tasks stipulated by that information. Proteins are macromolecules
synthesized in the cell ribosome (Figure I1.15). They consist of chains of various amino acids whose
combination is expected to drastically affect the spectrum of the molecules. Proteins are found by
thousand inside cells, at their plasma membrane surface and even within the extracellular ma-
trix (collagen, fibronectin and laminin). Proteins exhibit particularly small dipole moments. Thus
dipole reorientation with regard to an external terahertz field is not expected to be of vast contri-
bution to the spectral characteristics. One can anticipate that the most probable origins of features
within the terahertz regime on probing proteins are intramolecular collective vibrations and side
chain rotations. First studies on proteins have been conducted on bovine serum albumin and col-
lagen pellets [62]. Authors confirmed that the dissipation of the incident energy among samples
was consistent with the Beer’s law behavior. In an interesting way, the bovine serum albumin ab-
sorbance increased almost linearly with frequency while for collagen, the absorbance increased
more rapidly with increasing frequency. Markelz and colleagues concluded that sample broad-
band absorption between 0.06 and 2 THz was caused by a large density of low frequency collective
modes. Nonetheless, in vivo proteins behave in a quite different fashion than the one that may
be observed as lyophilized structure. It is in fact known that in vivo, proteins interact with wa-
ter molecules. This interaction gives arise to a hydration shell, in which the surrounding network
of water molecules drives fluctuations among the protein surface groups. The hydration sphere
taking place around proteins is affected out to at least 1 - 1.5 nm from surface proteins. Since
the terahertz regime covers the band of collective dynamics in proteins but is as well sensitive to
the rotational and translational motion of water molecules, more recent studies aimed to probe
not just the self-assembling proteins but also the hydration sphere dynamics [63]. To describe
the hydration water as a part of the protein global dynamics, Kim et al [64] studied ubiquitin, a
protein which serves as a marker for other protein degradation. Considering first hydration water
behaving like ubiquitin-free molecules, they observed a stronger absorption for ubiquitin buffered
solved solution than the buffer itself. They highlighted that the increase in absorption was actu-
ally caused by water dynamics alteration among the hydration shell up to 18 A from the protein
surface. The interaction induced a shift of absorbance from sub-THz to higher-frequency modes.
Correcting the hydration water - protein surface group coupling, they finally observed that the
protein and its hydration water absorbed less than the buffer solution. Similar work were con-
ducted by Xiu and colleagues [65], leading to an analogous conclusion for bovine serum albumin.
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Figure 1.15: Protein synthesis in the ribosome complex. Proteins are assembled as stipulated by the en-
coded genetic information. The messenger-RNA (mRNA) serves as a template while the transfer-RNA
(tRNA) acts as the physical link between the mRNA and the amino acid sequence of growing proteins.
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1.3.4 Super Cellular Level Responsiveness

Sensing life sub-units is not an end on itself. The purpose behind these investigations is evidently
to understand the interaction mechanisms at a more complex stage, where sub-units join with
each other to build tissues and organic fluids. Tissues and fluids are the sub-units of organs and
thus are of primary importance when dealing with injuries, diseases and disorders. The biological
state of tissues generally reflect the organ condition and therefore are often key factors to detect, to
characterize and to monitor eventual organism disfunctions. Interest in medical applications ne-
cessitates an understanding of the fundamental interaction of terahertz radiations with biological
tissues.

Heretofore, we looked at sub-cellular units from the perspective that their behavior with re-
spect to an external terahertz field would affect the global response at a multi-cellular level. While
it is true that dielectric spectra at super-cellular levels would in fact depict the complexity of
biological organisation, that same complexity may concomitantly blur tissue sub-unit features.
Thereupon, one can ask oneself, if at a super-cellular level the dielectric response would denote
appreciable changes depending on tissue components. As has been endlessly pointed out, ter-
ahertz waves are significantly sensitive to water molecules. Water responsiveness to terahertz
stimuli may mask out the global information from inspection either by strongly dissipating the
incident sensing energy or by blurring slighter interactions with alternate sub-units. Although the
presence of water limits the depth of tissue that may be sensed, the degree of hydration and the
water content may reveal a disease stage. In addition, one can intuitively predict that the dielectric
response is impacted by the fraction of aforementioned organism components (i.e. carbohydrates,
proteins, lipids and nucleic acids for cells) regarding the fraction of water found in tissues. Table
1.3. describes approximately the part of water, lipid, protein and carbohydrates found in human
organism.

The question that now one should raise is in which biomedical context the use of terahertz
waves may have a positive impact. Based on terahertz radiation properties, the research toward
biomedicine is split along two axis; first, on prognosis near the body surface, considering the lim-
itation on the depth penetration imposed by water; Second, on in vivo excised tissues which may,
in the future, be attainable to terahertz irradiation thanks to eventual technology advances.
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Table I.3: Relative mass (%) of water, lipid, protein, carbohydrate for various body tissues [66].

4. Approximations are particularly schematic for breast composition since component content varies
among individuals and tissue excision location [67]. In addition, significant variations in composition have
been observed for adipose tissue and mammary glands as reported by [66].

Tissue Relative Mass (%)
Water Lipid Protein Carbohydrate Residuals
Adipose tissue“ 21.2 74.1 4.4 - 0.3
Adrenal gland 58.1 26.0 15.5 - 0.5
Aorta 72.1 1.8 25.0 - 1.4
Blood—erythrocytes 64.0 0.5 34.7 0.1 1.1
Blood—plasma 91.9 0.7 6.6 0.1 1.0
Blood—whole 79.0 0.6 19.6 0.1 0.9
Brain—cerebrospinal fluid 99.0 - - 0.1 0.9
Brain—grey matter 82.6 5.3 10.0 1.0 1.5
Brain—white matter 68.5 18.1 11.5 1.0 1.4
Breast“167! 34 60 6 - -
Connective tissue 60.4 1.0 36.6 0.9 1.3
Eye lens 64.1 2.0 33.6 - 0.4
Heart 75.9 6.2 17.1 - 0.9
Heart—blood filled 77.7 2.8 18.6 0.1 0.9
Intestine (small) 80.6 5.9 13.0 - 0.7
Kidney 76.6 4.8 17.7 - 0.9
Liver 74.5 4.6 17.6 2.2 1.2
Lung—parenchyma 80.6 1.3 17.1 - 1.1
Lung—blood filled 79.8 1.0 18.2 - 1.0
Lymph 91.9 0.7 6.6 0.1 1.1
Mammary gland“ 51.4 30.9 17.4 - 0.4
Muscle 74.1 4.2 19.8 1.0 1.0
Oesophagus 74.1 4.2 19.8 1.0 1.0
Ovary 82.8 2.3 14.0 - 1.0
Pancreas 73.3 12.8 13.1 - 1.2
Prostate 83.3 1.2 15.0 - 1.1
Skeleton—cartilage 72.0 - 11.0 11.0 3.0
Skeleton—cortical bone 12.2 - 24.6 5.2 58.0
Skeleton—red marrow 39.7 39.7 20.0 - 0.3
Skeleton—yellow marrow 15.3 80.4 4.0 - 0.5
Skin 65.3 9.4 24.6 - 0.7
Spleen 78.7 1.8 18.6 - 1.3
Stomach 76.3 6.2 17.0 - 0.8
Testis 82.7 4.5 12.0 - 1.1
Thyroid 78.4 4.4 14.0 2.5 1.1
Trachea 74.1 3.8 18.9 2 1.2
Surface Diagnosis

In the field of medical diagnostic, water plays a central role since its absorption drastically lim-
its the penetration length of terahertz radiations. Consequently, in the first instance, main stud-
ies have focused on skin examinations. The skin is the body’s largest organ which prevents from
homeostasis and whose water content is by about 65% per mass unit. The skin consists of two pri-
mary layers: the epidermis and the dermis. The epidermis is the outermost strata of the organ and
thus serves as a barrier to external organisms, radiations, temperature changes and molecules
(Figure 1.16). In turn, the epidermis is made of several sub-layers each specialized to accom-
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plish a dedicated function, among which the stratum corneum, the outermost layer. The stratum
corneum is made in average of 20 layers of flattened cells without nuclei. The stratum corneum
takes part in various physiological tasks among which hydration regulation. It is commonly ad-
mitted that hydration level in stratum corneum reflects the post-injury response. In that sense,
Cole et al [68] investigated in the early-2000s the human skin and especially the stratum corneum
hydration with terahertz pulses whose frequencies were ranging from 100 GHz to 3 THz. They per-
formed various measurement to record the reflected pulses from different locations of the hand
and arm. To ensure that the skin was constantly at the same position with respect to the emitter,
the monitored location was placed in contact with a quartz window serving as a reference plane.
They observed over time that the peak-to-peak amplitude was decreasing in an exponential fash-
ion. The hydration rate was expected to be related to this observation and authors concluded that
the decay was due to skin occlusion by the window, hindering water transport through the stratum
corneum layer. The hydration level of the stratum corneum is expected to differ among the vari-
ous skin tissues. Echchgadda and co-authors [69] have reported different absorption coefficients
and refractive indexes for ventral forearm, dorsal forearm and palm, assumed to be due to varying
hydration levels. Unsurprisingly, even though the dielectric properties have been reported to be
different for each skin tissue, the highest variations in the refractive index were observed between
100 and 400 GHz. This spectral window is not random since it is where lies the right-hand side
of the relaxation of the bulk-water dielectric-active mode at 19 GHz. The trend to be sensitive to
hydration level is of clinical relevance when dealing with burn injuries. In the early post-injury
period, physicians sort burns in three distinct categories; first, second and third degree. While the
first group often involves superficial injuries, the second and third degree require medical care in
the form of tissue grafting, surgery and careful monitoring. In some cases, second degree cases
may turn in third degree due to the lack of epithelium formation sites inducing dermis desicca-
tion. In order to evaluate injury triage by terahertz technique and thus to determine an effective
therapy for patient suffering from burns, Arbab et al [21] have reported an in vivo study on second
and third degree burns, after 72 hours, based on the rat animal model. Findings revealed that the
dielectric response of the different degrees was not only consistent with the presumed water con-
tent but that scattering sites within the organ layers were also begotten response variations. These
preliminary findings are relevant for future diagnostic techniques aiming to discriminate between
second degree burns that will naturally heal from those requiring skin grafting and surgery proce-
dures.

Stratum corneum
Stratum lucidum

Stratum granulosom
Stratum granulosom

Stratum basal
Sebaceous glands

Pacinian corpuscule
Nerves
Arrector pili
Dermis

Figure I.16: Skin diagramm.

Another biomedical application on surface prognosis involves the eye cornea (Figure 1.17).
The cornea is the outermost layer of the eye and is often the location of disabling diseases that can
impair vision. The cornea thickness varies from the outskirt (0.8 mm) to the center (0.5 mm). The
cornea is the eye first refractive element and represents 66% of the total of ocular diopters, the rest
of them being found in the eye lens. The hydration level of the cornea is by about 85% and the
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consistency of such a hydration level is of paramount importance to preserve both the focusing
and the transmission properties. Variation of the water content among the cornea is often a sign
of injury or disease process which will, with time, cause eye disfunction or blindness. Currently,
the corneal hydration is calculated from an acoustic measurement of the central corneal thickness
and an empirical law extracted from a large set of patients. However, such a procedure suffers from
the variety of changes that may occur upon patient physiology, age, healthiness and environmen-
tal factors. As reported by Bennett et al [70], terahertz radiations would take advantage of a direct
interaction between the probing beam and the cornea water. They successfully observed the evap-
oration of water from an ex vivo porcine cornea, reporting terahertz-images whose contrast are
assumed to be due to the hydration level. The study was performed between 100 GHz and 1.2 THz
and authors emphasized that the contrast mechanism was almost lost at upper frequencies. Addi-
tional studies have been published suggesting terahertz as a potential technique to overcome the
existing clinical issues for corneal hydration measurement [49; 71]. However, while overcoming
non-direct and invasive issues reported for other assessment techniques, terahertz suffers from
the eye blinking effect which makes difficult the acquisition of accurate data. To surmount blink-
ing, one may keep the eye right open but therefore, induces forced corneal desiccation. So far, no
clinical implementations have been realized.

Vitreous Gel (body)

T Superior Rectus Muscle
~\

Iris

Choroid Anterior

// Chamber
e Comea

Pupil

Optic Nerve

Lens
Macula

Ciliary Body
and Muscle

S
L Inferior Rectus Muscle

Figure 1.17: Eye anatomy.
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Teeth are also under investigations. Teeth consist of three distinct layers among which two
are made of hard tissues; first, the enamel whose structure contains 95% of inorganic calcium and
phosphate ions. Approximately 2% of the enamel is made of specific proteins known as enamelin,
water making up the remainder of the enamel (Figure 1.18). When a tooth erupts from the gums,
the epithelial cells are broken down leaving the enamel without any living cells in its composi-
tion. The lack of living cells removes enamel’s ability to regenerate or repair itself. Second, the
dentin which is the major constituent of teeth. Similarly to the enamel, the dentin is mainly made
of inorganic compounds which count for 70% of its structure. However the dentin is made of a
larger amount of organic material representing 20% of the total weight (mainly collagen) and 10%
of water. Although both the enamel and the dentin are not vascularized, the dentin is on its part,
innervarted. Last, the pulp which is the neurovascular bundle central of teeth and is filled with a
wide quantity of different cells having specific functions. Consequently, the water content within
the pulp is by far greater than the two other layers. One could have mentioned the cementum
layer, lying between the dentin and the pulp. However this specific layer takes place under the
gums and thus is not of primary interest for terahertz inspections since gums are particularly wet
structures. First investigations attempted to evaluate the ability of terahertz radiations to differ-
entiate between the teeth layers. Usually, due to the dielectric sensitivity of terahertz radiations,
the discrimination task focuses on the detection of different pulses exhibiting optical delay corre-
lated to the intrinsic complex refractive indices and tooth layer thicknesses. To this aim, Berry et
al [72] performed transmission measurements with a useful bandwidth of 0.5-2.5 THz on histol-
ogy slides of enamel and dentin in the coronal direction. The thickness of sections were known,
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and thus the only remaining unknown parameter was the complex refractive index. They reported
interesting differences between both the mean refractive index and the mean absorption coeffi-
cient of each tissue. By means of 44 measurements on enamel and 72 on dentin, they extracted
a mean refractive index and a mean absorption coefficient of (3.06 +0.09;62 + 7cm™') and (2.57
+0.05;70 + 7cm™1) for enamel and dentin, respectively. Authors reported similar values to those
by Ciesla et al [73] and by Hoshi et al [74]. Extracted complex refractive indices are consistent with
the presumed larger absorption coefficient with greater hydration level. Whilst no specific spec-
tral features have been reported, the variation in the refractive index and absorption are assumed
to be enough to discriminate between tooth strata. To validate this assumption, Crawley et al [75]
reported a non-destructive imaging method based on terahertz technology to provide accurate 3-
D images of teeth structures. They successfully identified the enamel dentine junction in 91% of
cases. However, these studies, have all been performed on ex vivo samples. The implementation
for in vivo analysis are quite more complex, since probing inside the mouth may alter the sensing
radiation due the high level of humidity. One way to overcome the natural wet within the mouth
would require the development of a in-contact probe as patented by [76].
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Figure 1.18: Tooth structure.

Surveys for Oncology

Cancer is a general term employed to characterize the pleomorphism of cell growth diseases. It is
a genome affliction involving the alteration of the genetic code of cells, including sexual haploid
ones. Therefore, altered genes can be transmitted to descendants. Despite the plurality of neopla-
sia -alsmost all tissue systems can be affected-, in 2000 two cancer researchers named Hanahan
and Weinberg published The Hallmarks of Cancer [77] in the peer-reviewed Cell journal in which,
they argue that the complexity of cancer features could in fact be reduced to six hallmarks: (i) self-
sufficiency in growth signals; (ii) insensitivity to antigrowth signals; (iii) evading apoptosis; (iv)
limitless replicative potential; (v) sustained angiogenesis; (vi) tissue invasion and metastasis. Ad-
ditionally, in 2006 McIntyre proposed an unifying concept on the carcinogenesis whose primary
factor is suggested to be cell hydration [78]. Alternatively said, cancer cells exhibit an abnormally
high water content in comparison to healthy ones.

In view of all the above considerations on cancer features, on tissue sub-unit candidates for
interaction and on radiation properties, terahertz may offer some possibilities for non-invasive
sensing of biological tissues for cancer recognition and demarcation. Nonetheless, let’s remind
that in-depth probing is not feasible since water strongly absorb terahertz radiations. Studies on
the evaluation of terahertz waves regarding cancer recognition and discrimination are thus per-
formed ex vivo on excised tissues. Depending on the capacity of the scientific community to pro-
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vide and to prove the clinical relevance of terahertz waves for oncology, further technical develop-
ments will have to be implemented, e.g. endoscopes, probes, in-contact sensors and miniaturized
spectroscopes, to assist oncologists and surgeons know-how in the fight against cancer.

Considering the numerous cancers that affect various organs and that have been reported in
the medical literature, we propose to review some of them that have been assessed by terahertz
radiations for cancer detection.

Blood cancer generally involves the disfunction of one of the three blood cells: the white blood
cells fighting against infection; the blood vessels carrying the oxygen through the organism; the
platelets ensuring blood clotting when injured. The most common cancer is the leukemia in which
abnormal blood cells replicate. In general the diagnostic reveals a high content of white blood
cells and low amount of red blood cells and platelets. The concentration of red blood cells may
thus be an indicator of leukemia. Researchers have then focused on the characterization of the
blood components from the blood plasma through red blood cells. Jeong et al reported a linear
dependence of the absorption coefficient as a function of the red blood cells concentration in the
blood plasma [79]. Reid and colleagues also reported different refractive indices for blood plasma
and blood cells, 2.05 and 2.00 at 500 GHz, respectively [80].

Brain cancer, often in the form of glioblastoma, is of great challenge since neoplastic regions
do not exhibit clear margins for demarcations. Oh et al inspected the terahertz response in reflec-
tion configuration of freshly excised brain tumors, from the orthotopic glioma rat model [81]. They
reported higher water content in stroma tissue, caused by angiogenesis and body fluid presence
around necrotic debris. However, authors emphasized that water content was not the only source
for contrast. Comparing the hematoxylin-eosin histology slides with terahertz images, they re-
ported that tissue regions whose reflectivity was relatively high were in fact corresponding to high
cell density area. Other groups have also reported possible abnormal tissue demarcation from
healthy matrix and differences between grey and white brain matter [82; 83].

Breast cancer will be addressed in further details in the subsequent section and chapters, be-
ing the central investigation of the present work.

Colorectal cancer appears within the colon or the rectum and usually arises from an abnor-
mal growth of the mucous membrane called a polyp that may become, over time, cancerous. The
disease is the second most common cause of cancer-related death. Survival rates are greater if
dysplastic lesions can be treated or removed rapidly. Reid et al have conducted a statistical study
on freshly excised colonic tissue: healthy, dysplastic and malignant [84]. They used a multinomial
logistic regression analysis to sort the samples as a function of their histology. Authors reported a
sensitivity of 82% and a specificity of 77% when comparing parameters from healthy and malig-
nant tissues. On the other hand, when comparing dysplasia and healthy tissue, authors returned
a sensitivity of 89% and a specificity of 71%. No comparison between dysplatic and cancerous tis-
sues was however reported. Eadie et al reused the data from [84] and enhanced the true-positive
rate up to 92% by training a neuron network working with principal component analysis reduced
dataset [85]. However, authors emphasized that a simple decision tree based on water and air ref-
erence parameters achieved surprisingly similar results, with a sensitivity and specificity of 90%
and 88%, respectively.

Gastric cancer: the first investigations on the potential of terahertz radiations to distinguish
between benign and malignant region were performed by Hou et al in 2014. They performed a
battery of measurements on human dehydrated normal and cancerous gastric tissues [86]. Since
tissues have been desiccated, authors underlined that any observed source of contrast would shed
light on additional contrast-contributing factors other than water content. Thanks to the dehydra-
tion, authors were able to perform transmission measurements. They revealed spectral features
arising between 200-500 GHz and 1-1.5 THz for cancerous tissues. In addition they projected the
principal components with the most significant differences, with respect to each others. They re-
ported that the best overall results were attained when using the first four significant principal
components as the input data set for the normal versus tumor classification task. The complex-
ity of probing fresh tissues have been conducted a year later by another team [87]. Due to the
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presence of water they conducted their experiment in reflection. Eight freshly excised early gastric
cancer samples were inspected. They reported higher reflection intensities for abnormal regions
than normal mucosa. While authors were able to distinguish early gastric cancer from normal
tissues (for 6 cases over 8), they shed light on specific limitations regarding the terahertz charac-
terization of signet ring cell carcinoma which were not well correlated to pathologically mapped
images. Consequently, although reported work on dehydrated samples have suggested that tera-
hertz may be used for illness identification, the most recent paper shades these previous results,
mentioning the need for further technical developments or numerical methods to enhance the
true-positive discrimination rates for early gastric cancer and other digestive cancer organs.

Liver cancer also known as hepatic is often caused by cirrhosis of various etiologies. Like other
internal organs, liver can not be directly probed using terahertz radiations. First analysis of liver
cancer was thus performed by Enatsu et al on paraffin-embedded samples [88]. It was found that
the refractive index and the extinction factor were less inhomogeneous for healthy tissue than
malignant ones. The non-homogeneity among dielectric properties of cancerous tissues was ex-
plained by the non-uniformity of the density of necrotic tissues. Additional study on the origin
of contrast were conducted by a research group in Hong-Kong [89]. Freshly harvested healthy
and cirrhotic rat liver samples in reflection geometry with a hand-held terahertz probe [90] were
sensed. Authors reported that the absorption coefficient of cirrhotic tissues was higher than the
absorption of benign tissues. In an interesting fashion, the absorption was still higher after forma-
lin fixing. This observation led the authors to conclude that the contrast agent was not only the
water content among cirrhotic samples since formalin removes water from tissues. By doing so,
formalin alter the structural organisation of the tissue. In a nutshell, terahertz radiations were not
only sensitive to water content but also to structural changes among liver biological structure.

Lung cancer was investigated with terahertz radiations by Brun et al [91]. They obtained med-
ically relevant segmented images by means of terahertz spectroscopy-imaging and clustering al-
gorithm working with principal component analysis. They linked the contrast mechanism among
samples to cellular-level differences. More than discriminating between benign and malignant re-
gions, they additionally reported demarcation within cancer, determining cancer sub-types. How-
ever, although the aforementioned study revealed promising features, the lack of complementary
studies on fresh lung cancer samples remains an ongoing issue.

Oral cancer is in 90% of cases a squamous cell carcinoma or a mucoepidermoid carcinoma
[92]. Oral cancer is particularly tricky to detect in its early stage due to its asymptotic nature and
carries a high mortality rate. As for the majority of cancer, detection in the early development
would reduce both the mortality and morbidity rates. Inside the oral carcinoma, a rapid angio-
genesis takes place leading to an increase of the global water content. While being a possible
mechanism for contrast, water content additionally limit the penetration depth of the incident ra-
diation. Sim and colleagues investigated the response of oral cancer tissues at room and at frozen
temperature to circumvent the high hydration level found in oral tissues [93]. Authors under-
lined that based on pathology analysis, freezing and thawing processes did not alter the tissues
in a significantly fashion. It was found that samples imaged in a frozen state exhibited higher
contrast between normal and abnormal mucosa than images at room temperature. Furthermore,
frozen state inspection allowed to detect cancer hidden deeper than 1.2 mm from the tissue sur-
face. These promising results for cytological examination are yet to be validated by supplemental
studies.

Skin cancer is probably one of the most relevant clinical case to be studied through terahertz
irradiation as it is the outermost organ of the body. Terahertz waves have been reported to be se-
rious candidates for skin cancer detection and demarcation as suggested in a first study by Wood-
ward et al in 2002 [94]. Differences between healthy and malignant tissue refractive indices have
been mentioned as well as differences regarding the dissipated energy portion. According to Yu et
al [95], the predominant source of contrast is the higher hydration level in carcinoma as reported
by [96]. However, as shaded by Wallace et al, the contrast in skin cancer in the terahertz regime is
not only caused by water content but additionally arises from cell density which turns into scatter-
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ing sites when the aggregation size matches the incident wavelength [97]. Furthermore, increases
in actin, amyloid, keratin, collagen within basal cell carcinoma are also contributing factor for
contrast mechanisms.

Physiological changes associated with carcinogenesis commonly lead to an increase of wa-
ter, the presence of some specific proteins, a modification of the vasculature, a decrease of lipids
and an increase in cell density near the original cancerous site. Pre-clinical studies on the eval-
uation of terahertz capacities to discriminate between benign, dysplastic and malignant tissues
for different organs have reported various contrast-contributing instruments. Although the bio-
chemical mechanism behind such a contrast has yet to be fully understood, the most promising
avenue seems to arise from the inherent water content discrepancy between normal and abnor-
mal tissues. While it is true that additional sources may affect the dielectric spectrum, water has
been acknowledged to be a regular source of contrast. Heretofore, results have been promising
but worldwide efforts are still required to test, to validate and to establish the most suitable ex-
perimental techniques, to determine the most accurate numerical methods, and to formulate the
most solid interaction models, all this with the aim of providing the most efficient tools for patient
recovery.

I.4 Breast Cancer

Cancer has various etiologies, takes various forms and may occur in almost all the organism. Be-
cause of that, the present thesis work solely focuses on the specific case of breast cancer which
develops in one out of every nine women. Before embarking upon an investigation, it is necessary
to collect and to collate all available relevant information about the site of the disease. Thus, it is
appropriate to provide a succinct description of the breast anatomy and the associated cancers.
All of this will draw the framework of the present work and will highlight the main goals of this
thesis.

I.4.1 Breast Anatomy & Malignant Illness

In women'’s anatomy [98], the breast is the tissue overlaying the pectoral muscle (Figure 1.19). The
breast mainly consists of fat, that determines its volume. The breast is also made of ligaments and
connective tissues that support the overall structure. Breast tissue also contains nerves, lymph
nodes, lymph vessels and a vascular network. Below the areola, at the nipple level, opens a dozen
of lactiferous ducts. On the rearward part of the nipple, those ducts divide in narrower ducts un-
til reaching a terminal ductal-lobular unit. Terminal ductal-lobular units are epithelial structures
that produce milk during lactation. Since the work of Wellings and Jensen in 1975, it was rec-
ognized that these structures are also the primary source of the largest majority of breast cancer
precursors and carcinogenesis [99].

Breast cancers are malignant tumors that occur in the breast. Different types of breast cancers
have been reported depending on cells from which cancer develops [100-102]. The most frequent
tumors are adenocarcinomas that arise from the epithelial cells that line the ducts and the termi-
nal ductal lobular units. The generic evolution of a ductal adenocarcinoma is depicted in Figure
1.20. Adenocarcinomas are a group of malignant tumors which clusters about 20 different types
of breast cancers. Adenocarcinomas are sorted in two main categories. First, in situ: abnormal
cells are found only in the ducts or the lobules without spreading in neighbor tissues; Second, in-
vasive: abnormal cells are not confined to the initial tissue site but have started to infiltrate the
fibrous or the fatty tissue surrounding the ducts and the lobules. Furthermore, depending on its
origin, adenocarcinoma may be referred to as ductal or lobular. At the time of surgery, different tu-
mor characteristics are assessed such as tumor stage, tumor grade and tumor immunophenotype.
The grade aims to compare the current cell differentiation state with normal cells. In general, the
higher the differentiation, the lower the grade. Breast staging is, for its part, based on the TNM
system referring to the size of the tumor (T), the spreading within lymph nodes (N) and whether
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Figure I.19: Breast anatomy.

or not the tumor has metastasized (M). While stage 0 denotes ductal or lobular adenocarcinoma
in situ, stages 1-3 stand for illness that has spread in the breast or the lymphatic network and stage
4 refers to cancer which has spread beyond breast tissue and local lymph nodes. Table 1.4 aims to
summarize the classification of breast cancers from the most favorable description to the worse.

1. 2. 3. a. 5. 6.
NORMAL HYPERPLASIA HYPERPLASIA DCIs DCIS WITH MICROINVASION IDC
WITH ATYPICAL CELLS DUCTAL CANCER IN SITU INVASIVE DUCTAL CANCER
(ATYPICAL HYPERPLASIA)  (CANCEROUS CELLS WITHIN DUCT) (CANCEROUS CELLS

INVADING OUTSIDE DUCT)

Figure I.20: Evolution of a ductal adenocarcinoma.

Now that the outline of breast cancer is established, we will address the different treatments
and we will see that it is at this specific level that terahertz radiations are about to play a particular
role.

I.4.2 Treatments

Various breast cancer managements exist in order to promote healing. Treatment in patient de-
pends on the physical and biological characteristics of the disease established by the tumor stage,
the tumor grade and the tumor immunophenotype. Two types of therapies can be distinguished;
local and systemic treatments. Local therapies aim to prevent from the development and the
spreading of early-stage cancer, while systemic therapies aim to treat micro or macro metastatic
disease. The present thesis work takes place in the first category, notably in breast conserving
surgery (BCS) [103; 104], where a lack of intraoperative accuracy has been reported.
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Table 1.4: Cancer classification system. Cancers are sorted by histological appearance. Depending on the
histological type, they are classified as ductal or lobular carcinoma. Carcinoma in situ denotes cancers
which have not spread out the initial tissue compartment, while invasive carcinoma have spread in sur-
rounding tissues. The grade states for the differentiation level of cells. Tissues exhibiting cells least like
normal ones are by and large high grade carcinomas.

Prognosis | Histology Grade
Favorable In situ Well differentiated
| Moderately differentiated
Worse Invasive Poorly differentiated

Local Breast Cancer Surgery

Surgery is often the primary approach when facing breast cancer. Depending on the diagnosis
established by the pathologist, surgery management may be addressed in different ways: first,
lumpectomy during which, a discrete fraction of breast tissue surrounding the tumor is removed.
In such a procedure, the quantity of tissue removed is limited and is thus considered as a BCS;
Second, mastectomy which is carried out when total breast removal is required. In contrast to
BCS, mastectomy is not a breast conserving surgery since the entire breast has been withdrawn.
Let’s note that other specific procedures may exist, but are carried out in more rare cases.

Breast conserving surgery, also called tylectomy, segmental mastectomy or as aforementioned
lumpectomy, is a surgery procedure during which an exeresis of an early-stage breast tumor is
carried out. The removal is done along with the boarder of healthy tissue, also called surgical
margins. Those margins are the normal tissue that directly surrounds the tumor. Following the
removal procedure, a pathologist analyzes the excision and particularly the margins to spot the
eventual presence of remaining cancer cells. The pathologist then states on the completeness of
the surgery by distinguishing positive from negative margins. Positive margins reflects the pres-
ence of cancer cells on the boarders of the excision while negative or clear margins denote the
absence of cancer cells [105]. Currently, the intraoperative precision with which are delineated
tumor margins remains weak and periodically leads to a second surgery to assess the entire breast
cancer removal. In fact, following histopathologic examination of excised tissues, up to 20% are
shown to have tumor at the margins [106; 107]. A second surgical procedure is then required to
minimize the recurrence risk but results in increased morbidity rate. The entire procedure, from
surgery to histological analysis is depicted in Figure 1.21. Consequently there is a clear need for an
operating surgery room device which could accurately define breast tumor margins during breast
conserving surgeries [90]. At present, there is no technology available to do this. In view of the
foregoing sections, the use of terahertz radiations may be indicated to provide additional infor-
mation on the cleanliness of surgical margins. Their sensitivity to water content and other afore-
mentioned contrast-contributing factors may in fact supply a direct examination of the margins
without going through the histological analysis chain. The investigation on the validity of such a
statement is the central work of this thesis work. Before going on, primary and previous works on
the question have to be acknowledged.

1.4.3 Terahertz Waves for Breast Cancer Detection

Since physicians continuously look for an intra-operative technique that can assess the margins
of excised tissue to accurately remove the tumor with adequate negative margins, Fitzgerald et al
[108] started to investigate the ability of terahertz spectroscopy-imaging to map the breast tumor
margins. They analyzed several freshly excised breast tissues and used time-domain available pa-
rameters to provide contrast among images. Maximum and minimum values of the terahertz elec-
tric field recorded at each tissue locations were particularly studied. Using those parameters, they
reported good correlations between histology maps of the surgical sites and the terahertz images.
In addition, they extracted the refractive index and the absorption coefficient for both normal and
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Figure 1.21: Breast cancer surgery management: from initial partial mastectomy to second intervention,
and histological examination in between. Step 1: abnormal tissue may extend beyond the visible fraction
of the tumor. If not completely removed, the cancer will recur. Step 2: The surgeon removes the visible
portion of the tumor. Step 3: The excised tissue is formalin-fixed and paraffin-embedded. Then, the tissue
is divided into thin section of around 5pm. Hematoxylin and eosin (H&E) stain is carried out to highlight
cell cytoplasm and nuclei and the extracellular matrix. Hematoxylin stains cell nuclei blue, eosin staining
pink the remainder of the section. Step 4: the pathologist microscopically examines the margins and the
undersurface of each section. Step 5: if margins are defined as positive, the surgeon returns to the patient
to remove the remaining abnormal cells.

abnormal tissues. They reported higher real and imaginary refractive index for cancer tissue in
comparison to those extracted from healthy sites. Such kind of observations are consistent with
what has been aforementioned concerning the sensitivity of terahertz waves to water content and
structural changes, such as cell and protein density increase and decreased lipid density. This pre-
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liminary work prepared the ground for breast tumor margin cleanliness assessment. Since that
first study, further developments and advances have been reported. Throughout the manuscript,
the literature will be discussed and compared with both the results and advances achieved during
the thesis.

I.5 Conclusion

Advances toward applications for life-science and medicine have been numerous during the last
decades. The field has effectively attracted a lot of interest for two main reasons: first, the develop-
ment of new sources have bridged the terahertz gap between the electronic and the optic domain
of the electromagnetic spectrum; Second, the presence of the y-dispersion domain, attributed to
the relaxation of mobile and polar small molecules, that starts at the lower limit of the terahertz
regime. That is to say, a wide quantity of biological processes occur at the pico and sub-picosecond
time window.

Consequently, various questions have been raised concerning the interaction of biological ob-
jects with terahertz radiations. Rationally, when probing Life with electromagnetic radiations, one
wants first to ensure that sensing would be achieved without damaging objects under inspection.
We reported that even though terahertz radiations may in fact have biological effects for long and
powerful exposure, powerless and short exposure should be limited to thermal effects.

We have seen that investigations have been conducted both at the sub-cellular and at the
super-cellular level. Studies at the first level highlighted specific interactions between life sub-
units and terahertz radiations, notably water molecule relaxations. Processes arising from terahertz-
water interactions are both a predominant source of information and a robust shield against bio-
logical monitoring. In fact, water exhibits two specific relaxations within the terahertz band, lead-
ing to particular features among the dielectrograph. However, even though the presence of such
processes are valuable assets, the associated energy dissipation is high and might compromise the
access to the biological information beyond water. Moreover, we have seen that water is used to
interact with other life sub-units, such as proteins, forming hydration shells within which, water
molecules loose their dynamics and modify the natural behavior of the joined structure regarding
the stimuli.

The sensitivity of terahertz waves to water initiated research at the super-cellular level, i.e. on
tissues. Although tissues are globally made of various fractions of proteins, carbohydrates and
lipids, water content is expected to dictate the dielectric response. As it has been reported by
cancer researchers, water content in malignant tissues is greater than normal ones. This features
has driven studies for oncology toward tissue malignancy estimation.

Breast cancer detection by means of terahertz radiations aims, ultimately, to develop an intra-
operative system that provides accurately, non-invasively and quickly the surgical margin posi-
tiveness and negativeness.

The manuscript will now take the reader step by step through the investigations led during this
thesis, from far-field spectroscopy-imaging of biological objects and freshly excised breast tumor
to the use of a near-field silicon-based terahertz subwavelength imager for intra-operative breast
tumour margin identification developed within the scope of the Farsense and Nearsense projects.
These projects involve three institutions, namely the University of Wuppertal, GERMANY, the
Bergonié Institute, FRANCE, and the University of Bordeaux, FRANCE.
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Chapter II

Terahertz Spectroscopy

Every portrait that is painted with
feeling is a portrait of the artist, not

of the sitter.
Oscar Wilde
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CHAPTER II. TERAHERTZ SPECTROSCOPY

1.1 Introduction

The second chapter Terahertz Spectroscopy aims to describe the experimental, the mathematical
and the numerical background for research towards breast cancer terahertz spectroscopy.

The first section is a brief description on how to generate and to detect broadband terahertz
pulses and how to implement related devices in experimental setups.

Sensing with those devices allows to measure the portion of the incident field that is either
transmitted or reflected upon interaction with a sample. Both the transmitted and reflected sig-
nals reflect the intrinsic properties of the sensed material. Some of the mathematical and nu-
merical tools developed during this thesis in order to qualify and to quantify these properties are
described, alongside with illustrations of their effectiveness on real samples.

Thereafter, these procedures are applied to the field of biology, including successively biologi-
cal water, phantoms mimicking breast tissue, a pre-clinical study on freshly excised breast tissues
and finally breast cancer cells in solution.

II.2 Generation, Detection and Sensing

The terahertz regime is an attracting region of the electromagnetic spectrum since it lies where
thermal [1] and ultrahertzian [2] waves meet. In addition to that, several biological processes
occur at the sub-picosecond time scale such as some vibrational phonon modes of DNA macro-
molecules, dipole relaxations and molecule stretching. Although being of interest since the 1920s
with the “paste radiator” of Glagolewa-Arkadiewa [3], the terahertz portion remained for a while
the least tapped fraction of the electromagnetic spectrum. Nowadays, almost a century since prior
researches, one can either use optoelectronics or optics for terahertz broadband generation. While
the first employs a photoconductive antenna, the second is based on the optical rectification ef-
fect.

I1.2.1 Photoconductive Antenna

Photoconductive antenna, sometimes called semiconductor photoswitch, have been widely uti-
lized for the generation of broadband frequency terahertz pulses. Such devices are the ground of
many terahertz spectroscopy and imaging setups for which, auspicious applications in academia
and industries have been reported [4]. A photoconductive antenna consists of a photoconduc-
tive layer onto which is patterned a discontinuous current biased metallic antenna [5]. The idea
behind emitting terahertz radiations from such a structure, is to optically pump with an infrared
laser whose energy is greater than the energy band gap of the semiconductor. The incident pump
laser propagates into the photoconductive layer and as it is absorbed, starts to generate electrons
and holes. The generation of the carriers is carried out at a rate proportional to the time-width of
the incident radiation. Those photocarriers are accelerated in the electric force field of the biased
antenna. The acceleration of the photogenerated charges produces a transient current that drives
the antenna and is eventually emitted as terahertz pulse radiation. Once the pump radiation is
fully absorbed, mobile photocarriers recombine progressively, depending on the carrier lifetime.
The longer the lifetime of photocarriers is, the longer they will drive into the antenna to contribute
to the overall transient photocurrent. Consequently semiconductor with long carrier lifetime will
generate limited frequency bandwidth pulses. Terahertz generation has then to be realized from
sub-picosecond carrier lifetime semiconductor. The emitted terahertz radiation depends on the
transient current density J(¢) whose form can be written as [6]:

J(1) = (E = [g x nu]) (D), (IL1)

with E being the incident field on the active layer of the semiconductor in V/m, the elementary
charge q in A.s, the charge density 7 in m ™2 and p the charge mobility in m?/Vs. Note that * is the
convolution operator. The equation I1.2 describes the rapid motion of the carriers caused by an
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incident electric field. Consequently, such a motion leads to a rapid time-varying current density.
The transient current is the origin of the sub-millimeter radiation Etyy,:

ErHz(#) 6_ (11.2)

Details of how much radiations are generated depends on several parameters of the generation
setup. However, further considerations are beyond the scope of this work. The working principle
of the photoconductive antenna is illustrated in Figure II.1.
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Figure II.1: Illustrative example of pulsed terahertz generation by means of a photoconductive antenna.
LCL: long carrier lifetime. SCL: short carrier lifetime.

As previously said, the current driving the antenna, and thus the wealth of the pulse frequency
bandwidth depend on both the lifetime of photogenerated carriers and their mobility. Globally,
the carrier density and their associated velocity is controlled by the introduction of structural im-
perfections in perfect crystals. Research for ultrafast photoconductive materials started in the
mid-1970s, when Auston reported the use of high-resistivity silicon, know at that time from the
far infrared field [7]. In Table II.1 are reported some materials matching with the short carrier
lifetime and the carrier high mobility requirement [8]. Among them, the most frequently used
photoconductive materials are the RD-SOS [9] and the LT-GaAs [10]. The RD-SOS is a silicon sub-
strate deposited on sapphire (SOS: silicon on sapphire) which is damaged by radiation exposure
(RD: radiation-damaged). The radiation aims to implant argon, silicon or oxygen ions acting as
defect recombination centers that ultimately shorten the carrier lifetime. The carrier lifetime of
the RD-SOS photoconductive material lessens in an exponential fashion as a function of ion im-
plantation.

An excellent trade-off between carrier lifetime and mobility has been reported since the ad-
vent of LT-GaAs material (low-temperature grown GaAs crystal). The characteristic of the LT-GaAs
are directly dictated by its growth condition during the molecular beam epitaxy and the following
annealing. The arsenic atoms in excess are incorporated during the growth of the crystal leading
to the formation of defects in the overall structure. These imperfections compose nonradiative
recombination centers that therefore, diminish the mean carrier lifetime in the active layer. The
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lower the temperature under which the GaAs crystal grows is, the higher the number of recombi-
nation sites is. Although induced defects are numerous at low temperature growing process, the
carrier mobility remains relatively high, contributing to preserve the short lifetime of photocarri-
ers.

Table II.1: Properties of some ultrafast photoconductive substrates for pulsed terahertz emission.

Photoconductive  Energy Band Gap Carrier Lifetime Mobility

Substrate (eV, room-T°) (ps) (cmz.(V.s)_l)
IT Ge 0.66 0.6 100
RD-SOS 1.10 0.6 30
Amorphous SI 1.10 0.8-20 1

II InP 1.34 2-4 200
SI-InP 1.34 50-100 1,000
LT-GaAs 1.43 0.3 150-200
Cr:doped SI-GaAs 1.43 50-100 1000
LT—In0.52Aloh43AS 1.45 0.4 5
MOCVD CdTe 1.49 0.5 180

The pulsed terahertz signal detection is achieved in an analogous way than its emission. In-
deed, since the photocarrier lifetime is much shorter than the terahertz pulse (for short carrier
lifetime photoconductive materials like LT-GaAs), the photoconductive antenna behaves like a
sampler that monitors the incident terahertz waveform. The photoconductive antenna detector
is pumped by delayed-fs-laser pulses that generate the photocarriers among the active layer. The
terahertz field concomitantly stimulates the photocarriers by acting as a dynamic bias field in the
detector. The recorded photocurrent is therefore proportional to the external terahertz stimuli.
One can retrieve the terahertz waveform by measuring the photocurrent versus the photoconduc-
tive sampling between subsequent incident terahertz fields and the sampling optical pulses.

As already pointed out in Chapter I, 1.3.1 Physical Quantities in Electromagnetism, a Fourier
analysis of the time-domain terahertz signal shape makes possible to retrieve both the phase and
the amplitude spectra.

One may have pointed out that the photoconductive materials listed in Table II.1 exhibit par-
ticularly high refractive indices in the terahertz band. Thus, due to the refractive index difference
from the photoconductive material to that of free space!, the broad majority of the generated sig-
nal and of the aimed detected one will be almost totally reflected back at the dielectric inferface.
To overcome such an issue, the terahertz generation and detection sites are positioned at the focal
point of a terahertz-transparent, terahertz non-dispersive and non-birefringent lens. In order to
fulfill all these requirements, a high-resistivity semi-spherical silicon lens is commonly integrated.

Although such a terahertz generation-detection process is the one that was extensively used to
accomplished this thesis work, an alternative way to proceed has to be acknowledged.

I1.2.2 Optical Rectification and Pockels Effect

Another way to generate terahertz pulses is to focus on a second order non-linear x'¥’ material,
visible or near-infrared light. This will generate the possible difference-frequency train. The cor-
responding non-linear polarization P(w) generated by the incident electromagnetic pulse E(w)
can be expressed as [11]:

P(w) = eox? (01 — w2)E(wE(2)*, (I1.3)

where w; — w2 = w. As the optical rectification is nothing else than all the possible-frequency
generations, it usually offers broader spectrum but provides lower power in comparison to pho-

1Often the propagation medium.
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toconductive antenna. When using an oscillating laser, the emitted terahertz field may then be
expressed as:

9°P(1)
orz

Ernz(#) o< (IL4)

We distinguish three x® susceptibility material categories that are extensively used to achieve
terahertz generation: first, some III-V and II-IV semiconductors [12]; Second, some ferroelectrics
like LiNbOs and LiTaOg3 [13]; Third, non linear organic crystals [14; 15].

The coherent detection is performed by the Pockels effect which is a non-linear process. Alter-
natively said, it corresponds to w, = 0 in equation I1.3. The terahertz signal to be detected changes
the birefringence of the non-linear crystal which consequently turns the initially linear polariza-
tion of the optical probe beam into ellipsoid polarization [16]. The optical probe beam passes
then through a quarter plate which converts linearly polarized light into circularly polarized one
and converts ellipsoid polarization in “dilated hoop” polarization. Then, a Wallstom prism sepa-
rates the two polarization components of the probing beam. The field difference between the two
components is measured by a balanced photo-detector and is proportional to the terahertz field
strength. The detection principle using non-linear crystal is illustrated in Figure II.2.

Probe
pulse x@ A/4 Wollaston
A prism

\

Balanced
Photo-detector

Terahertz
pulse

Probe polarization

No terahertz field I Q
Terahertz field O

Figure I1.2: Details of a free-space terahertz detection using a x(2) susceptibility crystal.

There is other ways to perform both generation and detection of pulsed terahertz radiations.
One can for instance mention emission from quantum cascade structures [17], from coherent
longitudinal optical phonon [18], or even from cold plasma oscillations [19]. In addition, other
techniques generate continuous terahertz waves. However, these methods, although they deserve
to be acknowledged, are beyond the scope of this work.

II.2.3 Terahertz Setup

Here, investigations were performed with terahertz spectroscopy systems that employ photocon-
dutive antennas for pulse generation and detection. As terahertz pulse frequency band spans
over few hundreds of gigahertz to few terahertz, it follows that their respective duration in the
time-domain is particularly brief (< 107!2s). Naturally, if one wants to measure such signals, a
broadband monitoring system is required. In other words, it requires the use of a monitoring sys-
tem ables to sample the signal many times over less than a picosecond to satisfy the Shannon
sampling-theorem which states [20]:

fs=2fmax, (IL.5)
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where f; is the sampling frequency and f,;4x is the maximum frequency carried by the ter-
ahertz pulse. However, such broadband systems are not available. Moreover, photocurrent in-
duced by terahertz fields within the detecting photoconductive antenna are of picoampers to few
nanoampers. Thus, it remains unrealistic to sample such signal with classical sampling method.

When the impulse response of the system exhibits a periodicity, one can employ electro-optic
sampling or photoconductive sampling where the terahertz signal is sampled over different and
subsequent periods (Figure I1.3).

5000

o

Amplitude [a.u]

-5000 — =

-10000 1 1 1 1 1 1 1 1 1
150 160 170 180 190 200 210 220 230 240 250
Time [ps|

Figure I1.3: Reconstruction of a terahertz pulse by means of electro-optic sampling method.

Consequently, the use of a specific component to delay precisely the sampled period is com-
pulsory. Such device is known as a delay line. Few thousands of measurements can then be
recorded over a long time scale where their respective temporal position At are correlated to the
delay line displacement Ax through:

Ax
At=2—, (IL.6)
c

wherein c is the light velocity in free space.

Obviously, such an approach implies the synchronicity of the signals to be measured and the
recording spectrum analyzer. To this aim, the same fs-pulse triggers the terahertz photoconduc-
tive antenna (PCA) emitter and detector. The fs-pulse is divided by a beam splitter (BS) into a
probe pulse (for terahertz pulse emission) and a pump pulse (for terahertz field detection) respec-
tively. The probe pulse is focused onto the continuous external biased photoconductive antenna
which serves as terahertz emitter. The pump pulse goes within the delay line before reaching the
photoconductive antenna detector whose induced photocurrent is recorded by a spectrum ana-
lyzer. The acquisition time then depends on the time required by the delay line to move along a
distance corresponding to the desired time window. Additionally, an equivalent period is usually
measured several times to maximize the signal-to-noise ratio, increasing slightly the time of the
acquisition. A schematic diagram for such systems is provided in Figure I1.4.

Let’s underline that heretofore, the reported setup is working in transmission geometry. In
other words, it aims to record the terahertz field amplitude and phase transmitted through a given
medium. Such a configuration is suitable as it provides a complete description of the in-depth in-
trinsic dielectric properties of objects. However, for some specific object -scatterer and absorptive-
this kind of setup is not possible as the terahertz field would not reach the detector. Hence, a reflec-
tion geometry is preferred where the recorded signal depicts the reflected energy at the interface
between the measurement atmosphere and the object under inspection. Although the setup is
almost equivalent to the one illustrated in Figure I1.4, the reflection configuration is schematically
represented hereafter, in Figure II.5.

In both configuration, namely transmission and reflection, the terahertz signal Sty (¢, Ax) de-
livered by the detector depends on the temporal evolution of the detector response Rpca () and
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Figure I1.4: Schematic details of a time-domain system for terahertz spectroscopy in transmission configu-
ration. BS stands for beam splitter, and M depicts mirrors.
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Figure II.5: Schematic details of a time-domain system for terahertz spectroscopy in reflection configura-
tion. BS stands for beam splitter, and M depicts mirrors.

the incident terahertz field Erp.(f, Ax) whose detection is delayed depending on the delay line
position Ax [21]:
Strz(f, AX) = Rpca(?) * Ernz (7, Ax), (I1.7)

where Rpca is the impulse response of the photoconductive antenna. The recorded terahertz
signal S/, (Ax) is the sum of the terahertz signal delivered by the detector:

+00

S (Ax) = f StHz(f,Ax)dt, (IL.8)

—00

and with equation I1.6:
/ 2 /
St (AD) = ESTHZ(Ax). (11.9)
From the temporal response one can calculate the equivalent representation in the Fourier

59



CHAPTER II. TERAHERTZ SPECTROSCOPY

domain. Such a transformation is famously known as the Fourier transform (FT) whose operator
& applied on a real-valued temporal function f gives [22]:

+00 )
&T(f):v—>f(v):f f(ne ™™gy, (I1.10)

The Fourier transform describes the frequency spectrum of the periodic temporal signal. How-
ever, such an operation is only feasible analytically?. Indeed, numerically, only the Fourier series
can be calculated. Fourier series aim to describe a T-periodic -let’s insist on this- function as a
sum of harmonically related sinusoidal sub-functions [23]:

+00

f="Y culf)ed it (IL11)

n=-—00

where ¢, (f) are the Fourier coefficients of harmonic-rank n:

Cn = |cyle' 8, (1L.12)

where the harmonic rank 7 is a cosinusoidal function. However these definitions led to the
development of specific algorithms, named fast Fourier transform (FFT) to calculate numerically
an approximation of the Fourier transform of a temporal function. Throughout this thesis, Fourier
transform of temporal signal are calculated by means of the FFT functions integrated in MATLAB®
and Noctylio® softwares.

The frequency resolution is dictated by the experimental system and is equal to the inverse
of the temporal window over which was performed the measurement. As an example, for a tem-
poral window of 50 ps, the induced frequency resolution is about 20 GHz. The typical waveform
and spectrum recorded by the experimental technique previously mentioned, called time-domain
spectroscopy (TDS) and in association with the considered time-frequency transformation are
given in Figure IL.6.
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Figure II.6: Illustrative terahertz time-domain waveform (blue) and spectrum (red) recorded through the
use of a TDS setup.

I1.2.4 Noise Sources in Terahertz-TDS Systems

One can distinguish two main configurational origins of noise in terahertz TDS setups: first, signal
dependent noises and second, a priori signal independent noises. The first category comprises
the noise arising from the emitting photoconductive antenna o.(w) and the intrinsic shot noise of
the detecting one o ;(w), proportional to the recorded induced photocurrent. The second category

2If the function is integrable
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gathers all the other contributing sources taking place in the detector o;(w) like the thermal noise,
the Johnson noise, the laser noise or the noise arising from the signal amplification [21]. The
variance of the modulus of any measured signal can therefore be expressed as the sum of these
contributions [24; 25]:

05 () = p* ()05 (w) + 05 (w) + 0% (w), (IL.13)

where p(w) depicts the specific dielectric properties of the sensed medium. Let’s note that
0‘23((1)) is multiplied by p2 (w) instead of simply p(w) since o(w) is transmitted to the detector.

An additional source of noise, which does not belong to configurational noises, is the presence
of atmospheric water vapor [26]. Indeed, as reported in Chapter I. Context and Key Concepts, water
molecules strongly absorb terahertz radiations. Hence, the terahertz beam path and the sample
chamber have to be purged with gaseous nitrogen, almost totally transparent to terahertz fields.

I1.2.5 Teraview (Ltd, Cambridge UK) Systems

Heretofore, theoretical considerations have been raised toward sensing with terahertz waves. Ter-
aview (Ltd, Cambridge UK) has developed several commercially available systems. Among them,
both the TPS Spectra 3000 and Terapulse 4000 (Figure I1.7) have been used to conduct the work
behind this dissertation.

Figure I1.7: Photograph of the TPS Spectra 3000 (left) and the Terapulse 4000 (right).

Hereafter, in Table I1.2, are listed their respective characteristics:

Table II.2: Characteristics of the TPS Spectra 3000 and the Terapulse 4000.

Characteristic TPS Spectra 3000 Terapulse 4000
Spectral Range [THz] 0.06-4 0.06-6
Spectral Resolution [GHz] 7.5 7.5
fs-Laser Ti:Sapphire Ti:Sapphire
Emission-Detection LT-GaAs PCA LT-GaAs PCA
Portability No Yes

Both setups can either work in transmission or in reflection geometries whose configurations
are similar to those depicted in Figure 11.4 and Figure II.5 respectively. Additionally, motorized
stages have been implemented in each systems to perform imaging. However, let’s note that this
section is focused on spectroscopy and imaging will be treated in the next chapter.
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I.3 Spectroscopy: Principles

Behind spectroscopy lies the idea that materials, due to their intrinsic dielectric properties, to their
specific molecular arrangement and to their possible scattering behavior, should exhibit specific
features when illuminated with an external electromagnetic force field. Hence, the analysis of
these features should theoretically allows one to characterize the properties behind such a re-
sponse. Usually, the extraction of these (often) frequency-dependent properties can be performed
either analytically or numerically. Those extractions are performed via the determination of a
so-called transfer function T(w) which denotes the disturbance to which is submitted a terahertz
radiation when propagating through or when reflected by an object.

I1.3.1 Transfer Function

The transfer function T(w) is a dimensionless quantity that describes the field of the beam path
disruption in the presence of specific dielectric materials, morphology and topology. The transfer
function T(w) is expressed as:

_ Ssam(w)

T )
() S ref (w)

(I1.14)

where S, (w) and S, r(w) are the terahertz signal recorded with and without the sample re-
spectively. Hence, S, r(w) is usually referred to as the reference signal. The transfer function can
be alternatively expressed to highlight its complex nature:

[Ssam(w)le” isam
IS ref(w)|e™iPrer

T(w) = (II.15)

where |Ssgm(w)| and |S,.r(w)| are the modulus of the sample and reference signals and ¢psam
and ¢,.¢ their respective phase. As already pointed out in the previous chapter, one has con-
comitantly access to both the amplitude and the phase which allows to refrain from the use of
Kramers-Kronig relations. Let’s additionally note that the transfer function expresses in a similar
way for both regimes, namely transmission and reflection. However, their respective frequency
dependence are accordingly modified as S, (w) corresponds in each case to different physical
processes. Effectively, the terahertz field either transmitted or reflected by an object to be charac-
terized depends on its thickness, on the corresponding Fresnel coefficients at dielectric interfaces
and on the incident field. During this thesis, a mathematical model was developed to generalize
the interaction for an infinite number of subsequent medium and consequently, to determine the
analytical expression of S 4, (w). Moreover, as interactions upon dielectric interfaces involve var-
ious possible optical paths among structures, the theoretical model was specifically designed to
monitor the optical paths that contribute the most to the object response. Such an information
was yet to be provided as it fully describes the physical origin of the recorded signal and allows
to derive a parametric transfer function. To do so, an iterative approach was considered and is,
hereafter reported.

I1.3.2 Iterative Determination of S, (w)

The cornerstone of the model is to describe the signal propagation by an iterative approach, fol-
lowing the scheme of a tree structure [27]. To this aim, let us consider a plane wave incoming with
normal incidence onto an object which satisfies: first, homogeneous, flat and parallel boundaries;
Second, ! electromagnetic response; Third, absence of surface charges. Note that the mathe-
matical background to be described remains valid for any wave incident angle via the insert of
corresponding angular components. Pulse propagation depends on both the complex refractive
index and the medium thickness. When a propagating pulse reaches a dielectric boundary it en-
counters permittivity change. Permittivity discontinuity at dielectric interfaces leads to the divi-
sion of the incoming pulse into a reflected part and a transmitted one. The portions of reflected
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and transmitted field at dielectric interfaces are given by Fresnel coefficients (equation 1.2 and 1.3).
Thus, the pulse propagation from a i medium to a j medium, also referred as i — j propagation,
can be set as a matrix M;, j whose expression is [28; 29]:
ion;()d; (©) iwi; (©)d;
- e ¢ rijw)xe ¢
M; j(w) = t;,j (W) ! —ion; (@)d; b —iwh; (©)d; ) (IL.16)
rijlw)xe ¢ e ¢

where w is the pulsation, 7; and d; are the i-medium complex refractive index and thickness,
respectively, and c refers to the speed of light in vacuum. Terms #; ; and r; ; denote transmission
and reflection Fresnel coefficients. The propagation functions H; and H; in transmission and
reflection at the i — j dielectric interface can therefore be derived from equation I1.16:

Hy,; (@) = 1/M; (), (IL.17a)
Hy, (@) = M7 (@), (), (I1.17b)

where M}lj and Mfyl. are the a1 and ap; terms of the M; j(m x n) matrix depicted in equation
I.16, respectively. Each of the propagation function Hy, ; and H;, ;, corresponds to the portion
of the light transferred or reflected at the interface between the i and the j medium following a
propagation in the i medium.

These aforementioned propagation functions are then subsequently used to design the struc-
ture of the tree describing interactions within the whole object. The root node represents the
transmitted field at the interface between the air and the first medium, Hy,,. The access to child
nodes is done through the incrementation of a mathematical object k that denotes the succes-
sive pulse subdivisions that occur upon interaction with successive dielectric interfaces. Thus,
the k-index illustrates the depth of the tree structure. As each physical event, namely transmis-
sion or reflection, occurring at interfaces can be seen as the consequence of previous events at
neighboring interfaces, the successive child nodes depict further practicable events. A schematic
representation of the iterative determination of S, (w) is given Figure II.8.

k-index

5 |Hta,0|Hra,0 ’Hn,o Hr1,0 ’th,s Hrz,3 5
< <
v ¢
| | Hts,2||Hr3,2||Htz2,3|Hr2,3| |Ht1,0||Hr1,0 | ]
<l

Figure I1.8: Scheme of the iterative determination of S, (w). Each k-incrementation gives access to fur-
ther possible events based on the previous ones at k — 1. Detected pulses have been marked with an eye in
the node box. The incident angle was tilted for visual convenience.

One has then the following equivalent mathematical description of the scheme:

Sy =Hp S5 s, (IL.18a)
sk =H, Sy +sih), (IL.18b)
Sk =Hy, (SE1 +sih), (IL.18c)
Sy, =Hy, S5 ! +sih), (IL.18d)
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where S’,C and S’; are the reflected and transmitted fields, in frequency domain of the k;, it-
eration at each dielectric interfaces. Note that the set of equations I1.18 is w-dependent but the
dependence has been deliberately removed for visual convenience. Hence, one can derive from
the four previous equations S;(w) and S, (w):

n
Siw)= ). S, (w), (IL.19a)
k=y+1
n
Sr(w) =S} (w)+) S§ (), (IL.19b)
k=3

where y stands for the total number of different dielectric medium that makes the stack. Let’s
however underline that S’;Y ir (w)=0for k<y+1and S’;l o (w) =0 for k < 3. Additionally, the parity
of the number of subsequent medium y impacts the existence of S’fw,r (w) and S’fl , () terms. As
an example, for y = 4, Sk (w) #0 for k€ 2N+1 and k > 3. The procedure was programmed in

1,0
the interpreted MATLAB® language. Ultimately, one can derive the expression of the transfer

function T;(w) and T, (w) in transmission and reflection respectively:

k
ZZ=Y+1 S tYy0 ((D)

T = , 11.20
(W) Srer (@) ( a)
S%01 (w) + ZZ:3 Sllfcl 0(0))
Tr(w) = — : , (I1.20b)
Sref (w)

The indexation of each physical events occurring at singular dielectric interfaces after a given
number of internal subdivision allows one to retrieve the most contributing optical routes for any
recorded signal. Hence, it is possible to derive a parametric global transfer function whose input
parameters only consist in the necessary transfer function combinations. To illustrate such a state-
ment and to validate the mathematical background previously established, a calibration material
made of four dispersive layers (medium) of tens of microns deposited on a metal plate was se-
lected. The procedure is validated if and only if: first, it reconstructs adequately the experimental
signal; Second, it sorts the most participating paths; Last, it derives a parametric transfer function
that reduces the number of required computations to reconstruct the signal. A microscopic view
of the calibration sample is provided Figure II.9.

Figure I1.9: Microscopic examination of the calibration sample.

Each layer dielectric properties and thickness were known as furnished by the manufacturer.
The Debye parameters of each layer are given in Table II.3. From these respective parameters one
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can derive the frequency dependent refractive index n(f) and extinction coefficient k(f), shown
in Figure I1.10.

Table I1.3: Fitting Debye parameters for the four coatings of the calibration sample. €4, stands for the di-
electric constant at high frequencies, Ae is the permittivity difference between the static dielectric constant
and the relaxation process permittivity, occurring over the time 1. d stands for the thicknesses extracted
from optical measurement.

Layer € Ae T fs] d[pm]
Ly 248 0.39 70.82 30z+1
L, 426 0.92 83.73 551
Ls 3.23 0.71 72.07 65=*1
Ly 3.72 0.85 83.04 88=*1
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Figure I1.10: Refractive index n(f) and extinction coefficient k(f) of each medium belonging to the calibra-
tion sample.

To test the theoretical model, a reference signal is recorded from a mirror and then a signal
is measured in reflection from a 4-layers sample containing the four coating materials listed pre-
viously. Numerical nodes on layer interfaces are filled with the extracted and fitted® properties
shown in Figure II.10. Then, the reference signal S, r(w) recorded from a reflector is numerically
injected into the algorithm to compare the numerical reconstruction and the experimental signal.
At each pulse division, the k—parameter is incremented automatically and descendant pulses are
computed. The depth of the tree was limited to k = 29, based on the hypothesis that beyond this
specific k-value, the recovered signal amplitudes are under the noise level. In Figure I1.11 is shown
the progressive reconstruction of S, (). For clarity purposes, only odd k—iterations are displayed
as even k—value iterations do not satisfy photo-detection conditions in reflection configuration
(respectively to Figure I1.8).

The metric A(#) used to establish the discrepancy between the measured signal and the iter-
ative tree algorithm (ITA) reconstruction (Figure 11.12) within the time window lying between 22
and 37 ps denotes the amplitude time-domain quadratic difference between the two signals:

A =8N -S3 ()P, (I1.21)

where Sy(t) and S? (7) are the measured and calculated amplitudes, respectively. The variations
observed are assumed to be caused by a combination of limitations arising from the inaccuracy
of the Debye parameters and the possible FFT numerical roundoff errors. However, the quadratic
difference between the experimental and the reconstructed signals is globally low, exhibiting a
maximum value for residues by about 0.2. Additionally, f2327lf’ SS A(t) = f(k) is provided Figure I1.13.
Itis hence reasonable to confirm the first criterion toward the validation of the procedure. In order

3Fitting procedure is discussed later in the manuscript.
4The signal recorded outside this specific time window being mostly white Gaussian noise not related to the stratified
structure.
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Figure II.11: Progressive reconstruction of S, (¢) (red) in comparison to the experimental signal (black) for
the calibration sample made of four layers each of tens of microns.

to assess the appropriateness of the assumption about the usefulness of iterating beyond k = 29,
the frequency-dependent relative field was investigated for each k-value that satisfies S ’;1 ir (w) #0.
Beyond k = 17, the contribution to the signal is globally low. Indeed, a large amount of information
carried by the highest frequencies falls below their relative noise level. Additionally, the dispersive
behavior of the subsequent medium enhances the difference between the relative field carried at
low frequencies and the one carried by higher ones as k increases (Figure 11.14). The previously
proposed assumption seems thus to be reasonable.

I1.3.3 Parametrization of S;,;,;(w)

The next step is to confirm the ability of the procedure to successfully retrieve the most con-
tributing routes and to derive a parametric transfer function, reducing consequently the number
of paths to be computed. Before deriving such a function, let’s examine the room for improve-
ment toward minimizing the number of calculated routes. In the specific case of the four layers
calibration material, the total number of optical paths computed after 29 internal subdivisions
is 13,153,171. Among them, 1,195,750 paths have been theoretically detected by the detector in
reflection configuration. The number of detected optical paths follows a modified Fibonacci se-
quence {(k) whose expression was found to be:

Ck) =( (I1.22)

where k > 3 and the number of successive medium v is still four in this case. The value of
{(k) for k < 3 is intuitive, as there is only one optical path that satisfies S%,o (w) #0, hence {(3) =1
and ((1) = 1 which corresponds to S}O,l (w). In Table I1.4 are reported the number of computed
optical paths and the number, among them, that are detected by the numerical photoconductive
antenna, i.e. S’fl o (w) #0.
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Figure I1.12: Top: experimental signal of the stratified structure in reflection geometry (black) and its re-
construction via the iterative tree algorithm (red). Bottom: deviations observed from the measured signal
using the A(¢#) metric.
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Figure I1.13: Profile of the integrated comparison metric between 22 ps and 37 ps as a function of the num-
ber of iterations. The non-monotonous nature of the dependence reflects that time features are in majority
due to the combination of several physical processes. Despite additional iterations, the error does not fall to
zero. That is caused by unrecovered time features for the previously mentioned reasons and because time
features corresponding to k — oo are basically out of the time window in which the comparison metric is
defined.

Heretofore, 1,195,750 different optical paths have been computed to reconstruct the experi-
mental signal depicted in Figure I1.12. Reasonably, one can state that among all of them, only a
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Figure I1.14: Relative field at different frequencies as a function of the k—value and their respective relative
noise level (dashed lines). The relative noise level for each frequency is defined as the ratio of the noise level
of the reference with respect to the reference field carried at these frequencies. The two dotted black lines
represent the maximum and the minimum relative field value over the 0.2 - 2 THz spectral range observed
at each k—value. Due to the dispersive behavior of coating layer, the difference between the field carried at
low frequencies and the field carried at high frequencies increases as k increases.

Table I1.4: Number of computed paths for each k-incrementation and the number among them outgoing
the structure being thus detected.

k—value Total Paths Detected Paths | k—value Total Paths Detected Paths
1 2 1 16 4,374 -
2 2 - 17 7,655 1,094
3 4 1 18 13,122 -
4 6 - 19 22,964 3,281
5 11 2 20 39,366 -
6 18 - 21 68,891 9,842
7 32 5 22 118,098 -
8 54 - 23 206,672 29,525
9 95 14 24 354,294 -
10 162 - 25 620,015 88,574
11 284 41 26 1,062,882 -
12 486 - 27 1,860,064 265,721
13 851 122 28 3,188,646 -
14 1,458 - 29 5,580,131 797,162
15 2,552 365 Total 13,153,171 1,195,750

few are actually participating to the signal. Thanks to the mathematical design of the algorithm,
each optical route at each k-value has been collected and sorted as a function of their relative
field contribution. The most predominant frequency contributions have been located until k = 17
(Figure I1.13), thus only optical paths for which the number of internal subdivision is k < 17 were
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investigated. The specific field distribution among these k—value is structure dependent and may
drastically change from one to another dielectric assortment. At each considered k—value, the nu-
merical procedure retrieves the predominant optical paths whose sum provides a quadratic differ-
ence between the reconstruction considering all optical routes and the reduced one of less than
0.001. Among the whole population of detected paths for k € [1;17], only 33 optical paths have
been automatically saved corresponding roughly to 2% of the detected pulses computed previ-
ously. From the small number of retained optical paths, an optimized transfer function for radia-
tion propagation is derived. The theoretical signal is computed back and is compared to the initial
signal provided by the reconstruction that includes all optical paths. The waveform computed
using these 33 optical paths is given in Figure II.15.
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Figure I1.15: Top: Reconstruction of the signal provided by the reduced iterative tree algorithm (black cross)
with the 33 selected contributing paths (red). The correlation is almost perfect between the two signals
over the entire time window. Bottom: A(#) metric. Differences are observed in regions where additional
subdivided pulses have been ommitted (e.g. k > 17).

The deviations between the two shapes are mainly observed after 32 ps from where, the k > 17
contributions have been ommitted. Retained optical routes for k > 7 are reported in Figure II.16.
The parametric transfer function derived following the optical path analysis almost perfectly re-
trieved the initial computed signal. The assumption stating that among the wholeness of optical
paths only a few were responsible for the time-domain waveform is hence valid. Indeed, consid-
ering propagation routes submitted to 17 physical processes (transmission or reflection) before
being detected at the most, a total of 1645 paths were recorded (i.e. ¥ {17 {(k)). However, the path
analysis enlightened that only 2% of them were significantly contributing. The aforementioned
procedure has therefore successfully passed through all the validation stages. Let’s however un-
derline that the validity limit of the new transfer function is sample dependent and remains gen-
uine for small variations of the dielectric properties and for few microns concerning the thickness
of individual medium.

I1.3.4 Optical Property Extraction

Knowing both the analytical expression of the transfer function T (w) reported through the couple
of equation I1.20 and the experimental expression, one can extract the dielectric properties of the
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Figure I1.16: Representation of the main optical paths sorted by the iterative tree procedure for k-index
ranging from 7 through 17. The optical paths at each k-values are sorted from left to right from the highest
contribution to the signal to the lowest. Particular optical paths exhibit a symmetric one represented in
dashed lines. These symmetric paths participate in an equivalent fashion to the signal.
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sample under inspection. Although these properties are a priori unknown, the observed waveform
or spectrum are directly dictated by them. One can distinguish three properties that are going to
impact the complex transfer function. Among them, two are intrinsic properties, namely the re-
fractive index n(w) and the extinction factor k(w) and an extrinsic parameter, the sample thickness
d. Although being obvious, let’s underline that d does not exhibit frequency dependence. Addi-
tionally, in view of equations I1.20a and I1.20b, these properties cannot be expressed analytically
from the complex transfer function.

In order to extract n(w), x(w) and d, one has therefore to treat the underlying inverse elec-
tromagnetic problem (IEP). To do so, one generates a volume whose a™ " terms represent the
whole possible combinations between 7, k and d. These different combinations are therefore suc-
cessively injected into the analytical expression of the complex transfer function (I1.20). For each
conceivable values of the sample thickness d, the couple (n,x) for which the difference with the
experimental spectrum is the lowest at each frequency is kept. The statement can be formulated
mathematically as:

n=(ny;...,n;) e R\ {0;1}
min TM(w)—TS(w), subject to K=(K1;..;K;) € Ry (I1.23)
n)xe)d d=(dy;..;d) e Ry

where, TM(w) and TS (w) are the measured and simulated complex transfer functions. However,
such a problem suffers from the intrinsic definition of the complex transfer function. In fact, it
has to be noticed that the complex transfer function is a mod 2n function which consequently
introduces an infinity of solution instead of an unique one as expected. Searching for zeros of
TM(w) — TS (») would therefore require to start an optimization with guess parameters close to the
actual physical properties of the sensed sample. When probing totally unknown samples such an
approach is hence obviously not recommended. One has therefore to treat the inverse electro-
magnetic problem with alternative functions to be minimized. Such functions are referred to as
objective functions x(w) in the following. As the oscillating behavior of the complex transfer func-
tion was the source of an infinity of solutions, one has then to express the objective function to
be minimized (€ ;) as a function of monotonous and plane discrepancy functions. As already
pointed out in equation I1.15, the complex transfer function T(w) can be decomposed into two
entities, namely its modulus |T(w)| and its argument /T (w). Both |T(w)| and £T(w) are smooth
functions when plotting n(w) versus k(w) [30]. Thus, it seems convenient to determine the prob-
lem objective function as a function of the modulus and the argument such as [31]:

X() o< [TM () = TS ()| + (LTM(w) — ZTS (w)). (I1.24)

The symbol “/" refers to the phase. During this work, the objective function to be minimized
to extract the dielectric properties was generally defined as [32; 33]:

X(w) = SMT (0)SM () + (3DT () 5D (w), (11.25)

where 6M(w) and 8®(w) are the amplitude and phase penalty respectively, and { is a regulariza-
tion parameter weighting phase penalty regarding amplitude. Let’s note that the introduction of
the regularization factor { is not compulsory and can simply be set to unity. However, in some
specific cases where one of the two entities is not reliable due to experimental configurations, the
regularization parameter { may be set to different values. That may be, for example, the case of
reflection geometry where the information on the experimental phase is often lowly reliable. The
dM(w) and 8P (w) matrices are respectively defined as:

- M Sw)h~!
{ SM(w) = In(ITM(w)| x [T> ())) ™), (11.26)

3P (w) = LT (w) — LTS (w).

The natural logarithmic ratio instead of a standard quadratic difference for the measured and the
simulated amplitude is preferred as it is more penalizing. Let’s additionally remark that as far as
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OM(w) and 8 (w) are a priori symmetric matrices, one has the following equality:

2 _ T
{ OM*(w) = SM(w)dM" (w), (I11.27)

5D2(w) = 5D () 8D (w).

To illustrate the extraction procedure, the frequency dependent optical properties as well as the
thickness of a perfectly unknown sample are hereafter extracted. The only information known
about the sample is that it is an amorphous thin layer of less than 100 pm deposited on a metal
plate. Therefore, due to the presence of the reflector, the extraction has to be proceeded in reflec-
tion geometry. However, due to possible mismatch between the position of the reference and the
one of the sample, a specificity of reflection configuration, the experimental information on the
phase @ (w) is not trustworthy. In order to prevent from extraction inconsistency, the regulariza-
tion factor { was deliberately set to 0. The 4D problem (along 7, k, d and w) to be solved is defined
as follows:

(=0
. ) n=(1.6;...;1.8), An=0.01
pein o X(@),subjectto 4 o 008), Ax=0.001 (11.28)

d=10;...;99um, Ad=0.1um

Numerically, the algorithm tests successively each thickness contained in the d vector and finds
the couple n(w), k(w) minimizing x(w). Solutions for each d component are then inputted back
into a direct propagation problem. Thereafter, the thickness minimizing Z;ZEX ISM(1) —SS(1))? is
selected by the algorithm (Figure 11.17). During the extraction procedure, the algorithm found
63.4 um to be the physical thickness of the unknown sample used to illustrate the process. Let’s
underline that it should be considered the extent of the plateau in which this solution is found as
the error bar (+5um). Now, it should be checked that the extracted waveform adequately matches
the experimental one. To this aim, both these signals are compared in Figure I1.18.
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Figure 11.17: Z?jg" ISM(£) — S8(£)|2 as a function of the tested thicknesses contained in the d vector. The
global minimum was found to be 63.4 pum.

It is quite obvious that the experimental waveform is well retrieved. One can however argue

that some oscillations appear on both sides of the main peak. To understand precisely the origin of
these features, one may have a look on the optical properties that have been extracted during the
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Figure I1.18: Time-domain error of the thickness global minimum using the A metric.

objective function minimization (Figure I1.19). Clearly, both these functions are not monotonous
which can be due to slight mismatch between the physical thickness and the extracted one. How-
ever, disturbances are mainly observed at low and high frequencies where the signal may suffer
from the presence of noise. The use of a Nelder-Mead like algorithm [34] that will fit the extracted
n(w) and k(w) with respect to physical models that have been described in Chapter I, Section II1.2
Interaction Mechanisms, is then required.

25 1

15} 1

1 1 1 1
0 0.5 1 1.5 2

Frequency [THz|

0.1 T T T

0.08 |- 1
0.06 -

€ 0.04F

O 1 1 1
0 0.5 1 1.5 2

Frequency [THz|

Figure I1.19: Optical properties n(w) and k(w) for 63.4 um.
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I1.3.5 Optical Property Fitting

In order to refine the waveform reconstruction, one can fit the extracted optical properties with
respect to different models that describe the complex permittivity as a function of the incident
electric field. As far as the sample under test is amorphous, it is probable that no particular re-
laxation occurs excepted the one due to generalized thermal effect. Consequently, a reasonable
choice would be to fit both the refractive index and the extinction coefficient with a simple Debye
model. To do so, the real and imaginary part of the complex permittivity are calculated with re-
spect to equations 1.19, in Chapter I. The algorithm has to fit both the real and the imaginary part.
It is therefore essential that the procedure determines the goodness of fit from the distances on
the complex plane between the extracted and the calculated points rather than just their real or
their imaginary parts [35]. To this aim, we make the assumption that residues are equal to:

wmax U‘)mux
Resl=1/ D 8¢/ (w)2+ ) e} (w)?, (11.29)
w=0 w=0

where 0€).(w) and €/ (w) are real and imaginary residuals in the complex plane, respectively.
The search for the minimum is then performed by the fiminsearch(-) function provided by the MAT-
LAB® software. Results toward the fitting procedure are reported in Figure I1.20.
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Figure I1.20: 1st order Debye (i.e. n = 1 equation 1.22.) fit of the IEP extracted properties.

The corresponding Debye parameters that were found out to be the most suitable to describe
the dielectric behavior of the unknown sample are listed hereafter, in Table I1.5.

Table IL.5: Fitting Debye parameters for the unknown sample.

Parameter €4 Ae  Tfs] d[pm]
Value 242 050 5046 63.40

One may now input back the fitted properties into a direct propagation problem. Both the
measured and the extracted-fitted signals are plotted and compared using the A(t) metric in Fig-
ure I1.21.

Clearly, oscillations have been removed through the introduction of the monotonous fitted
properties. It has to be underlined that the error values may appear quite huge. However, their
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amplitude are only due to the recorded amplitude values and the comparison metric A(t) depict-
ing the square of the difference. Indeed, if considering the minimum value of the recorded signal
(around 10 ps) being roughly -1500 a.u, the associated error is about 1000 a.u. Nonetheless, it
only corresponds to a difference of approximately 2%, since errors depend on the square of the
difference between the two signals.
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Figure I1.21: Reconstructed waveform after fitting the optical properties.

Heretofore, the experimental, the mathematical and the numerical methodologies that have
been developed during this work in order to define the complex transfer function of a sample and
to extract the related dielectric properties were described. On these basis, one can now focus on
their application for biology and further more for breast cancer investigations.

II.4 Water

Among all the fluids found in the organism, water is by far the most abundant. Water is de facto
the highest contributor to the overall dielectric response of tissues. Consequently, one has first
to investigate the liquid water behavior when stimulated with an external terahertz field. To this
aim, water was inspected in reflection configuration to prevent from its significant absorption.
Obviously, a support is required to drop off a thin film of water onto it. A 2 mm C-cut sapphire
was therefore selected. The choice of such a material is not random and deserves further con-
siderations. Indeed, the support has to satisfy few main requirements: first, it should not express
a birefringent behavior; Second, it should be lowly absorbent in such a way that the portion of
the incident field reaching the water film side is maximized; Last, the refractive index difference
between the support and the water film has to be significant to maximize the reflection Fresnel
coefficient at the dielectric interface. While the first criterion is satisfied by the intrinsic proper-
ties of the C-cut sapphire the two others require preliminary investigations toward C-cut sapphire
dielectric properties. The time-domain waveform of a pulse passing through the substrate was
then recorded and the respective properties derived with respect to aforementioned numerical
procedures are shown in Figure 11.22.

From the optical profiles extracted in Figure I1.22, one can consider that the sapphire substrate
is sufficiently transparent to conduct further studies. Additionally, the refractive index of water is
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Figure I1.22: Refractive index and extinction coefficient of the sapphire substrate.

expected to range from 3 to 2 between 200 GHz and 2 THz thus validating the last criterion®.

I1.4.1 Extracted Intrinsic Properties

Thirteen measurements on water films were performed successively. The water film response was
averaged a hundred times for each acquisition. Between each measurement, the water film was re-
moved and replaced by another one. All measurements were performed under controlled nitrogen
atmosphere and at room temperature. The typical time-domain waveform recorded is shown in
Figure I1.23. The sign of each recorded peak denoting reflection at dielectric interfaces depends on
the sign of the corresponding Fresnel coefficient. When a pulse is reflected at i — j, with n; < n;j,
R;j <0, the corresponding interface peak is n-shifted. That is for example the case of the first peak
arising from the reflection between free space and the sapphire support shown in Figure I1.23. The
water film information is contained in the second recorded peak, as the first one does not depend

on the dielectric properties of the sample put onto the substrate. However, additional peaks may

appear every At = 2dMsapphire multiple, corresponding to k-value > 5 in equation I1.19b and some-

times called Fabry-Pérot terms. By looking at the sign of the second peak, one can appreciate the
validation of water dielectric property expectations, i.e. fiyater < Asapphire-

From the knowledge on the characteristics of the sapphire substrate, namely its complex re-
fractive index and its thickness, one can extract the optical properties of water. The extracted
properties are given in Figure 11.24.

I1.4.2 Relaxation Mechanisms

One can now fit the corresponding properties. Although throughout the literature water prop-
erties have been fitted with two-Debye terms it seems interesting to prove such a requirement.
To do so one derives the real and the imaginary part of the permittivity from the extracted n(w)
and k(w). Therefore, it is relevant to explore the behavior of the imaginary part of the permittivity
€’ (w) as a function of the real part €'(w), also called Cole-Cole diagram. Indeed, in such a rep-
resentation, single characteristic frequency (one-Debye term) displays the shape of half a circle.
Debye overlapping resonances appear in circular loops. If it is elliptical, it denotes the spread of

SExpectation based on water Debye parameters found in literature.
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Figure I1.23: Typical time-domain waveform recorded without (black) and with (red) water film on the top
side on the sapphire substrate.
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Figure I1.24: Water optical properties extracted in reflection geometry, averaged over ten independent mea-
surements.

the characteristic frequencies and thus a Cole-Cole behavior. If on the contrary the plot displays a
non-symmetric tendency, it is of Cole-Davidson or Havriliak-Negami nature. The €”(¢') represen-
tation is plotted in Figure I1.25. As beyond 1 THz the presence of noise seems to impact the data,
only the information between 200 GHz and 1 THz is taken into account.

At low frequencies one observes the left-hand side of a semi-circle. Obviously, due to the lack
oflow frequencies, only a given portion is observable. Such an observation is of paramount impor-
tance. In fact, it tells us that the TDS system that is used to probe the dielectric behavior of water
does not provide a sufficient band at low frequencies since the first characteristic relaxation seems
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to arise below its monitoring frequency range. Consequently further data processing, mainly fit-
ting processes, will have to take into account such a lack by fixing low frequencies parameters.
In a nutshell, the fit of water dielectric properties extracted from TDS systems require to fix the
characteristic relaxation time of the first process.

At higher frequencies, rather than having the semi-circular shape close, the slope of the dielec-
tric permittivity tends to smooth, indicating that an additional polarization mechanism comes
into play: a second characteristic frequency. One can even observe a “slight bounce” between the
two relaxation domains that may indicate a third mechanism. However, we will see that it arises
from experimental artifacts and will be rejected for fitting purposes. Extracted parameters are re-
ported Table IL.6.
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Figure I1.25: Cole-Cole plot of water and approximated representation of characteristic relaxations do-
mains. In black dashed lines are schematically represented the portion of the semi-circle that describes
the double-Debye relaxation nature. Frequency axis decreases from 200 GHz to 1 THz from right to left.

On operating water data fitting, one can start by assessing the small quantity of data from low
frequencies. As pointed out previously, the lack of information arising from sub-terahertz fre-
quencies forces to fix the characteristic time of the first relaxation process 1p from the microwave
domain. To do so, we are pretty much spoilt for choice as reported in Table 1.2, Chapter I, 1.3. Can-
didates for Interaction: Sub-cellular Level. The relaxation time for the first process was selected
from [36] since they provided the most recent study over a broad frequency band. Hence, Tp is
fixed and takes the value of 8.34 ps during the fitting procedure. In order to reject the spectro-
scopic aspect of the slight bounce, the fitting procedure was realized both for three-Debye terms
and two-Debye terms, while keeping 1p fixed.

Apart from the residual value, parameters extracted for the three-Debye terms are not consis-
tent. Indeed, one can see that the non-linear solver returns null values for both the second and
the third permittivity step amplitude. In other words, this means that the dielectric behavior of
water could be described by an unique relaxation which is inconsistent with the previous obser-
vations thanks to the Cole-Cole representation. Last, to ensure that the norm of residuals is not
over weighted by specific residuals at given w in the complex plane, w-dependent residuals have
been investigated and are plotted in Figure 11.26

Clearly, residuals from the 3-Debye terms are higher than the ones from the 2-Debye terms
for real and imaginary residues. Smallest real residuals belong to low frequencies while smallest

78



CHAPTER II. TERAHERTZ SPECTROSCOPY

Table II.6: Fitting parameters for 2-Debye terms and 3-Debye terms.

2-Debye terms 3-Debye terms

A€, 73.19 85.44
TD[ps] 8.34 8.34
Aeyy 2.24 0
TZ[ps] 0.10 48.17
A€r3 - 0
T3[p5] - 29.75
€oo 2.66 4.57
|Res| 0.65 3.77
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Figure I1.26: Residuals at each w with respect to both the real and complex plane for 2-Debye terms and
3-Debye terms.

imaginary ones are found at high frequencies.

In view of all these examinations, it is reasonable to reject the presence of a third relaxation in
the examined frequency band. On the other hand, the presence of two overlapping relaxations is
therefore validated and is in line with the literature. While the majority of the fitting parameters
are in the range of reported ones, one may point out the discrepancy observed on T,. Although we
still can state that throughout the literature the reported values for the second relaxation time are
varying over a large range spanning from 0.17 to 1.02 ps, such a difference finds likely a physical
explanation.

First, previous investigations were performed in transmission configuration. In other words,
the terahertz beam was passing through the entire sample, carrying thus a greater amount of in-
formation about the sample than the one carried in reflection geometry. In fact, in reflection ge-
ometry, it is quite obvious that the information reported through the back propagation is only due
to a surface interaction that is large by about the beam diameter.

Second the small value of T, is probably arising from the spectral band over which the objec-
tive function minimization is performed. In fact, considering the fitting available spectral band
([10~* = 2.5] THz) in [36], one can adequately state that here, the available band is quite reduced.
Nonetheless, although the available spectral band seems to be of crucial importance when fitting
the dielectric properties, one has still to understand why. The most reasonable hypothesis is that
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due to the limited band, the second relaxation is not fully monitored by the experimental system
or blurred due to low SNR. That is, only a portion of the relaxation is available and consequently
the characteristic frequency is not well-defined. Hence, the solver tries to compensate the lack of
information at higher frequencies. The discrepancy in 1, does not reflect an inherent shortcom-
ing in the previous work, but rather its limited spectral range. It is worth mentioning that a similar
value for T, than the one reported here, was found in [37] for a spectral band ranging from 200
GHz to 1 THz and in reflection geometry.

On the physical sense of each of the characteristic frequency, the first one is assumed to corre-
spond to the reorientation of the hydrogen-bond network while the second one to the relaxation of
free and quasi-free water molecules. Further considerations were addressed previously in Chapter
I, I.3. Candidates for Interaction: Sub-cellular Level.

On plotting the numerical solution with respect to the experimental n(w) and k(w), one can
appreciate the excellent fit shown in Figure I1.27.
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Figure I1.27: Fit to 2-Debye terms model and the experimental n(w) and k(w).

The extraction of the fit-parameters correlated to the two polarization mechanisms involved in
the relaxation of liquid water was successfully conducted. Despite discrepancies observed in the
characteristic time of the high frequency relaxation, assumed to be due to the reduced available
frequency range in reflection geometry, the global water behavior was well observed and quanti-
fied. One may now go a little further toward breast cancer assessment.

I1.5 Phantoms

The environment of the actual woman breast to be encountered in pre-clinical studies is com-
plex. Additionally, it is impossible to concomitantly address the dielectric specificity of a fresh
tissue and to perform a battery of tests to determine its constituent fractions. Therefore, it is of
paramount importance to investigate on samples that were specially designed to mimic the the-
oretical dielectric response of human tissues. As breast tissues are heterogeneous volumes whose
elements exhibit dielectric characteristic spanning over the biological spectrum, mimicking-tissue
requirements are of generic nature. One can for instance report the necessity to produce high-
water-content samples to imitate cancer lesions and fibroglandular tissues, while adipose tissues
would be mimicked by low-water-content specimen. Preliminary studies on anthropomorphic
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phantoms are of great interest since it would provide some roots for the comprehension of actual
tissues and terahertz fields interaction.

To this aim, an impressive work was accomplished on three-component phantoms by Caroline
Reid in 2009, in her thesis manuscript [37]. The procedure for producing the three-component
phantoms that were analyzed in her work is described in [38]. To mimic the structure tissues,
phantoms were made of lipid emulsion, gelatin and water. She investigated both the transmis-
sion and reflection configuration and reported more accurate results in the first mode. It was
also reported that the accuracy was lower than the one of less complex structures such as two-
component phantoms. The author assumed that the decrease in accuracy could be due to more
complex bonding within the phantoms. In fact, a greater number of variables being determined
from the standard deviation measurements of the experimental system inherently induces poorer
results.

II.5.1 Extracted Intrinsic Properties

Despite the difficulties reported by Reid, some investigations in reflection geometry towards three-
components phantoms were conducted to face previously stated issues. The aim behind these
investigations is to prepare the ground for further pre-clinical studies. To mimic the complexity of
breast volume, sunflower oil, isolated soya protein and liquid water were used [39; 40]. Oil, pro-
teins and water were homogenized to make an emulsion. Then, the phantoms were deposited into
vacuum packages. Five different three-component phantoms with varying water-content were
produced to consider the generic nature of the breast volume. Content in percent-by-weight (%
wt) within each samples are given in Table I1.7.

Table II.7: Fraction of protein, oil and water in each phantom in percent-by-weight.

#Phantom Protein (% wt) Oil (% wt) Water (% wt)

#1 13 17 70
#2 13 19.5 67.5
#3 13 24.5 62.5
#4 13 27 60
#5 25 75 0

Each of these samples were probed on a C-cut sapphire substrate by means of a terahertz time
domain spectrometer in nitrogen controlled-atmosphere. Phantoms were measured five times
in a row, whilst removing the sample from the sapphire top surface between each. Measurements
were averaged a hundred times. The typical standard deviation between 200 GHz and 1 THz was by
about 5% while at higher frequencies, data are not reliable due to the low signal-to-noise ratio. The
extracted frequency dependent refractive index n and « for each phantoms are shown in Figure
11.28.

The first thing that is obvious is that the water-free phantom (#5) is totally aside from others.
Indeed, both the refractive index and the extinction coefficient are much more smaller than their
counterparts, i.e. than water-made phantoms. Another interesting observation can be drawn on
both the refractive index and the extinction coefficient at low frequencies, namely between 200
GHz and 500 GHz. In fact, while the water-free phantom exhibits positive or null slopes on its op-
tical properties, water-made samples display negative slopes at low frequencies. Such a behavior
can be physically explained by the presence of hydrogen-bonded water molecules within the first
cluster of phantoms. Hence, at low frequencies, water-made samples exhibit the characteristic
relaxation of the bulk water network while on phantom #5 such a behavior is absent. Although
within the actual breast volume, adipose tissues are not fully deprived from water, their water-
content is quite low. In a nutshell, adipose tissues should be highly distinctive tissues among the
entire tissue matrix. Moreover, in Chapter I. Section 1.4 Breast Cancer, we stated that in the specific
case of invasive breast carcinoma, cancer cells were found to invade the connective tissues that
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Figure I1.28: Frequency dependence of the refractive index and the extinction coefficient of each samples.

surround the initial lesion site, including adipose tissues. Hence, for such a pathology, the water-
content within adipose matrix may increase due to the presence of invading cancer cells bringing
within their membrane additional water molecules. It is therefore reasonable to state that, adipose
tissues whose optical properties exhibit specific trends corresponding to a significant presence of
water may reflect an invasive breast carcinoma, either of lobular or ductal etiology.

Considering now the optical property behaviors of water-made phantoms, still in the trust-
worthy spectral range spanning from 200 GHz to 1 THz, one can observe their similar behavior:
the refractive index decreases from low to high frequencies. Additionally, the extinction coeffi-
cient decreases from 200 GHz to roughly 600 GHz. These two considerations are in line with the
behavior that was observed previously for liquid water.

When assessing the discrimination among the water-made phantom set, one can easily point
out their similitude. The discrepancy between each sample is quite small and difficult to appre-
ciate. Let’s however notice that phantoms #1, #3 and #4 are in line with expectations. In fact, the
higher water-content is expected to give arise to both the greater refractive index and the greater
extinction coefficient. Expectations are fulfilled in the sense that samples are sorted from top to
bottom from higher water-content to lower water-content. However, as stated earlier the standard
deviation of these measurements was by about 5% which induces that the samples made of 62.5%
and 60% of water are not reliably distinguishable. Nonetheless, one can, on the contrary, under-
line a significant discrimination when considering the 70% and the 60% water-content samples,
out of the deviation range.

Last but not least, the phantom #2 does not respond to what was expected there. In fact, its
refractive index exhibits some specific trends which are not in line with others. Moreover, such a
refractive index is higher than the one extracted for phantom #1 made of a greater water-content.
Concomitantly, the extinction coefficient derived from the measurement on sample #2 is clearly
lower than others, which basically makes no sense. Therefore, it is worth to ask oneself what could
give arise to such a tendency?

By thinking on the possible reasons, one may list: the different sources of noise previously
mentioned; The inaccurate positioning between the reference signal and the sample one, inducing
amplitude and phase discrepancy between the two signals; Intrinsic alteration within the phan-
tom itself. While the first statement toward noise can be corrected using proper precautions, the
second and last ones are more tedious. In fact, by replacing successively the sample on the top
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surface of the sapphire substrate one may have, at a moment, slightly tilted the sapphire from
its initial position. Consequently the position of the beam waist is modified and the beam focus
at the photoconductive antenna is shifted from the referent location. By doing so, the extinc-
tion coefficient may decrease in a greater way than the one stipulated by its intrinsic properties.
Considering now the greater refractive index of phantom #2, the modification of the optical path
reflects in faster or smaller propagation velocity, inducing inconsistent extraction toward the re-
fractive index. It is hence reasonable to assume that results on phantom #2 are inconsistent and
reflect a shortcoming and a limitation in the experimental setup used heretofore. On the other
side, we mentioned previously the intrinsic alteration of the sample itself. Effectively, let’s remem-
ber that our phantoms were made of water, oil and proteins. Although attempting to homogenize
the emulsions, water and oil simply do not mix properly together due to their respective polari-
ties. As oil is lighter than water, it is unfortunately possible than it tends to move to the surface,
denaturing the wished nature of the sample.

From samples exhibiting consistent optical behavior, namely #1, #3, #4 and #5, one may now
try to fit their respective dielectric properties by deriving them first from the extracted optical com-
ponents and subsequently find out the underlying physical parameters. It is worth noting that as
these samples have been specifically designed and produced for the aim of this study, information
concerning their dielectric behavior in the microwave region are therefore not available. Conse-
quently, all the fitting parameters are free to be adjusted during the procedure. The task is partic-
ularly tedious as models and poles to be used to fit the data are unknown. Indeed, the different
constituents may interact with each others, giving arise to specific relaxations which may not be
simply exponential like Debye relaxations. Moreover the complexity increases proportionally to
the number of constituent.

I1.5.2 Relaxation Mechanisms

Multiple combinations of Debye, Cole-Cole, Davidson-Cole and Havriliak-Negami poles were suc-
cessively tested. Nonetheless, none of the considered forms was suitable to describe the behavior
of both the real and the imaginary part of the complex permittivity. One has still to determine a
theoretical model to describe the behavior of the permittivity in the complex plane. According to
Figure I1.28, the most noticeable feature is the peak located around 270 GHz for water-made phan-
toms. A comparable increase is spotted for the free-water phantom around 492 GHz. The presence
of these peaks was reported in the literature for real breast tissues but their origin is yet to be un-
derstood [41]. However, the increase of the permittivity in the low frequency range does not lead
to a Debye response or any polynomial models. Throughout the literature, one can found Debye-
like fittings on tissues and phantoms that match well the data. However, the fitting procedure is
generally conducted from 400-500 GHz and hence, does not take into account the low frequency
permittivity increase. Alternatively, one can assess the dielectric function behavior in frequency
subranges and merge subsequently the results. However, such attempts are often cumbersome
and inefficient.

In this work, an other approach is developed that allows to fit the biological data over the en-
tire considered spectral band. Note that the model to be described was only tested in the limited
terahertz bandwidth and does not aim to simulate the dielectric function over the entire electro-
magnetic spectrum.

Asitwas described in the first chapter, the dielectric function over a given spectral band can be
approximated as a combination of dielectric mechanisms. The dielectric function can therefore
be simulated through the generic shape of:

M
E(W) =€t ) €m(), (I1.30)

m=1

where € is the permittivity at infinite frequency, and €, (w) is the dielectric mechanism of in-
dex m. Indeed, the dispersion of the dielectric function usually does not correspond to an unique
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mechanism and therefore dielectric poles €, are distributed over the spectral band. The terms €,
are of the form:

Am,0
Brm,0 — iwPm1 —Pm2w?’

em(w) = (II.31)

where a and f are coefficients that belong to R but are not necessary physical terms. However,
such kind of formulation is quite constraining and is not always sufficient to properly match the
data. The idea is therefore to provide more flexible pole. By introducing an additional term in the
numerator of I1.31 of the form «,,,;(-iw) and —iwf,,,1 in the denominator the model is overall
more flexible. The introduced parameter in the numerator can be seen as a parameter depending
on the time derivatives of the electromagnetic field interacting with the material. On the denom-
inator, it corresponds to an electronic damping factor. Based on the foregoing, one can rewrite
equation I1.31 as:

Q0 + 0, 1 (i)

em(w) = - ) (I1.32)
" Brm,o—2iwPm1 _Bm,z(l)2
we kept f3,,,,2 fixed to unity for simplicity and finally equation II.32 could be rewritten as:
N .
@) =gt Y om0t Xma(Z10) (I1.33)

=1 Bm,o = 2i0Bm,1 — w? '

In the following, excluding €, the parameters are empirical and do not aim to underline the
physical nature of samples. It is then worth to emphasize that these parameters should only be
regarded as required parameters to obtain accurate fits. In its final shape, one can notice that the
model described in equation I1.33 is developed on the basis of Lorentz oscillators given in 1.3.2
Interaction Mechanisms, equation 1.28. Here, the Lorentz oscillators are aimed to compensate
between each others to produce the dispersion profiles.

Remarkably, the dielectric response of phantoms was found to require four different poles
(M = 4) while for the water-free phantom 3 poles (M = 3) were found to be sufficient. The pa-
rameters of the effective model previously described were therefore extracted and are reported for
each phantoms in Table I1.8 and the respective fitted dispersion profiles are fitted in Figure I1.29.

Table I1.8: Fitting parameters of each phantom with respect to equation I1.33.

Phantom #1 Phantom #3

€00 = 2.69 o oy Po B1 €00 = 2.34 o) o Po B1
15 —Pole: 395.49 22.02 99.92 556 1% —Pole: 1.08E3 149.65 100 13.91
2" _pole:  119.67 64.75 9.28 5.02 2" _Pole: 108.30 29.91 14.51 4.00

3" _pole:  3.93 2.83 0.04 0.03 3%—Pole: 3.66 ~0 0.03 ~0
4" _Ppole: -40.23 -156.99 1.99 7.77 4'"_Pole: -35.66 -272.18 594 4532
|Res|  0.4809 |Res|  0.3297

Phantom #4 Phantom #5

€00 = 2.33 00 oy Po P1 €00 = 1.85 a oy Po B1
1%t —Pole: 257.73 1.22 99.72 047 1% —Pole: 0.34 2.34 1.12  7.69
2nd _pole: ~0 11.21 ~0 1.71 2" _pole: ~0 6.44 ~0 178

3" _Pole: -1462 -036 068 0.02 3'9—Pole: -008 -207 116 30.70
4" _pole: -3191 -39.30 295 3.63 4'"—Pole:

|Res|  0.6364 |Res|  0.2327
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Figure II.29: Fitting of the dispersion profiles of each phantoms with respect to 11.33. Blue: #1 phantom;
Green: #3 phantom,; Yellow: #4 phantom; Purple: #5 phantom. Black dashed line represents the A metric.

It is worth noting that as the model does not attempt to describe the physical properties of the
samples, the parameters are not constrained during optimization. Concomitantly, one may have
identified a drastic shortcoming in the model. In fact, it seems quite obvious that I1.32 is hardly
convex and therefore the minimization of the corresponding objective function would be very
challenging for the standard optimization solver fiminsearch without falling into saddle points.
Such an issue was not treated in depth during this work. However, for suggestions, one may ex-
plore the structures of 11.33 that are partly convex by the deriving the Hessian of the problem func-
tion ¢ and verifying analytically the following statement [42]:

¢" =0. (I1.34)

One would also probably want to keep held 3,,, 0 and f3,,,,1 in a first instance and reexpress the
problem in a more computational friendly fashion. It is aimed that overcoming the formulation
of the model, it may provide accurate parameters that should reflect in a certain way the physical
properties of biological materials.

Nevertheless, one can appreciate the accuracy of the model. It is certain that although being
still at the development stage due to its formulation, the model may lead with further work to
a robust theoretical basis toward the simulation of the dispersion profiles of anthropomorphic
samples.

Additionally, it seems important to emphasize that the imaginary part of the dielectric func-
tion that was extracted for phantoms exhibit a particularly strange behavior. In fact, €” exhibit a
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strong convex shape and is therefore barely consistent with the theoretical biological spectrum.
In fact, an €’ convex function would reflect the presence of two characteristic frequencies on both
side of the minimum of €”. However, we largely discussed on the fact that due to the complexity
of biological tissues, the dielectric function was expected to be frequency-dependent in the ter-
ahertz range with no specific features. As phantoms aim to mimic tissue behaviors, the convex
nature of €’ is therefore inconsistent. Furthermore, such a frequency dependence is not in line
with reported data throughout the literature. On the contrary, the real part ¢’ behaves similarly to
those reported results. Roots for such an observation are probably related to the extracted optical
parameter x which is, in reflection configuration, less reliable than 7n. Indeed, as the focus tera-
hertz beam only interacts with phantoms at the dielectric interface sapphire — phantom, it
does not propagate within the material and the recorded signal is therefore mainly dictated by the
refractive index difference between sapphire and sample. Hence, it is reasonable to assume that
the small quantity of information carried about the extinction coefficient « is significantly affected
by the noise and may turn to be less solid. In view of these considerations on the doubtful relia-
bility of it seems interesting to perform the optimization only on the real part of the permittivity.
Such an action is supported by the fact that in the spectral range lying between 200 GHz and 500
GHz, the weak value in k as a poor impact on €' regarding the impact of n. Indeed, let’s remind that
€ (w) = n®—x2, hence on comparing 7 versus K it is reasonable to state that €' reflects most strongly
the dispersion in 7 than in k. The idea is then to perform the objective function minimization only
toward the real part of residuals by modifying the definition I1.29 respectively as:

Wmax
[Res| =1/ Y Oej(w)2. (11.35)
w=0

On taking the mathematical formulation of the model in I1.33, one can see that it can be rewrit-
ten as a function of its real and imaginary part as:

O(()(ﬁ() - (1)2) + 20(1(,0261
(Bo—w?)?+ 4032[3%
—010(Bo — ®?) +2000P1 |

Bo — 0?)% +4w?p?

Re é(w) =

(I1.36a)

(I1.36b)

Imé(w) =

Therefore, the optimization will be proceed toward the definition in I11.36a. Ultimately, on op-
timizing only on the real part of the permittivity, the sufficient number of poles to accurately fit
the dispersion profiles was reduced to three (M = 3) for all phantoms. The extracted coefficient
are given in Table I1.9. The overall real part of the dielectric functions are better fitted than previ-
ously (Figure I1.30). Such a trend is not surprising since the optimization is not performed in the
complex plane. Therefore, it is easy to understand that parameters are slightly less constrained.
However, it is worth mentioning that a fit that looks better is not obviously a better fit. Let’s keep
in mind the deliberate choice of assuming the weak contribution of k to € and to shelve the opti-
mization on the complex plane.

The effective model employed to simulate the response of the real part of the complex per-
mittivity mimics very well the dielectric behavior of phantoms whereas even large number of
other relaxation terms were inadequate and consistently failed to assess the low frequency per-
mittivity increase. Interestingly, the norm of residuals increases as a function of water-content
which may suggest that greater water content requires additional dielectric poles or supplemental
(—iw)" terms. Nonetheless the accuracy of the fit, with respect to residuals, is clearly sufficient
and further considerations are not substantial. However, despite the accuracy of the fitting, one
has first to ensure that sensed phantoms are decently mimicking real breast tissues before any fur-
ther steps. To this aim, a comparison between the model proposed by Truong et alin 2015 derived
from a wide measurement campaign on 74 breast samples and the model employed here has to
be performed using the A(f) metric [43]. Let’s underline that such a comparison remains purely
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Table II.9: Fitting parameters of each phantom for (I1.36a).

Phantom #1 Phantom #3

€0 =3.35 0o o Po B1 €0 = 3.28 0o o Po B1
15 —Pole: 7.48 1343 149 268 1 —Pole: 234 370 121 191
2md _pole:  -3.06 -1023 129 431 2" _Pole: 0.09 ~0 458 ~0
34 _Pole: -20.83 -0.12 354 0.02 3%—Pole: -334 -052 150 0.23
|Res|  0.2290 [Res| 0.1651

Phantom #4 Phantom #5

€00 = 3.27 o) a Po P1 €0 = 2.24 o) a o PB1
15 —Pole: 1.30 5.57 0.50 2.14 1% —Pole: 0.13 0.71 0.64 3.57
2nd _pole: -0.13 -1.74  3.73 4999 2" _Ppole: -0.38 -1E-3 7.34 0.02
374 _pole: -10.01 -1.49 1.95 0.29 3" _Pole: -247 -0.05 2.46 0.05
[Res]  0.1319 [Res|  0.0569
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Figure I1.30: Fitting of the real part of the dispersion profiles of each phantoms. Blue: #1 phantom; Green:
#3 phantom; Yellow: #4 phantom; Purple: #5 phantom. Black dashed line represents the A metric.

qualitative since water, fat and protein fractions in fresh samples were not accessible. One can
simply assume that phantoms #1, #3 and #4 should exhibit a dielectric behavior roughly similar to
healthy fibroglandular and malignant tissues while sample #5 is expected to stay in line with adi-
pose tissue. In their paper, Truong et al considered an empirical model based on the combination
of non-Debye and Debye relaxations (equation I1.37).

wT1A€; + A€y Aes o

€r(w) =€+ (I1.37)

1+ (iwty)? 1+iwTy %’

here o corresponds to the impact of the conductivity on the dielectric loss within tissues. The
authors emphasized that Ae; and Ae, are more empirical parameters rather than being of phys-
ical nature and should therefore be considered as required parameters to obtain adequate fits.
Extracted parameters from their study are reported in Table II.10.

The A(f) metric aiming to compare the two model is given in Figure 11.31.0n reducing the
water content among water-made samples, the dielectric function tends to be closer to that of
normal tissues reported by Truong et al. On the other hand, the greater the water-content, the
closer to cancer behavior it is. Concerning the adipose model and the one for water-free phantom,
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Table I1.10: Parameters of the model proposed by Truong et al. aR? is the adjusted R-square value denoting
the square of the correlation between the response values and the simulated ones. When equal to unity, the
adjusted R-square value denotes a perfect correlation while being equal to 0 it denotes a null correlation.
BCC: basal cell carcinoma.

€50 A€ A€y Aes o T1(ps) T2(ps) a aR?
Adipose 2.50 3.54 -1.89 0.47 039 9.67 0.13 1.49 0.996
Normal 3.34 133 -3.05 0.71 5.27 1.91 0.11 1.20 0.998
BCC 2.86 2864 -3.45 159 8.33 3.58 0.10 291 0.997

both are quite similar as depicted by the metric. Overall, one can appreciate the correspondence
between the two models even though, and unsurprisingly the two models do not match perfectly
since compound fractions are not identical. Moreover, phantoms just aim to approximate tissue
trends. In that sense, it is reasonable to confirm their anthropomorphic nature. Nevertheless one
still has draw some interesting features belonging to mimicking breast tissue phantoms which
are of cardinal importance to address the up-coming pre-clinical study on freshly excised breast
tissues.
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Figure I1.31: A metric on the comparison between Truong et al model and the modified-Lorentz one for
phantoms. Blue: #1 phantom; Green: #3 phantom; Yellow: #4 phantom; Purple: #5 phantom. Black dashed
line represents the A metric.

I1.6 Excised Breast Tissues

PRELIMINARY ETHICAL APPROVAL: HUMAN TISSUE ANALYSIS HAVE BEEN PERFORMED IN VIEW OF
THE FUNDAMENTAL ETHICAL STIPULATED IN THE HELSINKI DECLARATION AND ITS LATER REVISIONS.
SAMPLES WERE OBTAINED WITH THE WRITTEN APPROVAL OF EACH PATIENT UNDERGOING AN EXCI-
SION PROCEDURE.

Investigations toward freshly excised breast tissues were conducted at the histology depart-
ment of the Bergonié Institute, the oncology laboratory partner. To this aim, a TPS4000 was moved
to the hospital. In this work, sixteen different excised tissues from eleven non-consecutive patients
were used to collect a total of forty-eight waveforms, each being averaged over one hundred mea-
surements. Excised tissue classification and preparation is described in the following section.

I1.6.1 Tissue Registration & Preparation

To correctly assess variation across and within freshly excised breast samples, a classification of
tissues regarding their biological compositions is obviously of capital importance. Each sample

89



CHAPTER II. TERAHERTZ SPECTROSCOPY

was catalogued to belong to one or more of the subsequent groups: (A), (N) and (C), denoting
respectively the presence of adipose, normal and cancerous tissues. Unless advised by a doctor,
fibrous waveforms from breast conserving surgery were consistently put into the malignant cate-
gory. Table I1.11 shows the data classification among samples. Five samples were invasive lobular
carcinoma, six samples were invasive ductal carcinoma, two were metaplastic breast cancer, one
was breast phyllodes tumor and two were excised from a breast reduction. Measurements were
performed on samples that have not been submitted to any chemical treatments. After surgery,
the breast excision was carried to the histology room to be cut in slices of few millimeter thick
and small enough to sit on the top of the sapphire substrate. To ensure a good contact with the
sapphire window, sliced tissues were slightly pressed with another sapphire substrate on the top.
A picture of sandwiched tissues (I.I and K.I samples) is shown in Figure 11.32. A maximum of two
hours elapsed between the excision procedure in the operating room and the acquisition, to en-
sure no drastic degradation of fresh state tissues. Samples that did not fulfill such a requirement
were removed from the initial database. From each sample, several locations were probed and
the corresponding waveform was recorded. After being measured, tissues were fixed in a formalin
solution before conducting the classical histology hematoxylin and eosin stain process.

TableI1.11: List of the fifteen freshly excised tissues analyzed in reflection spectroscopy. Samples having the
same letter reference code belong to the same patient and have been excised during the same procedure.
The diagnosis column refers to the pathology from which is suffering the patient. ILC: invasive lobular
carcinoma; IDC: invasive ductal carcinoma; MBC: metaplastic breast cancer; BPT: breast phyllodes tumor;
BR: breast reduction.

Patient Sample Classification Diagnosis Stade Age

A L © ILC 2 74
- II. © - - -
B L Q) IDC 3 82
- II. (A);(N) - - -
C L Q MBC 3 63
- 1. (A) - ] _
D I (@) IDC 3 66
E I (@) IDC 2 80
F L (@) ILC 2 73
G L © IDC 2 55
H I Q BPT 2 63
I I (A);(N) BR - 48
- 1. (A);(N) - ] _
J L (A);(C) ILC 3 82
K L Q IDC 3 84
Histological distribution among the waveform set
(A) (N) ©)
11 11 26

I1.6.2 Extracted Intrinsic Properties

The physical properties lying behind each recorded waveform contained in the database were
extracted. From the individual properties, the mean as well as the standard deviation were derived.
The real and the imaginary part of the complex refractive index for each category are shown in
Figure I1.33.

The extracted intrinsic properties are generically in good agreement with other published data.
Especially with the reference paper published by Ashworth et al [41]. However, globally the three

90



CHAPTER II. TERAHERTZ SPECTROSCOPY

Figure I1.32: 1.I and K.I samples sandwiched between two sapphire substrates to prepare the tissue mea-
surement.
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Figure I1.33: Refractive index and extinction coefficient for malignant lesions, healthy fibrous and adipose
tissues.

types of tissues exhibit -in this work- slightly greater real and imaginary parts. This is assumed to
be due to the fact that in their paper, Ashworth and colleagues have frozen tissues before measure-
ment to prevent from water release during acquisition. On our part, tissues were not frozen and
were analyzed directly after being excised. The contributed surplus likely results from the excess
of water within freshly excised tissues.

The error bars are globally larger for cancer and healthy fibrous at low frequencies. Such a
trend is supposed to be due to the concomitant effect of both the strong terahertz attenuation
within these materials and the low signal-to-noise ratio located at these frequencies.

The attenuation reflects both the extinction, globally due to generalized thermal effect, and
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the internal scatteringﬁ. However, from the measurements that have been done within this work,
itis clearly impossible to state on the impact of each of those. Nevertheless, the high water content
found in freshly excised tissues leads us to believe that extinction is the major contribution toward
attenuation.

A particularly interesting feature is exhibited by all tissue class. Although being already re-
ported in the section on phantoms, the refractive index consistently shows an increase in the low
frequency range before decreasing. The presence of this speak is not fully understood. Never-
theless, it is still possible to draw some assumptions. Such a feature is clearly absent from the
dispersion profiles that were reported before for water. Therefore, it is reasonable to state that
such trend is not solely correlated to water-content nor malignancy since the three groups exhibit
it. However, each of these tissue category contains a certain amount of protein that may on inter-
acting with bulk water molecules, produce the peak. Let’s note that the refractive index increase is
slightly shifted to lower frequencies in comparison to that of phantom mimicking tissues.

The overall tendency clearly indicates that adipose tissues are distinguishable from the two
other types. Indeed, both the real and imaginary part of the optical function are consistently lower
than those of healthy fibrous and lesions over the entire considered spectral range. The first reason
that comes to mind for this specific behavior is that the overall water-content is drastically lower
in adipose tissue than in others. Although being lower in term of optical properties than other
tissues, the set of adipose tissue is also greater than the water-free phantom that was analyzed in
the previous section, supporting the idea that water plays a substantial role. To illustrate the state-
ment toward the discrimination of adipose regarding other tissue types, Figure 11.34 depicts the
refractive index and extinction coefficient difference as a percentage of the healthy fibrous prop-
erties. Fibrous tissues have been preferred over cancerous tissues as the mean complex refractive
index of healthy fibrous tissues is globally lower than cancerous lesions. The error propagation
was defined by logarithmic differentiation and was found to be:
+A nk, A

An»kfihrous adipose 4 nykfibrous

AAp,K) = Ap i ( (I1.38)

n’kfibrous_ n, kadipose nkaibrous

Differences toward the two optical parameters are clearly located in the low part of the spectral
band. On the contrary when looking at differences at higher frequencies, the gaps between the two
groups decreases.

On the refractive index difference, one remarks that the difference between the refractive in-
dex of adipose tissues and the one of healthy fibrous tissues exhibits some fluctuations instead of
being monotonous. These fluctuations are not attributed to structural features but rather to arise
from the slight oscillations observed in the dispersion profile of the refractive index of normal tis-
sues. Between 200 GHz and 900 GHz, the refractive index difference is in average ranging from
18% to 20% of fibrous real optical function. On considering the limits of distinction, the refrac-
tive index difference is at least of 10% in the 200 - 600 GHz window for the entire set of samples.
Concomitantly, beyond 600 GHz, the two groups of healthy freshly excised samples are exhibiting
arefractive index difference of at least 4%.

The discrimination between the two benign healthy groups is even more appreciable on com-
paring the extinction coefficient. Indeed, between 200 GHz and 600 GHz, the extinction difference
is not less than 15% for the entire set. On the contrary, at higher frequencies the distinction is
clearly not reliable.

Therefore, it seems interesting to underline that frequencies for discrimination between adi-
pose tissues and other types are not appreciable on the same level. Particularly, frequencies rang-
ing from 200 GHz to 600 GHz seem to provide clearer classification between adipose tissue and
fibrous/cancer. Furthermore the intrinsic extinction is -in this range- a more efficient classifier.
However, we previously stated that the refractive index is, in reflection geometry, more reliable
than the extinction coefficient. Hence, on an advisory basis, it would be recommended to always

6The contribution of scattering to attenuation is however expected to be relatively small in comparison to extinction.
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Figure I1.34: Refractive index and extinction coefficient difference between adipose and healthy fibrous as
a percentage of healthy fibrous characteristics.

check both the refractive and extinction index instead of working only with « to discriminate adi-
pose tissue from other tissue types.

In view of the foregoing, it seems reasonable to state that the use of terahertz spectroscopy
allows one to discriminate adipose tissues that are located within the breast volume from other
connective tissues.

It is nonetheless apparently more tricky to distinguish between healthy fibrous and cancer.
The refractive index of cancer tissues and healthy fibrous are in average slightly distinguishable.
However, it is clearly obvious that differences are not so clear and that their respective error bars
slightly overlap atlow frequencies. In Figure I1.35, the optical property differences between normal
and cancer tissues as a percentage of cancer characteristics are plotted. The error propagation was
calculated in a similar way as defined in equation I1.38.

Considering the refractive index difference, below 300 GHz as the errorbars overlap (Figure
11.33), it is obvious that no distinction can be made between the two groups. It is hence reason-
able to state that the biological structure of both healthy fibrous and cancer are quite similar and
the signal-to-noise ratio does not allow to discriminate benign from malignant tissues in the low
frequency range. After roughly 300 GHz, the errorbars do not overlap as depicted by the positive-
ness of the refractive index difference. Although the respective refractive indices do not overlap
with each other, their demarcation is relatively weak. Indeed, over the set of sample that was an-
alyzed, the refractive index difference between healthy and malignant tissues varies from 0% to
15%. Therefore, it is not possible, from a statistical point of view, to consistently distinguish with
certitude healthy from malignant tissues.

On observing the behavior of the extinction coefficient, it is obvious that no distinction are
feasible from the study of this property. In fact, the respective confidence intervals overlap over
the entire band.

On comparing these results to the work of Ashworth et al, one can ask oneself why each study
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Figure I1.35: Refractive index and extinction coefficient difference between healthy fibrous and cancer as a
percentage of cancer characteristics.

came, a priori, to opposite conclusions? Indeed, in their work, Ashworth et al reported significant
demarcations between healthy and cancerous tissues. However, heretofore, we explicitly stated
on the particularly weak difference between healthy fibrous and malignant lesions properties. Al-
though working toward the same goal, the two studies are actually quite different and do not re-
flect a shortcoming in the previous study nor in the present one. In their work, Ashworth et al have
investigated over a large set of samples that were pre-selected as a function of the degree of homo-
geneity toward their histological structure. Tissues that were classified to belong to a tissue type
were exhibiting a homogeneity toward this group of roughly 90%. In other words, cancer samples
were presenting 90% of lesion over the analyzed surface. Similarly, samples classified as healthy
fibrous and adipose tissue were exhibiting in average 80.8% and 89.7%, respectively, of the corre-
sponding class. However, in the work reported through this manuscript, samples were attributed
to the malignant category from the time that abnormal cells were present in the sample volume
as mentioned in the Tissue Registration and Preparation section. Hence, the difference percentage
is likely dictated by the fraction of healthy tissue to that of malignant lesion. On probing cancer
region presenting a weak density of abnormal cells, the dielectric response is expected to mainly
depict the one of fibrous tissue. On the contrary, sensing homogeneous pathological tissues would
lead to higher refractive index. In that sense, it seems that terahertz radiations are not able to dis-
criminate between healthy and malignant regions when facing weak cancer cell densities. Obvi-
ously, such a statement remains hypothetical and would require further works. As a suggestion,
the worldwide bio-terahertz community has to focus on the quantification and qualification of
the degree of sensitivity of terahertz radiations to lesion fraction in reflection configuration, that
would be, in a second instance, a milestone to reach.

Concomitantly, one may underline the different pathologies of various etiologies that are, in
this work, analyzed. Even though it is clearly impossible to state on the sensitivity of terahertz
waves to specific pathologies, it still stands as a parameter that may interfere in the analysis. Un-
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fortunately, the data set used in this work is not statistically significant to conduct investigations
toward the possible different behavior to terahertz stimuli of the various pathologies gathered be-
hind the term breast cancer. Reasonably, no features can be confirmed or negated to be due to a
specific breast disease. Same conclusions are drawn towards patient age.

Although not being consistently distinguishable, healthy fibrous and cancer tissue still exhibit
in average a significant difference in refractive index.

I1.6.3 Relaxation Mechanisms

The model previously derived was then tested on each category. To this aim, the complex function
of each group is derived from the optical function. Fitting parameters are given in Table II.12 and
the respective graph are shown in Figure I1.36.

Table I1.12: Fitting parameters for the mean complex dielectric function of each tissue types for (I1.33).

Cancer Fibrous

€0 = 2.36 o) o Bo P1 €0 =215 a o B1
1 —Pole: 334 2372 061 475 1%'—Pole: 155 ~0 050 ~0
2nd _pole:  0.27 123 0.07 050 2" _Pole: 132 258 039 0.54
3" _pole: 021 1561 007 ~0 3™@—Pole: 085 21.20 0.16 4.77
4t _pole:  -056 -963 023 004 4"—_Pole: ~0 394 ~0 0.04
|Res|  0.1520 |Res| 1.3828

Adipose

€00 = 1.89 o o Bo P1
15t —Pole: 4932 420 3944 1.11
2" _pole: 21.01 17.99 4.28 453
3" _pole: -2625 -4541 1.97 21.46
4" _pole: -3921 -262 39.13 0.96
|Res| 0.6364

The cancerous group is by far the class for which the model suits the best as indicated by resid-
uals. The fitting for the mean complex dielectric function of malignant tissues is given in Figure
I1.36. Both the real and the imaginary part of the experimental dielectric function are well fitted.
As depicted by the A(f) metric, the error in the real and in the imaginary part is less than 10~ and
1073 respectively between 200 and 600 GHz. However, the error function clearly indicates that at
frequencies beyond 800 GHz, the model does not match the data. Such an observation is assumed
to be due to the fluctuation in k that arises around 900 GHz. Although such a fluctuation is likely
due to noise, it limits the accuracy of the fit at these frequencies. Remarkably, the slight increase
in the real part of the permittivity is well retrieved. Additionally, the solely physical parameter €4,
that depicts the permittivity at infinite frequencies is greater than other tissue types but still re-
mains lower than the one of water of 2.66 that was extracted by means of a two Debye poles in
the corresponding section. Although such a trend was expected, it is still worth to underline it as
freshly excised tissues nearly match in vivo circumstances and therefore are expected to exhibit a
water-content in the range of 60-80%.

On fibrous tissues, the experimental real part of the permittivity exhibits certain oscillations
that cannot from our study be solely attributed either to the noise nor internal processes. How-
ever, on comparing the behavior with the literature, it seems that the dispersion profile in €’ suffers
from some experimental artifacts. Indeed, these features were not reported in any other studies.
Although it is difficult to state on the origin of such fluctuations, let’s remind that terahertz waves
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Figure I1.36: Fitting of the dispersion profiles of the mean response of cancer (solid red), fibrous (solid
blue) and adipose tissue (solid green). Dashed black line represents the A metric between measurement
and fitting.

are expected to be particularly sensitive to water-content. Therefore, it was expected that the pro-
file of the dielectric function of fibrous tissues follows a smooth tendency instead of presenting
oscillations. Hence the fitted curve does not perfectly reflect the reported experimental behavior.
In the used model, let’s remind that the approximation of the dispersion is performed by the com-
bination of oscillators that can compensate each others. In that sense, it would have been possible
to strictly fit the experimental behavior. However, the less nonsmooth response among the imag-
inary part of the dielectric function allows to preserve the expected general behavior. Evidently,
despite the fact that the imaginary part seems to limit numerical oscillator’s stretching, the relia-
bility in fitted profiles is affected. Nevertheless, the tendency of the adjusted €’ is close to the one
shown by cancer tissues and should therefore remain approximately valid.

Last, adipose tissue fitting is quite tedious. In fact, the presence of an oscillation around 900
GHz that was attributed to the noise is of greatest impact on the extracted imaginary part. In fact,
the naturally weak extinction in adipose tissues particularly suffers from the experimental noise
that turns to blur the attenuation tissue response and ultimately, experimental fluctuations take
over. Despite the good fit, it makes no doubts that the imaginary permittivity increase around
900 GHz is not caused by structural response as it was already pointed out for previous tissue
types. Moreover, adipose tissues are expected to contain a lower amount of water and therefore
sensing terahertz field should, globally be less sensitive to such type of tissue. Therefore, all these
considerations may negatively impact the identicalness of the proposed model toward adipose
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tissues. Of course, it would have been possible to adjust the dispersion profiles of adipose tissues
between 200 GHz and 500 GHz to do not take into account the noisy contribution that takes place
at higher frequencies. However, we would therefore consider a particularly short frequency band
by about 300 GHz which, by no means, may traduce the dielectric behavior over the spectral band
that we, heretofore, considered. Although the extracted dispersion profile in €” of adipose tissue
seems weakly reliable at high frequencies, it would not be surprising that such a trend frequently
appears when probing weakly attenuating samples. Therefore, although the permittivity increase
may not be correlated to physical process but rather to noise, such a trend concomitantly depicts
the weak intrinsic extinction in adipose tissues that still may be used as identification parameters.

Globally, the model that was reported in equation I1.33 seems to be very sensitive to exper-
imental artifacts and the different sources of noise. That is not surprising since the model was
proposed to be more flexible. Flexibility turns to play against us when dealing with noisy signals
and hence particularly weak absorbing material like adipose tissues. In fact, the model succeeds
in adjusting dispersion curves that are a priori not depicting solely the intrinsic dielectric behav-
ior but rather a summation of noise and tissue response, like it was shown for adipose tissues.
In the same time fitting on the complex plane allows to maintain consistency as one less nons-
mooth dielectric part may weight fluctuations exhibited by the other part, as shown for healthy
fibrous samples. Finally, cancer curves were almost perfectly retrieved. This may be explained
by the smooth dispersion profiles that were extracted and the sensitivity of terahertz waves to the
theoretically higher water-content in malignant lesions.

The discussion in the foregoing, having eventually clarified the relevant facts of the fitting pro-
cedure using I1.33, one is at that moment able to assess whether there are specific distributions
among the sorted parameters that may help to discriminate between tissue types. First, let’s con-
sider the value of the permittivity at infinity frequency. The value of e, decreases from cancer to
adipose tissues with fibrous tissues making the bridge between them. Overall the value is lower
than the one that was reported for water. However, these values are quite different from the ones
reported in [43] but are closer to the one reported by [44]. A brief comparison is given in Table
I1.13

Table I1.13: Comparison of €.

@a oy (©
[43] 241 280 3.15
[44] - 2.58 2.65

Thiswork 1.89 2.15 2.36

Differences among these values may arise from various origins: first, tissue registration and
classification among studies; Second, fitting model. [43] used the model described in equation
11.37, [44] employed two Debye poles at frequencies beyond roughly 500 GHz and here, the model
in I1.33 was used; Third, the spectral band within which the procedure was performed; Last but not
least, the choice and the implementation of the solving algorithm. All these factors may obviously
lead to slightly different values. Nevertheless, the increase in €, from adipose tissue to malignant
ones is common to all studies. Let’s note however, that no value for adipose tissues was reported
by [44]. In Figure 11.37, is reported the distribution of the contribution of the parameters of each
poles for the three types of tissues. Overall, the adipose tissues exhibit higher responses than other
groups. Such a statement remains generically valid among the four fitting poles. On comparing
fibrous and tumor, one can note the important response of ay,, for the four poles. Additionally,
an important difference is reported between healthy and malignant tissues in o;;. Let’s remind
that ay,, was introduced to offer more flexibility to the model. Furthermore, it was introduced
to add a time-dependent parameter, such as the probed region polarization as a function of the
time derivative of the incident electromagnetic field. However, as the model was not specifically
designed to trace back the internal physical processes, it would not be reasonable to state on the
physical significance of the contribution distribution. It is, nonetheless, possible to draw an as-
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sumption on the high specificity of ay,, toward the discrimination between healthy tissues and
tumor.
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Figure I1.37: Averaged distribution of model parameters of each poles for tissue types.
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In conclusion, the pre-clinical study allowed to identify the key features of each tissue type to
further discriminate them by means of terahertz pulses.

Overall, among the three tissue categories, adipose tissues are highly distinguishable from fi-
brous and cancer tissues. Both the refractive index and the extinction coefficient are significantly
lower than the ones of healthy fibrous and malignant samples. The only parameter that can, from
our study, explain such a trend is the low water-content found in adipose tissue in comparison
to fibrous and cancer. Although such a statement towards water-content is valid, additional pro-
cesses may play specific roles in lowering the dielectric response but are yet to be understood and
identified.

On analyzing freshly excised human breast tissues, it was also reported that weak differences
were observed between healthy fibrous tissues and malignant samples. At low frequencies, below
300 GHz, the errorbars overlap leading to the conclusion that no distinction can be made in this
spectral window. Considering the refractive index beyond 300 GHz, it was observed that the dif-
ference between the real optical function of cancer and the one of fibrous was varying between
0% and 15%. We assumed that the range of variation was mostly dictated by the fraction of can-
cer cells to the one of healthy cells and connective tissues. Concluding that despite differences
were in average observed in the refractive index, false identification diagnosis would frequently be
reported.

The model described in equation I1.33 was therefore employed to assess whether fitting pa-
rameters may be used as complementary identifier to distinguish between healthiness and malig-
nancy. Despite minimization issues that were all along reported in the previous section and the
present one, we identified the «;,, parameter to be particularly sensitive in comparison to other
parameters. The high response of a;,, can support the idea of the necessity to introduce more
flexible parameter to fit the overall dispersion profiles of freshly excised human tissues. Evidently,
further works are required toward the development of the proposed model to lead its use to more
robust analysis and especially when working towards breast cancer detection.

I1.7 Cancerous Cells

In the foregoing, it has been argued that one of the most promising factor to contrast between
healthy and cancer was the inner water-content. But, in reality such a statement is a shortcut.
Let’s first ask oneself how the inside of a cell looks like ? The inside of a cell is actually analogous
to the Champ-de-Mars during summer: a particularly crowded place. As reported by R. John Elis
in [45], macromolecules occupy typically 20-30% of the intracellular volume, water making up the
remainder. Therefore it was suggested that the inside of the cytoplasm is made of a jelly-like envi-
ronment rather than being simply filled with a fluid [46]. Interestingly, one of the most astonishing
advance toward cancer detection was realized with nuclear magnetic resonance [47]. The author
reported a considerable increase in the relaxation time of the spin-lattice T and of the spin-spin
T, on comparing malignant Novikoff hepatoma and normal rat liver. The relaxation time increase
was attributed to a less ordered intracellular water network. A decrease in the degree of ordering of
inner water reflects the increase of water dynamics inside the cytoplasm. Shiraga and colleagues
probed the dielectric response of DLD-1, HEK293 and HeLa human cancer cell monolayers by
attenuated total reflection (ATR) [48]. For the three types of cell lines, Shiraga et al reported an
increase in the real part of the dielectric function and a decrease in the imaginary one to those
of distilled water. On the basis of the same technique, Grognot and Gallot investigated Madine-
Darby Canine Kidney (MDCK) cell membrane permeabilization with a detergent, the saponin [49].
Saponin removes cholesterol chains that are present in the cell membranes making them perme-
able to antibodies or allowing them to release intracellular proteins [50]. Following the addition of
saponin, they reported a time progressive decrease of the cell monolayer response to the incident
terahertz field.
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II.7.1 Concentration-Dependent Properties

In the following, investigations on Michigan Cancer Foundation - 7 (MCF7), a breast cancer cell
line are reported. Different concentration of MCF?7 cells were probed in transmission spectroscopy
by means of a TPS3000 (TeraView Ltd, Camrbidge) to study the dielectric function behavior as a
function of the cell density. Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM), sup-
plemented with 10% Fetal Bovine Serum, 1% Penicilin-Streptomicin and 1% L-Glutamine. When
80% confluence was reached, cells were detached with trypsin and subsequently immersed in
standard cellular medium. Four different concentrations were analyzed (Table 11.14).

Table I1.14: MCF7 cell concentrations.

# Concentration (c/mL)

#1 20,000

#2 1,000,000
#3 2,000,000
#4 3,300,000

MCEF7 cell solutions were homogenized before being injected in an infrasil quartz sealed liquid
spectrophotometer cell with rectangular aperture from International Crystal Laboratories® (Fig-
ure I1.38). The sealed liquid cell is made up with two 4 mm thick infrasil quartz window separated
by 109.1 pm. The calibration of the sealed liquid cell was performed by the International Crystal
Laboratories® company. Each concentration was measured subsequently and independently five
times. The measurement chamber was filled with nitrogen to minimize the absorption from water
vapor along the optical path.
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Figure I1.38: Sealed liquid cell.

The extraction of the dielectric properties of each solution was performed in a similar way than
in previous sections. It is worth mentioning that as the study was performed in transmission con-
figuration, the transfer function to be inserted in the inverse electromagnetic problem objective
function is the one depicted in equation I1.20a instead of I1.20b. The real and imaginary profiles of
the dielectric function for each MCF?7 cell concentration are given in Figure I1.39.
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Figure I1.39: Dispersion profiles of the real and imaginary part of the dielectric constant for each cell con-
centration.

As far as it is know, it is the first time that such studies on cancer cells in suspension are re-
ported. As such, both the results and the assumptions that are drawn towards the dispersion pro-
files must be interpreted and considered with caution.

The lossless €' increases with increased MCF7 cell concentration. The results are significant
since the errorbars that represent the standard deviation over the independent measurements do
not overlap for C; and C,. However, C3 and C4 errorbars overlap over the entire frequency win-
dow. A reasonable assumption would state that the optical path through which passes the probing
pulses is already saturated with cancer cells at 2,000,000 cells per milliliter and therefore no signif-
icant differences are observed on increasing the cell concentration to 3,300,000 cells per milliliter.
The increase of the real part of the permittivity as a function of the concentration can be explained
by the increase of the medium density and therefore the increase of the probability of interactions
between cells and the sensing pulses. Consequently, terahertz pulses are progressively delayed in
arate proportional to the cell concentration.

On the lossy permittivity €”, the significant difference between the medium and the different
cell concentrations are mainly located between 200 and 700 GHz. On the other hand beyond 700
GHz, no noticeable variations are observed. Overall, with the addition of cancer cells, the solu-
tion permittivity decreases. That can be explained by the fact that strongly absorbing bulk and
free water molecules found in the biological medium are replaced by intracellular hydrated water
that form the hydration shell around macromolecules on interacting with macromolecules sur-
face groups. Additionally, by increasing the cell concentration the permittivity seems to increase.
Therefore one could ask oneself if the previous statement is still valid. Although it is impossible to
confirm or infirm the previous assumption, one has still to keep in mind the possible contribution
from scattering. Eukaryote cells have diameter that typically range from 10 to 50 pm. Furthermore
cells may link to each others to form aggregates of few individuals that may increase even more
the scattering. Therefore, one possible reason for such a global behavior is that on adding cell
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into the medium, the absorbing water molecules are replaced with less movable hydrated water
and therefore the part of the permittivity that corresponds to dielectric losses decreases. Con-
comitantly, the previous effect is counterbalanced by scattering. Remarkably, the two processes
seem to roughly compensate each other since increasing the cell concentration does not lead to
significant changes among dielectric losses. Interestingly, the addition of hydrated water into the
solution does not lead to specific features between 200 GHz and 1 THz. Globally, the response of
the dipole of water molecules in the hydration shell are retarded to a nanosecond timescale as it
was reported by [51-53]. Therefore, the contribution of hydrated water is expected to be negligible
in the terahertz window that is heretofore considered.

I1.7.2 Influence on Relaxation Mechanisms

In order to determine and to ascertain the roots for these frequency dependent dispersion profiles,
the dielectric constants that were extracted are analyzed by taking apart two relaxation mecha-
nisms of the form:

Ae™

=—) (I1.39)
l+ioTt,

€m
where the first pole (m = 1) corresponds to the slow relaxation process of bulk water and the
second (m = 2) denotes the fast relaxation of free and quasi-free water molecules. The two corre-
sponding relaxation times were fixed to the respective values that were extracted for water in the
related section, i.e., Tp = 8.34 ps and 12 = 0.1 ps. Holding fixed these two parameters allows to
investigate the impact of cancer cells in the medium to the overall amplitudes of each polarization
mechanisms. The relaxation amplitudes Ae; and Ae; as well as the permittivity at infinite frequen-
cies €., are reported in Table I1.15 for best fitted relaxation strengths. In Figure 11.40 are depicted
the three free parameters to those of the medium as a function of the cell concentration.

Table I1.15: Debye parameter for the best fitted relaxation strengths.

Medium C; C, Cs Cy
€00 2.28 2.29 2.53 2.70 2.73
A€ 67.54 54.17 53.72 54.00 54.30
AY) 2.53 2.84 2.96 3.07 3.08

From the extraction of the parameters one can see that electron excitation as well as intramolec-
ular vibrations that occur at infinite frequencies and denoted by €., are increasing alongside the
cell concentration increase. Such a trend would likely denote supplemental intramolecular modes
that appear on suspending cancer cells in the biological medium and that take place in the intra-
cellular medium.

Interestingly, for all concentrations the slow relaxation process strength Ae; decreases with
respect to that of biological medium. That may consequently explain the decrease observed in
the imaginary part €” of the dielectric function although the variation of the parameter Ae; does
not strictly follow the cell concentration for a reason that as yet to be understood. However, such a
decrease in the relaxation strength Ae; clearly indicates the diminution of bulk water and therefore
demonstrates that intracellular water molecules do not possess the same dynamics.

Remarkably, the strength Ae; increases as a function of the cell concentration, which may ex-
plain the increase in the lossless part of the dielectric function. The origin for such a behavior
is not certain but we can draw three differents hypothesis: first, MCF7 cells naturally possess in
average a greater number of free and quasi-free water molecules; Second, although the density
of bulk water into cytoplasm are expected to be weak, the present hydrogen-bonded molecules
may be less strongly bonded than those in liquid water and therefore may exhibit larger network
reformation when exposed to terahertz radiations; Third, on irradiating cells with terahertz waves,
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Figure I1.40: Variations in €, A€} and Ae; as a function of MCF7 cell concentration.

the hydration shell may release some hydrated water that transiently behave as free and quasi-free
molecules.

The contribution to each of the mechanisms, namely €, €; and €; to the lossless and lossy
part of the dielectric constant are depicted for each concentration in Figure 11.41.

Overall, it is worth to mention that further studies to lead further considerations and dis-
cussions are required. However, on investigating the dielectric response of MCF7 cells that are
a widely used cell model to mimic in vivo breast carcinoma cells, we raised important foundation
to understand the contrast mechanism that appear when probing breast cancer by means of ter-
ahertz radiations. A supplemental step would consist in investigating the dielectric response of
cardiofibroblast that may be seen as a good representation of healthy cells. Such a study would
allow one to determine the contribution of free and quasi-free water molecules in differentiating
healthy from malignant tissues that are likely, from this work, playing a substantial role.
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Figure I1.41: Contribution of eco, €; and €, to the dielectric constant dispersion profiles.

I1.8 Conclusion

Throughout this chapter, the reader went through the theoretical basis toward generating, detect-
ing and using terahertz radiations to sense materials in the subpicosecond timescale.

After having chiefly described the different experimental setups that were used to conduct the
present work, a mathematical model, namely ITA, that was developed within the scope of this
study was presented. The equations that were here derived allow to define the complex transfer

104



CHAPTER II. TERAHERTZ SPECTROSCOPY

function of any materials that may contain up to an infinite number of internal dielectric inter-
faces. Furthermore thanks to the mathematical design of the model, a parametric complex trans-
fer function that enlightens the specific optical paths that contribute the most to the recorded
signal is achievable. The effectiveness of the procedure was demonstrated by reconstructing the
reflected signal from a stack made of four layers of tens of microns.

The numerical procedure that was used all along this work to extract the intrinsic dielectric
and optical properties of probed samples was described. In a nutshell it consists of solving an
inverse electromagnetic problem by minimizing an objective function that denotes the difference
between simulated modulus and phase, and the recorded ones.

These preliminary numerical and mathematical works allowed to pursue toward biological
investigations. As water is the predominant compound in living organisms, a specific section
was dedicated to water and the extraction of its physical properties in the terahertz band. Sub-
sequently, preliminary investigations on phantom mimicking phantoms were conducted to pre-
pare pre-clinical studies on real freshly excised human breast tissues. A numerical model that is
aimed to describe the complete dispersion profiles of the real and imaginary part of the dielectric
function was presented. Although such a model requires further developments and rigorous ad-
ditional considerations, it may lead to new routes toward the construction of a theoretical model
to simulate the dielectric response of tissues.

Afterwards, investigations on mimicking tissues, a pre-clinical study at hospital were reported.
A set of 48 terahertz waveforms arising from eleven different patient was collected. Important
statement towards the possibility of discriminating between healthy and malignant tissues were
drawn. We shown that except from adipose tissues that was consistently distinguished, healthy
fibrous and cancer tissues were exhibiting close behaviors. We assumed that the ability of differ-
entiating between the two tissue types was correlated to malignant cell density to that of healthy
compounds. In average, the two types of tissues were distinguished at frequencies higher than 300
GHz while at lower frequencies, the errorbars were strongly overlapping.

Finally, we investigated the dielectric response of MCF7 cells in suspension that are a good
model of breast carcinoma cells. Interestingly, we reported particular features that indicate that
breast cancer cells possess either more weakly bonded water or more naturally free water molecules.
It was therefore mentioned that such a trend could possibly state for the contrast mechanism that
was -in average- observed on probing freshly excised cancer tissues and healthy ones.

In the next chapter, the reader will follow the work that was done towards terahertz imaging
and image processing to localize malignant lesions and to compare terahertz pictures from those
that are biding on medical parties.
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Terahertz Imaging: Far-field Survey

Who came up with the idea that
telling the truth is easy? That's
already a lie.
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CHAPTER III. TERAHERTZ IMAGING: FAR-FIELD SURVEY

III.1 Introduction

The third chapter Terahertz Imaging: Far-field Survey, review the work that was conducted towards
breast carcinoma recognition, in the context of the Fraunhofer approximation.

Asreported in the previous chapter, the different types of tissue respond differently to terahertz
pulses. Based on these differences, diverse strategies are investigated to classify tissue regions that
are imaged in accordance to their biological nature.

Beforehand, the operational characteristics of the imaging setup that is used in this work are
reported, followed by the description of a self-reference method that was developed to improve
sample characterization.

The refractive index map of a set of tissue samples was extracted by means of inverse electro-
magnetic problems. The collected maps are then segmented with different classification methods.
Chiefly, it consists of defining a refractive index threshold above which, pixels are marked as ma-
lignant. However, as pixels are numerical entities rather than biological ones, such a type of rough
segmentation are often hardly efficient. Therefore, supplemental strategies are worked out and are
reported. The efficiency of each segmentation is assessed by filling the associated confusion ma-
trix with regards to the corresponding pathology images, annotated by the pathologist. Sensitivity
and specificity of each segmentation are derived.

Complementary to these studies, principal component analysis is investigated. Such a proce-
dure does not aim to qualify principal component analysis efficiency for tissue classification, but
rather to explore a possible correlation between the contrast exhibited from principal component
analysis and pixel malignancy.

III.2 Far-field Imaging: Principles

Numerous techniques are currently available that allow to acquire the image of a real object ei-
ther in 2D or in 3D. One of the most commonly used technique in medicine and in biology is the
X-rays imaging [1]. Especially, in the case of breast cancer detection, senology and tomosynthesis
are widely used X-rays based techniques towards early detection of breast carcinoma. The spatial
resolution of such kind of techniques is limited by the Rayleigh scattering that is by about 50 pum
for X-rays. Although the spatial resolution is quite comfortable, X-rays are obviously and concomi-
tantly ionizing due to the high energy carried by X-photons.

Sometimes, in order to ascertain the diagnosis from X-rays mammography, a patient can pass
anuclear magnetic resonance (NMR) examination with or without the injection of contrast agent.
NMR is particularly sensitive to the inner water-content [2; 3]. However, the spatial resolution
is limited to 0.5 mm, approximately [4]. It is worth reporting additional imaging technique that
present greater spatial resolution such as optical coherent tomography [5; 6]. Nevertheless al-
though the spatial resolution is effectively greater by employing such an imaging technique, the
penetration depth is drastically reduced in comparison to the above techniques as it ranges from
few to a dozen of millimeters.

In view of the foregoing chapters, terahertz radiations are promising candidates to complete
the set of tools that is used to detect, to remove and to cure the breast cancer that is still -at the
time this manuscript is written- the first cause of death by cancer among women in the world.
As a reminder, terahertz waves have shown specific sensitivity to water-content that reveals their
usefulness on dealing with living organisms made up of roughly 70% of water. Therefore, tissues
that exhibit varying water-content over their structure exhibit high contrast between areas.

III.2.1 Image & Limitation

Terahertz imaging is nothing else than recording waveforms from different and adjacent locations.
By doing so, one has access to a volume of information that depicts for each location the interac-
tion with the sensing terahertz field. A schematic drawing is given in Figure III.1 that illustrates the
statement.
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Figure III.1: Schematic representation of the information volume acquired during 2D material imaging.
The third axis, f represents the time.

The first concern that arises when talking about imaging is the spatial resolution. Spatial res-
olution defines the ability of an imaging technique to distinguish between two locations that are
physically separated by a given distance. Globally, the spatial resolution is linked to the smallest
achievable focus of the sensing beam. Alternatively, it might be said to be dictated by the ability
to concentrate the probing energy within the smallest surface or volume as possible. The smallest
diameter it is possible to focus down a beam is defined by the Abbe’s limit [7]:

= (IIL1)
2NA

where d is the size of the focus diameter, A is wavelength, and NA is the numerical aperture of
the imaging lens. One can see that the Abbe’s limit does not permit imaging systems to distinguish
between two locations separated by a lateral distance that is smaller than half of the wavelength
of the light that has been used. The numerical aperture of the imaging lens can alternatively be
defined as:

NA = nysin0y, (I11.2)

where ny is the refractive index of the medium from which is observed the inspected sample
and 0y the converge angle of the probing beam. Therefore, it is possible to reduce the spot size
either by sensing with smallest wavelength and consequently with more energetic photons, or by
immersing the imaging setup into a higher refractive index medium or finally by using imaging
lens that has higher numerical aperture. Concomitantly we have underlined an important point:
as terahertz pulses are used within this work, they carry broadband frequencies. Therefore, in view
of the Abbe’s limit, regardless of the numerical aperture and the refractive index of the medium,
high frequencies that are contained in generated pulses will consistently exhibit better resolved
images. To clarify the comment, the graph in Figure II1.2 depicts the Abbe’s limit factor d in free
space as a function of the frequency ranging from 200 GHz to 4 THz, for a beam convergence of
0o=%.

As shown in Figure I11.2, for the given convergence angle, the resolution is limited to approx-
imately 300 pm at 1 THz. Imaging systems whose spatial resolution is limited by the diffraction
limit are referred to as far-field imagers and are subject to equations set out by Fraunhofer’s ap-
proximation. Consequently, it is not possible to achieve cellular resolution (few microns) with
such kind of far-field terahertz systems. However, it already offers a sufficient spatial resolution
for some applications including pre-clinical studies towards breast cancer detection. On breaking
the diffraction limit, it is possible to reach resolution by about ﬁ [8]. Imaging with a spatial res-
olution that is lower than the diffraction limit takes place in the context of near-field imaging and
the correlated Fresnel’s approximation. Further considerations are discussed in the subsequent
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Figure II1.2: Abbe’s limit between 200 GHz and 1 THz in free space for 0y = .

chapter.
Overall, far-field terahertz imaging setups are equivalent to those that were reported in the

chapter on spectroscopy. Probing different location requires -obviously- the implementation of
motorized stage that aim to either displace the sample or the optical path and the related optics.

I11.2.2 Effective Spatial Resolution

The spatial resolution of the Terapulse 4000 -used in this work- in reflection configuration was
assessed with a USAF-1951 test chart whose generic design is provided Figure I11.3

Group Number

-2 -1

. n=:
5 [2S 1 gz
§ s= TS
*E— 4 E I" ‘= b ',',',;f;
2 15=Il -2
E S —

s le=m M=z

- USAF-1951

Figure II1.3: Resolution test-target.

Typically, the resolution test chart is made of several sets of lateral and longitudinal lines that
have specific distances that get smaller and smaller. For a scanner, a USAF 1951 chart is scanned
and the effective resolution is the smallest distance for which the scanner can discriminate be-
tween different lines. It is worth mentioning that determining the effective resolution of imaging
systems in such a way is overly subjective and rough. In fact, the effective resolution is ultimately
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determined by the careful examination of the image by the analyst. Each element that belongs to
a group possesses specific width (mm) and spatial frequency (line pair per mm) that are listed in
Table III.1.

Table III.1: Thickness and spatial frequency of each element of the USAF-1951 test-chart.

Gooup | -2 [ -1 [ o | 2]-1] o |
Element Width (mm) | Frequency (LP/mm) |
1 2.00 | 1.0 | 0.50 | 0.25 | 0.50 1.00
2 1.78 | 0.89 | 0.45 | 0.28 | 0.56 1.12
3 1.59 | 0.79 | 0.40 | 0.32 | 0.6 1.26
4 1.41 | 0.70 | 0.35 | 0.35 | 0.70 1.41
5 1.26 | 0.63 | 0.31 | 0.40 | 0.79 1.59
6 1.12 | 0.56 | 0.28 | 0.45 | 0.89 1.78

Generally, optical system resolution determination are performed with a USAF 1951 test-chart
made of glass. However glass drastically absorbs terahertz radiations and thus cannot provide the
transparent material that is expected to make up the test-chart background. Indeed, the system
resolution will be determined from the highest spatial frequency for which, the contrast between
the background and element is greater than a given threshold value of 0.3. One of the common
way to define the contrast interval C is [9]:

_ Imax —Imin

= ) (I11.3)
Imax +Imin

where I,,,,x and I,,;,, are the maximum and minimum intensity. It is worth mentioning that
the scanner system that is used informs on the amplitude of the electric field rather than on its in-
tensity. Therefore, one should consider the square of the recorded signals to express the contrast.
The USAF 1951 test-chart was adapted for terahertz frequencies with a transparent polymer back-
ground and elements made of copper. Basically, it was realized from a USAF 1951 masked printed
circuit board submitted to ultra-violet radiations.

With a temporal window by about 33 ps sampled every 8 fs and an imaged area of 70 x 70 mm?
corresponding to 350 x 350 pixels (step in x and y coordinates of 0.2 mm), 501 760 000 points
were recorded [10]. The corresponding sampling frequency F; was therefore by about 30 GHz. In
Figure II1.4, is represented the minimum resolved spatial frequency in line pair per millimeter as a
function of the frequency that satisfies the fixed value of 0.3 for the contrast.
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Figure III.4: Minimum resolved spatial frequency corresponding to at least a contrast of 30% as a function
of the sensing terahertz frequency.
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The total acquisition time was about twenty hours to record approximately a volume of 2 gi-
gabytes. The adapted test-chart images obtained at each even hundred gigahertz are shown in
Figure III.5. The minimum spatial frequency that provided a contrast of 0.3 at each frequency is
depicted by a dashed red square.
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Figure II1.5: Smallest resolved line pairs (dashed red square) for 200, 400, 600, 800 and 1000 GHz. The
smallest resolved spatial frequency at 200 GHz was assumed to be half the spatial frequency of group -2,
element 1.

III.3 Self-Reference Image Inversion

In Chapter II and in the beginning of the Chapter III, it was reported how difficult it is to ascer-
tain the accurate location match between the sapphire substrate that supports the tissues to be
inspected and the reference signal provided by a perfect mirror. Importantly, the mismatch be-
tween these two locations may alter the profiles and the values of the intrinsic properties that are
extracted. Indeed, on slightly modifying the global optical path between the reference and the
probed material, one concomitantly alters both the signal phase and the sensing energy flux that
reaches a given location. Effectively on shortening or prolonging the optical path between refer-
ence and sample, one may attribute to the sample, properties that reflect either the slowdown or
the speed of light. One way to correct the position mismatch would consist in aligning numeri-
cally the reference and the sample signals such that, the reflected peak from the mirror precisely
matches the temporal position of the first reflected peak from the sapphire window. However,
by doing so, one only corrects the phase error between the two signals. In fact, we previously
stated that modifying the optical path also alters the flux of energy that reach each spatial loca-
tion. Therefore, aligning numerically the two signals to “clean” the phase error would therefore
transfer the position error to the signal amplitude, solely. It is hence not reasonable to proceed
this way and is often inefficient. Some signal correction methods were proposed and employed to
improve sample characterization. These methods mainly consist in correcting the sample signal
based on the signal recorded from water (Figure III.6).

Variations between the recorded signal from water with the one derived from a simulation
using the measured reference are therefore used to estimate a degree of signal correction and is
subsequently applied to the sample signal [11-14]. However, such methods are still recording the
reference signal from a perfect reflector.
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Figure II1.6: Flow chart to illustrate the procedure to improve sample characterization. R; and R, depicts
the lower and upper reflected pulses at dielectric interfaces.

To overcome the previously mentioned issues, a self-reference method that allows to deter-
mine the intrinsic properties from each pixel of a terahertz image without recording a reference
signal was developed and is, hereafter, described. Globally, the self-referenced method to extract
the dielectric properties that underlie each pixel can be decomposed in four steps: (i). to image
the second dielectric interface between sapphire and either the air or the tissues (ii). to calculate
from a sapphire/air pixel the theoretical reference signal; (iii). to denoise the calculated signal
by Daubechie’s wavelets; (iv). to input back the calculated reference into an inverse electromag-
netic problem. We propose to go through all these steps to enlighten the key concepts behind the
developed self-reference imaging.

III.3.1 Second Dielectric Interface Imaging

The overall idea that lies behind self-referencing, is that the necessary information to extract the
dielectric properties of biological tissues is solely located at the second dielectric interface that
is, either a sapphire/air or a sapphire/tissue interface. Figure III.7 shows the plane that is aimed
to be sensed by the terahertz scanner. Obviously, as the sensing field is not monochromatic, the
recorded signal arising from the second dielectric interface is not a straight line. Quite the contrary,
such a signal is expected to broaden over few picoseconds. Hence, rather than just belonging to
a plane, the wished information is comprised in a cuboid whose thickness corresponds to the
acquisition time window divided by the sampling period. Globally, the entire time waveform is
recorded over 6 picoseconds. Therefore, the terahertz image is a volume whose size is given by
Nx x Ny x T; with Nx and Ny the number of steps along the x and y coordinates respectively, and
where T depicts the time samples at the output of the THz system. The time-domain waveform
of the imaged volume is then computed in frequency domain by means of fast Fourier transform
algorithm.

I11.3.2 Reference Retrieval

First, one wants to select a pixel that corresponds to an interface between the sapphire substrate
and free space. Figure II1.8 illustrates one adequate pixel that would allow the reference retrieval.

Theoretically, the mathematical formulation that allows one to express the waveform of the
retrieval pixel is as follows:
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Figure III.7: Schematic illustration of the plane of interest that contains the information about the tissue
sample.
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Figure II1.8: Example of a typical pixel that allows the reference retrieval.

ERP (U.)) —2iwnydy
———=hpw)xriwxhi(w)xexp ¢ , (I11.4)
ERef (w)

where Egp is the waveform of the retrieval pixel, Eg, is the reference waveform, 7 and r are the
transmission and reflection Fresnel’s coefficients respectively, w is the angular frequency, 7 is the
complex refractive index, d» is the sapphire substrate thickness, ¢ stands for light velocity in free
space and where the index 1 and 2 corresponds to the first and second medium, namely free space
and sapphire. Therefore, one can derive the corresponding reference waveform that was emitted
by the photoconductive antenna:

Egp ()
ERef(®) = RP o (IIL.5)

f2(w) x121(W) x fr1(W) xexp™

Unsurprisingly, considering a pixel that corresponds to an interface between sapphire and free
space, the right-hand terms in equation I11.4 are not unknown parameters if wisely expressed. Let’s
remind the expression of both the transmission and reflection Fresnel’s coefficients at an interface
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between a medium i and a medium j:

27;(w) cosB;

tjj(w)= (I11.6a)

A (w) cos; + j(w) cosO;’

ni(w)cosB; — 7i1j(w) cosO;

rij(w) = (I11.6b)

Ai(w)cosO; + j(w)cosO;’

where n(w) is still the angular-frequency-dependent complex refractive index and 0 is the in-
cidence angle. For simplicity, it is useful to introduce X; (w) = 71; (w) cos ;. Hence we can reexpress
the three terms 17 2, 72,1 and f ; that are present in equation I11.4 in a lighter way:

Ho(w) = ﬂ, (Il1.7a)
X1 (W) + X3 (w)
_ X2(w) -X;(w)
r1(w) = X—l @ 1% @)’ (I11.7b)
Ih1(w) = ﬂ (II1.7¢)
' Xi () + Xz (w)

On remarking that the frequency-independent complex refractive index of free space is 71; =
1-0i, and thanks to Snell’s law that states n; sin0; = n;sin0;, we can easily show that:

X1 =cos6; (I11.8a)
R . _1,8in0p
X2 (w) = 712 (w) cos(sin”™ " (——)) (I11.8b)
nz(w)
. =1, P | Sinel ~
X3(w) = cos(sin”™ ~ (sin(sin”™ " ( ) 712 (w))) (II1.8c)

nz(w)

It is worth mentioning that 8; can be determined from the data sheet of the experimental
setup. In this work, 0, = 8°. Therefore, knowing, 8; and 7, (that was determined in the previous
chapter) and the sapphire thickness d,, one can retrieve the theoretical electric field that sensed
the tissue by solving equation III.4. Eventually, one can additionally compute the first reflected
peak from the sapphire substrate.

I11.3.3 Wavelet Denoising

The reference signal that is calculated back may be noisy. Indeed, deriving the waveform of the
sensing field, we concomitantly propagated the noise that affects the retrieval pixel waveform.
However, it is worth to mention that the retrieval pixel is impacted by the noise that arises from
the terahertz detector which should not impact the emitted terahertz wave especially above 1 THz.
Therefore, it is advised to approximate a denoised reference. To do so, we assume that the de-
noised reference Eg,r(w) can be modeled as:

ERef(@) = B, (@) +G, (I1L.9)

where Eg, f(w) is the noisy calculated reference and G is the noise contribution, arising from
the presence of noise in the experimental reference pixel signal. It is important to note that Gaus-
sian white noise remains Gaussian and white for all orthogonal basis. The idea behind denoising
is to extract Eg. s without the contribution from G. The reference signal denoising was performed
with wavelets using thresholding estimators [15-18]. A soft thresholding rule was preferred com-
pared to the hard one to ascertain the regularity of the denoised signal. The threshold value for
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feature estimators was preferably set to a low value to limit sample information removal as best as
possible. Daubechies wavelet with six vanishing moments (db6) -and the corresponding scaling
function- were chosen as they best correlate with the waveform being analyzed [19]. Let’s un-
derline that there is no fundamental rules to select the mother wavelet to be used. The db6 was
selected as it overall matches with the input signal waveform from eyeball inspection. Neighbor-
ing wavelets may also have been selected as mother wavelets for signal denoising. The scaling
function and the shape of db6 are given in Figure II1.9.

Daubechie 6: Scaling Function

1 T T T
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0.5+ 1
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Figure II1.9: Scaling function and shape of the db6 wavelet.
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Before inputting back the reference into an inverse electromagnetic problem to extract the
physical properties, the exact same denoising procedure is applied to the entire set of waveforms
contained in the volume Nx x Ny x T. To summarize the first three steps, Figure I11.10 emphasizes
the global numerical procedure.

Step (i): Select Vxy(t) Step (iii): Denoise with db6 wavelet
r

Retrieval Pixel Calculated Reference
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Figure III.10: Block diagram of the self-reference method. (i). A retrieval pixel is selected; (ii). Signal in-
version is performed to calculate the reference signal; (iii). The reference signal is denoised by means of
db6 wavelet. Eventually, the complete signal of the retrieval pixel arising from the interaction of the calcu-
lated reference with the two dielectric interfaces is retrieved. Note that the time-scale is relative rather than
absolute.

I11.3.4 Image Inverse Electromagnetic Problem

In view of the quantity of information that is contained in an image, it is wise to limit the region
over which has to be solved the inverse electromagnetic problem. Indeed, only pixels that cor-
respond to an interface between the sapphire and the tissue are of interest. In other words, it
is -obviously- not necessary to perform the inversion for pixels that are related to a sapphire/air
interface.

In order to limit the region over which one wants to perform the inverse electromagnetic prob-
lem, a contouring algorithm is necessary to define the tissue region on the image. Contours of a
2D scalar field are called isolines and are made of a set of points for which the scalar field s as a
constant value c:

XeER?: s(x)=c. (II1.10)

For example, on considering a pixel that can be represented as a quadrangle cell, one can
define four locations that are called pointel: (0;0), (1;0), (0;1), (1;1) where the scalar field takes the
respective values Sgg,S10,S01,S11 (Figure I11.11). The pointels are elements of dimension 0 (point)
and are linked with each others by linels that are elements of dimension 1 (segment).

From the value taken by S, S10,S01 and S11, one can estimate the value of the scalar field at
each location within the quadrangle cell by interpolating. Rather than just interpolating in one
direction between the nearest neighbors, one has to interpolate in the two directions as the scalar
field depends both on x and y coordinates. Such a bidirectional interpolation is often referred to
as bilinear interpolation but has however a quadratic form:
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;1)

Figure ITII.11: Representation of a pixel with the four associated pointel (0;0), (0;1), (1;1), (1;0) and the four
linels joining them.

s=xy(S11+So00—S10—So01) + x(S10 —So0) + ¥(So1 —Soo) + Soo (IT1.11)
=Axy+Bx+Cy+D. (I11.12)

Obviously, if A = 0, the corresponding contour is a line. Nevertheless, it is rarely the case and
most of the time, contours are hyperbola whose formulation is dictated by the coefficient in equa-
tion I11.12:

=A ¢ B,)_BC D I1.13
s= (x+K)(y+K)_T+ . (II1.13)

Additionally to those mathematical statements, one should keep in mind that isolines are al-
ways orientable, non-intersecting and closed.

An infinite number of contours can be determined using such kind of approach. The choice
of the isoline that will be used to define the region within which the physical properties are going
to be extracted remains subjective. Indeed, on carefully comparing the original terahertz image
and the different contour levels, the analyst has to determine the one that suits the most, i.e. that
best corresponds to the visualized tissue area. An example of the decreased amount of pixels to be
considered in further inverse electromagnetic problem, thanks to contouring procedure, is given
in Figure II1.12.

The pixels that are comprised within the selected level are submitted to the inverse electro-
magnetic problem. On the other hand, the optical constant n—ix for pixels that are not comprised
within the chosen contour is set to 1 — i0. Globally, the objective function to be minimized during
the upcoming procedure is equivalent to the one that was defined in Chapter I, section related to
inverse electromagnetic problem, that is:

X(@) = SMT (0)SM(w) + {3PT () 5D (w), (I11.14)

where 8M(w) and 6®(w) are the amplitude and phase penalty respectively, and ( is a regular-
ization parameter weighting phase penalty regarding amplitude.

However, since the propagating pulses that are recorded are not expected to travel through the
tissue before being detected, but rather to be simply reflected at the second dielectric interface
and ultimately to be detected, it is reasonable to state that the propagation velocity of terahertz
pulses are not going to be highly affected by the dielectric properties of tissues. Therefore, the
objective function to be minimized was reduced to:
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Figure I11.12: Tllustration of the contouring procedure to reduce the number of pixels treated by the inverse
electromagnetic problem. (i). Raw terahertz image of a sample; (ii). Contour levels extraction; (iii). En-
closed surface associated to a selected contour level; (iv). Delineation of the region to be treated by inverse
electromagnetic problem. In the example, the number of pixel to be considered was reduced from 101,440
pixels to 56,296 pixels.

X(w) = M ()M (w). (III.15)

Furthermore, it was shown in the previous chapter that differences between healthy fibrous
tissues and cancerous ones in extinction were nonexistent. One can still state that interesting de-
marcations between adipose tissues and other tissue types were pointed out using the extinction
coefficient. However, the refractive index was also exhibiting differences between these tissues.
For these reasons, investigations on property mapping are focused on the real part of the optical
constant, i.e. the refractive index.

III.4 Image Registration

Property maps that are derived from the procedure heretofore described must demonstrate their
compliance to the histological examination. In other words, the maps that are aimed to classify
tissue regions as a function of the exhibited refractive index must be conform to the technique that
is approved by the medical profession. Therefore, it is compulsory to compare between pathology
images and terahertz images.

II1.4.1 Pathology Image Issues

Terahertz images and histological ones are obtained from the same excised tissue. However im-
age acquisition is performed under different modalities. Indeed, while the terahertz images are
obtained by scanning freshly excised tissues, the pathology cliché is obtained after the histologi-
cal treatment chain. To obtain the pathology image the tissue is first paraffin embedded then is
sliced in sections of few micrometers, immersed subsequently in different alcohol baths and is
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finally colored with hematoxylin and eosin. Ultimately, the inked section is evaluated under opti-
cal microscope. Hence, the terahertz images may differ from their histological alter ego. Indeed,
the embedding, the sectioning and the desiccation alter the global structure of tissues. There is
actually a lot of issues that have been reported to affect the accuracy of histology slides. These
alterations are collectively named as artefacts. Artefacts include, loss of tissue area and details,
folds and wrinkles, cracks and holes. These alterations could result in misinterpretation as they
are modifying the morphology tissue structures. In his thesis, Abiodun Ogunleke who worked to-
ward 3D pathology image creation from 2D pathology images [20], reported the most commonly
encountered issues when working with 2D pathology slides (Figure I11.13).
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Figure II1.13: Problems associated with 2D histological images. (a) Presence of tears and holes. (b) Global
shape deformation and missing information. (c) Artefacts in and around. (d) Glue deposited on sam-
ple slide. (e) Local misalignment of tissue substructures. (f) Vignette arising from difference of thickness
around tissue edges. Reproduced with the courtesy of Abiodun Ogunleke [20].

Ultimately, these alterations may drastically limit the evaluation of the terahertz classifica-
tion compliance. However, histology slides are the only available reference clichés that allow one
to establish the sensitivity of its classification method. Overall, there are two ways to overcome
these issues: to correct the histology slides at risk of adding artificial information and altering
even more the global structure or to compare directly the terahertz image with the raw pathology
image at risk of underestimating the accuracy of the techniques used for classification. The first
way would require to morph the pathology image to correspond to the terahertz picture: image
pre-processing to resolve the problems introduced by histological sample preparation, image in-
formation retrieval process where useful information such as anatomical landmark is determined
and extracted in the histological images, post-process where the extracted anatomical landmarks
are refined for reconstruction. Some numerical procedures to do so were already reported in the
literature. However, these methods are cumbersome and the evaluation of the reconstruction is
often complicated as no perfect reference pathology image exists. As terahertz technology is quite
new towards breast cancer detection, it was preferred to follow the second approach at risk of
underestimating the accuracy of tissue classification. In fact, the idea of this work is not to pro-
mote terahertz techniques as a marvellous tool for cancer detection but rather to provide some
preliminary statements on terahertz capabilities. Therefore, the compliance evaluation between
refractive index maps and pathology slides is performed directly with altered pathology slides.

I11.4.2 Registration Procedure

In addition to previous items, let’s remind that we stated in the foregoing that the resolution of any
imaging system is intrinsically dictated by the sensing field wavelength. It is clear that the resolu-
tion with optical microscope is by far greater than the one that can be achieved using millimeter
radiations.
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Last but not least, the tissue sample orientation in both the terahertz image and the pathol-
ogy image are expected to be different as their are not evaluated at the same angle and location.
Thus, the histological image exhibits a tissue sample that is twisted and shifted compared to the
terahertz one.

Therefore, pixel by pixel comparison is not possible as it stands. In fact, one has two images
of Nx x Ny and Mx x My pixels, of different size, resolution and orientation. To evaluate the com-
pliance of the terahertz images one has therefore to mask the pathological image, to resize the
derived mask to match the terahertz cliché and to align the two pictures by translation and rota-
tion. Importantly, the process has to be performed in view and only in view of the tissue contour
of the two images and not the internal features to avoid unintentional bias in the morphing results
that would alter the compliance evaluation. The different steps that allow to ultimately compare
the histological diagnosis and the terahertz picture are hereafter described.

Contouring

The contouring of the pathology image is performed in the exact same manner than the one de-
scribed to define the contour of the terahertz image (Chapter I11.3.4 Image Inverse Electromagnetic
Problem). For instance, the function contour(-) or imcontour(-) from MATLAB® can be used.

Resizing

As mentioned, the resolution of the pathology images is by far greater than the ones obtained with
terahertz imaging. Therefore, it is substantial to reduce the resolution of these clichés. To do so,
one reduces the resolution down to the resolution of terahertz images, by performing a bicubic
interpolation. Contrary to the bilinear interpolation, that was chiefly described in the foregoing
where interpolation is approximated based on the four nearest pixels, bicubic interpolations takes
into account a neighborhood of sixteen pixels. Therefore, using bicubic interpolation, the sub-
sampled histology slide is overall less nonsmooth than using bilinear interpolation. Moreover,
cubic refers to the degree of equations that govern the definition of the contour lines. Importantly,
the bicubic interpolation was not developed during this work. The function imresize(-) from MAT-
LAB® was chosen.

Reorientation

The alignment of the morphed pathology and the terahertz image is realized to ascertain that com-
parison actually compares the same regions. First, the contour of the morphed pathology and the
terahertz image are computed. The contour of the histology mask is manually and progressively
shifted in x and y axis to bring it closer to the terahertz mask contour. Once the coordinates ap-
proximately match, the pathology contour is iteratively rotated within a loop that calculates the
correlation between the two matrices. Basically, it consists in determining the Pearson’s linear cor-
relation coefficients. The rotation angle providing the higher positive correlation (close to unity)
is selected and the terahertz image is correspondingly rotated.

An imaged flow chart of these three pre-treatment, namely contouring, resizing and reorien-
tation for image registration is provided in Figure II1.14.

Pathology Masking

Since histological slides are stained with hematoxylin and eosin, the pathology image is colored
and therefore is obviously not binarized. The classification of tissue sample regions in either be-
nign or malignant group is established by the careful examination of the pathologist. The pathol-
ogist draws the contour of the malignant area that often comprises the stroma (tumor nutrient
medium). In this work, histology slides were scanned and evaluated with either NDPview2 soft-
ware from Hamamatsu® or Aperio ImageScope software from Leica®. Both these softwares are
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Figure II1.14: Representation of the registration process. The terahertz and pathology original images are
treated by a contouring algorithm to extract the edges of each image. The pathology image resolution is
reduced to match the lower resolution of the terahertz image. Then, the terahertz image is reoriented with
respect to the pathology image until the best correlation is achieved. These modifications are therefore
applied to the refractive index map and the pathology mask.

pathology slide viewers on which it is possible for the pathologist to delimit manually tissue sam-
ple regions and to annotate them. From the interpretation of the pathologist, one can therefore
binarize the histological image where each pixel is either classified as benign or malignant.

III.5 Correlation

The regions examined by the pathologist on the histology slide have been classified to depict ei-
ther benign or malignant tissues. However, refractive index maps are obviously not binary maps
but are rather expected to provide a wide variety of refractive index value for each frequency im-
age. Therefore, one has to define classification models such that terahertz pixels are classified in
one of the possible categories, namely malignant and benign. From these classifications, one can
compare the reference image (the histology one) and the terahertz binary refractive index maps at
each frequency.

I11.5.1 Classification Models

From the refractive index maps, one can define a wide variety of decision chains that aim to classify
the terahertz pixels either as malignant or as benign. In this work, two classification rules have
been designed to evaluate the efficiency of the refractive index as a malignancy identifier.

Itisimportant to acknowledge that other classification techniques may have alternatively been
used to segment terahertz images, such as Markov chain Monte Carlo [21], k-mean clustering [22],
support vector machine [23; 24], probabilistic neural network [25] or deep neural network [24].
However, the need for a large amount of training samples make their application complicated,
cumbersome and periodically inconsistent.

Hard Thresholding Approach

The simplest classification that can be realized is a hard thresholding. The analyst defines a thresh-
old value ¢ that halves the refractive index vector. Thereafter, pixels whose refraction index is
higher or equal to the defined threshold are marked as malignant. Inversely, pixels that show a
refractive index lower than the threshold are categorized as benign. Ultimately, it provides the
corresponding binary map.
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For instance, let ny , be the refractive index of pixel (x, y) that was determined by solving the
associated inverse electromagnetic problem and let ¢ be the considered refractive index threshold.
The global structure of the underlying algorithm, applied on image I whose height is I, and width
isI,, is given as:

Algorithm 1 Hard Thresholding Classification
Require: R
for (y=1;,y=1;; y++) do
for (x=1;x=1,;x++) do
if ny, > t then
(x,y) = malignant
else
(x,y) = benign
end if
end for
end for

It should be noted that Algorithm 1 is not given in any specific programming language but
rather describes in a schematic way the -overall simple- binarization process. Alternatively, Figure
II1.15 aims to depict such a binarization.

Refractive Index Value Refractive Index Value
a. [T T b.
1.5 1.8 2.1 2.4 2.7 1.5 18 21 2.4 2.7
Il Benign
B Malignant
Refractive Index Value Refractive Index Value
¢ DY ] e

1.5 18 21 2.4 27 1.5 18 2.1 2.4 2.7

Il Benign
I Malignant

Il Benign
B Malignant

Figure III.15: Representation of the refractive index thresholding. a. Schematic refractive index map. b.
Refractive index thresholding for ¢ = 2.4. c. Refractive index thresholding for # = 2.1. d. Refractive index
thresholding for £ = 1.8.

Class Overlapping

Hard thresholding classification may however be less efficient than the way it appears on Figure
[I.15. In fact, a reader that is familiar with imaging would have pointed out that image scales
(intensities, refractive index, etc...) are continuous rather than being discrete. Therefore, at the
edge between two tissue types, a refractive index gradient should be observed, rather than a “strict
jump” from one tissue type to another. This is partly due to the point spread function (PSF) that
is intrinsic to the imaging system [26]. Chiefly, the PSF describes the impulse response of the
imaging system to a punctual source. In other words, PSF dictates the deformation of an object
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when imaged with an imaging system. Figure II1.16 schematically represents the deformation of a
point due to the PSF of a given imager.

Object PSF Image

* |

) ) ) 1 ( 2 v 1

Figure II1.16: Spreading of an object due to PSE From left to right: punctual object, PSF and spread object
image.

But why does PSF interfere in our case ? Let’s imagine that we have two distributions of pix-
els, C; and C, that depict the amplitude modulus of malignant and benign pixels, respectively, at
random frequency. Rather than having two well separated distributions, the two distributions, C;
and Cp, likely overlap. Commonly, such an overlap is called class overlapping. Figure II1.17 aims
to depict such a fact.
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Figure I11.17: Representation of the class overlapping for the modulus amplitude distribution C; (blue) and
Cy (orange). Green fills the overlapping region where it is not possible to clearly define pixel’s belonging.
Black curve represents the sum of the two distributions and therefore the observed global behavior.

And ? Well, the modulus amplitude (as well as the phase) of each pixels are used to derive the
refractive index maps of samples. Therefore, replacing the modulus amplitude by the refractive
index in the x-axis of Figure II1.17 should give some clues: the class overlapping does not allow
to determine to which category, either C; or C,, pixels belong. We can reformulate as follows,
are pixels located at the edges between a malignant and a benign area, benign or malignant ?
Furthermore, how to define the edge span between such regions ? Rather than going through
complex and cumbersome definitions of tissue region delineation, an alternative was found in
region dilation. The idea lying behind is to consider the proximity between pixels in addition to
their intrinsic refractive index.
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Dilation for Connected Thresholding

To overcome the issue previously reported a constrained image dilation was employed. Roughly,
the idea consists in classifying as malignant all pixels that are close to a pixel that was marked
as malignant due to a refractive index higher than a defined threshold, even though they were
previously defined as benign. Mathematically, let’s consider X the ensemble of pixels that belong
to the tissue sample imaged. Hence, we can consider that the coordinated (x, y) of each pixels are
such as x, y € X. The region morphological dilation 65 (X) with a structuring element X is given as:

8xX)={x+e y+elec T, xeX, yeX}. (II1.16)

It is therefore more appropriate to talk about diagnosis dilation rather than image dilation. As
pointed out in (II1.16) the dilation directly depends on the structuring element X. The most simple
way to define X is the cross defined by:

2 ={(-1,0),(0,-1),(0,0),(0,1),(1,0)}. (IIL.17)

In the following, we will refer to this definition of the structuring element X as X!, a structur-
ing element of connectivity rank one. Two other structuring elements have been considered, one
being of connectivity rank two, 22 and one being a rank three, 3:

2! ={(~1,0),(0,-1),(0,0),(0, 1), (1,0)},

¥2 ={(-2,0),(~1,0),(1,0),(2,0),(0,-1),...
(0,-2),(0,0),(0,1),(0,2), (-1, 1),...
(-1,-1),(1,-1),(1,1),

¥3 ={(=3,0),(~2,0), (~1,0),(0,0), (1,0), ...
(2,0),(3,0),(0,—1),(0,-2),(0,-3), ...
0,1),(0,2),(0,3),(~=1,1),(1,1),...
(1,-1),(-1,-1),(-2,1),(-1,2),(1,2), ...
2,1),(-1,2),(-2,1),(-1,-2), (-2, -1).

(I11.18)

To describe these structuring elements more easily, Figure I11.18 schematically represents both
>! and X2 structures.

Therefore, depending on the structuring element rank, a pixel is attributed to the malignant
group if at least, one of the coordinates € of the structuring element =N reports a pixel whose re-
fractive index is higher than the defined threshold ¢. Simply, pixels that are located in the influence
area of a malignant pixel are in turn categorized as malignant. It is however of paramount impor-
tance to underline that the process is not iterative and is based on the hard thresholding diagnosis.
Hence, the diagnosis dilation is not reiterate from the newly established binarization.

For instance, let ny , be the refractive index of pixel (x, y) that was determined by solving the
associated inverse electromagnetic problem and let ¢ be the considered refractive index threshold.
Let additionally consider another pixels whose coordinates are (x’,y’) and a structuring element
=N of rank N whose structuring components are €. The global structure of the underlying algo-
rithm, applied on image I whose height is I;, and width is I,,, is given in Algorithm 2.

Again, it has to be noted that Algorithm 2 is not given in a specific computing language. Over-
all this process aims to minimize the ambiguity that stands on the class overlapping region and
therefore on edges between tissue types where refractive index gradients are expected. Obviously,
despite the potential increase towards cancer recognition, such a process may concomitantly as-
similate benign pixels as malignant pixels. While the increase of correct cancer classification is
reported by the sensitivity, the incorrect classification of benign pixels as malignant ones is given
by specificity. Sensitivity and specificity are deeper addressed in the following.
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Figure II1.18: Schematic representation of X! and X? structuring elements. Left: X! structuring element
that may also be named local connectivity with four connectivity. Right: 2 structuring element that is not
solely local as it consists of twelve connectivity pixels.

Algorithm 2 Dilation for Connected Thresholding Classification

Require: tcR,NeN
for (y=1;y=1; y++) do
for x=1;x=1,;x++) do
if ny, > t then
(x,y) = malignant
else
(x,y) = benign
end if
end for
end for

for () =1;y' =1;; y'++) do
for (x'=1;x'=1,; x++) do
if (x', ) < (x,y) +€N && (x, y) = malignant then
(x',y") = malignant
else
(x',y") = benign
end if
end for
end for

Before going further, it is important to clarify an additional point. What is going on if malig-
nant pixels have been identified at the edges of the tissue section ? Does it induce an increase
of the tissue surface ? Well, hopefully no. Let’s remind that rather than talking about dilation we
talked about constrained dilation. In order to avoid the tissue section to be expanded, the dilation
process is limited to an area that is comprised inside the tissue. To do so, from the refractive index
map, a logical mask is derived by a contour algorithm that is similar to what was previously re-
ported in I11.4.2 Registration Procedure, Pathology Masking. Therefore, after the dilation, the newly
established diagnosis map is basically multiplied by the mask. Pixels that have increased the tis-
sue section surface during the dilation process are consequently erased and the original shape is
preserved giving arise to what we call connected thresholding in the following. Importantly, the
term “connected” must not be mistaken with the special programming language in which it solely
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refers to a local connectivity, i.e, X!. It is worth mentioning that here it refers to the entire set of =!,
>2? and 23.

As an image is often more explicit than a lot of words, Figure I11.19 proposes to summarize the
overall process, from the raw data image to the diagnosis dilation and through the hard threshold-
ing.

1
1 IEP from

| Raw Data

Refractive Index Map

=

l Algol. Algo Il l
Hard Thresholding Diagnosis Dilation Logical Mask
=" 1 -

Diagnosis

Expansion Correction

l

Connected Thresholding
Diagnosis -

Figure I11.19: Diagram of the classification process from the refractive index map to both the hard and
connected thresholding diagnosis. The black dashed arrow on the top of the diagram refers to the inverse
electromagnetic problem (IEP) and upstream data treatment performed to derive the refractive index map.
Note that it is possible to think about connected thresholding as an expansion of the hard thresholding
rather than an independent process. For clarity purposes, the two strategies have been organised in two
distinct arms. Black dashed circles highlights

I11.5.2 Confusion Matrices

Once the two images have the same orientation, the same resolution, and are both exhibiting
binary information, one has to determine the degree of compliance between them regarding the
classification method that is used. It is worth mentioning that the pathology image prevails in case
of discrepancy.

As the classification is binary: benign or malignant, one can distinguish four different cases
on comparing the terahertz and pathology diagnosis: (i). both images diagnose a malignant pixel:
true positive; (ii). both images diagnose a benign pixel: true negative; (iii). terahertz image diag-
noses a malignant pixel while pathology picture states for a benign pixel: false positive; (iv). ter-
ahertz image diagnoses a benign pixel while pathology picture states for a malignant pixel: false
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negative. The agreement between the two images is similar to a XOR gate and can be summarize
as depicted in Table III.2.

Table III.2: Compliance decision rule between the terahertz image and the pathology one.

True Positive:
Tumor— Tumor

True Negative:
Benign— Benign

Instead of being overwhelmed with each confusion matrices that contain the classification of
pixels for each threshold and connectivity distance, the effectiveness of a diagnostic technique
is often realized on plotting the true positive rate (TPR) as a function of the false positive rate
(FPR) for each classification rule. Such a representation is conventionally called receiver operating
characteristic (ROC) curve. Alternatively it can be seen as the representation of the sensitivity
of the method as a function of unity minus the specificity. In such a representation, the y-axis
corresponds to the proportion of malignant pixels that have been correctly classified as abnormal.
On the other hand, the x-axis represents the proportion of benign pixels that were incorrectly
classified as malignant and are therefore false positives. The true positive rate and the false positive
rate are calculated as follows:

True Positives

True Positive Rate = Sensitivity = (II1.19)

True Positives + False Negatives’
False Positives

False Positive Rate = 1 — Specificity = (I11.20)

False Positives + True Negatives

Depending on the number of false positives that one is willing to accept, one can progressively
increase the number of malignant pixel that are correctly classified. In fact, a ROC curve is always
monotonous and increasing. In other words, a ROC curve tells us the price to pay in terms of false
negatives to increase the proportion of correctly classified a larger area of the disease.

Now, if one wants to compare different classifying methods, the area under the curve (AUC)
is commonly used. It basically consists in calculating the area that is under the ROC curve. The
higher the AUC is, the greater the method is towards classification.

In the following, we compare the two methods, namely hard thresholding and connected
thresholding for three freshly excised tissues. The refractive index threshold that are investigated
are ranging from 1.5 to 3.0. The selected frequency to perform the investigation is 560 GHz. Over-
all 560 GHz belongs to the spectral band that was giving arise to the best dielectric demarcation
between tissue types. Additionally, the mean discrepancy between the refractive index of healthy
fibrous and tumour was shown to be roughly constant from 300 GHz to 1 THz. Therefore, we can
state that the overall contrast is not expected to drastically change from one frequency to another
within that spectral band. We will see in the next chapter that the choice of this frequency is also
partly dictated by another parameter.

Overall, the global procedure to be applied on freshly excised breast tissue samples is schemat-
ically represented through the diagram given in Figure I11.20. The procedure can be organised in
two arms that aim to evaluate the terahertz far-field approach for breast cancer recognition. The
first arm consists on extracting the generic knowledge of tissue type responses to terahertz stim-
uli in reflection configuration. The studies reported throughout Chapter II of this work allowed
to draw some of the breast tissue characteristics and especially the overall refractive index pro-
files of tissue types. This knowledge is used in Chapter III to define the threshold values that are
a priori suitable to discriminate breast carcinoma from healthy volume. Thresholding is applied
on the section refractive index map that is derived from a self-reference imaging and an inverse
electromagnetic problem solved over the entire tissue image. Two main thresholding strategies
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are investigated: hard and connected thresholding, giving arise to binarized maps depicting be-
nign and malignant area. On adjusting the pathology image with respect to the binarized terahertz
diagnosis, the degree of correlation between the two diagnosis is established. The quantification
of the terahertz diagnosis compliance with respect to the pathologist’s one (histology annotation)
is assessed by the calculation of the receiver operating characteristics (ROC) and the associated
area under the curve (AUC). The best thresholds for each classification strategies are subsequently
determined as the ones that allow the greater correctly classified malignant pixel rate (sensitivity)
while preserving the healthy area from a misdiagnosis (specificity). Finally, results arising from the
spectroscopic studies in Chapter II and the terahertz diagnosis procedure described heretofore in
Chapter 111, should indicate the potential of far-field terahertz towards breast carcinoma detection.

Chapter 11 Chapter 111

Spectroscopy | Breast Excision H Histology Treatment! |

" l

Data Collection |

l Imaging |
Tissues response | Reference Calculation |
to Terahertz l
Inverse
Electromagnetic
Problem

|

| Refractive Index Map |

v

‘I Thresholding Strategy ‘ ‘ Histology Annotation
| |

v
| Registration |

|

| ROC&AUC |

|

- Best Threshold
Evaluation of far field Identification

THz for 1
Breast Carcinoma
Detection

Figure II1.20: Flow chart of the method followed to classify tissue section terahertz pixels. ': Note that the
histology treatment is performed after the terahertz imaging.

III.6 Study Cases

Three different tissue samples illustrate, in the following, the self-reference numerical procedure
to ultimately classify pixels belonging to the terahertz image of freshly excised breast carcinoma
as malignant or as benign based on the refractive index calculated at 560 GHz. The results are pre-
sented as follows: first, a generic view of the sample is given with the photograph, the pathology
image, the masked pathology, the raw terahertz image at 560 GHz, the terahertz mask, the refrac-
tive index map derived at 560 GHz, the retrieval pixel signal and the reconstructed reference and
signal; Second, the ROC curves for the four different classification methods namely hard thresh-
olding (HT), ! connected thresholding (CT1), £? connected thresholding (CT2) and =2 connected
thresholding (CT3), for each refractive index thresholds are given; Third, the related AUC values are
listed; Finally, the pixel classification images for the two threshold values that offer the best trade-
off between TPR and FPR for each method are shown. These results are subsequently commented.
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I11.6.1 NS1 Sample

NS1 sample is an invasive ductal carcinoma from which was suffering a 67 year old woman. The
initial tumor site was found to be by about 100 mm?. On Figure II1.21 are reported the pathology
image and some enlightened pathology area, the pathology mask, the terahertz image at 560 GHz,
the derived terahertz mask, the refractive index map at 560 GHz, the raw and denoised retrieval
pixel signal and the denoised reconstructed signal. The pathology image as well as the pathology
mask exhibit the presence of a hole where no tissue is found. The lack of tissue in the middle of the
section is not natural and enlightens the issues that have been previously reported towards pathol-
ogy images. Additionally, another hole is exhibited but this time in the terahertz image. This gap is
not expected to be due to the tissue response itself but rather due to mechanical constrains within
the tissue that tense the tissue and induces a not perfect match between the sapphire window and
the sample.
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Figure I11.21: Overview of the results obtained via the procedure for the NS1 sample: i. not available photo-
graph; ii. pathology image with four enlightened regions. A gap is shown in the middle of the section that is
due to the histology chain; iii. Pathology mask derived from the pathologist diagnosis. iv. Terahertz image
of the tissue sample at 560 GHz; v. Terahertz mask derived from the 560 GHz raw image; vi. Refractive index
map calculated from the self-reference procedure and the inverse electromagnetic problem; vii. Raw and
denoised retrieval pixel signals used to retrieve the reference signal - relative time-scale; viii. Reconstructed
signal from the retrieval denoised pixel signal - relative time-scale. a, b, c and d are pathological view of

the regions related in the pathology image (ii) and the raw terahertz image (iv). @ highlights a gap in the

pathology section and @ points out a gap in the terahertz image that originates from a gap in the tissue
sample due to mechanical strain.

Overall, the refractive index ranges from 1.6 to 2.4 within the tissue. The physical property
map exhibits higher refractive index in regions where the density of cell is higher, as denoted for
instance by the four rectangular boxes. Clearly, the high density of cancer cells shown in region (a.)
is well pointed out in the refractive index map. The same observation can be made for regions (c.)
and (d.). On the other hand, region (b.) that mainly consists of adipose tissue, presents a lower re-
fractive index that is roughly between 1.6 and 1.9. Still, in this specific region, some pixels present
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higher refractive indices that may be due to the presence of cancerous agglomerates. One can ob-
serve that the contour of the tissue sample is not well retrieved and present a low refractive index.
It is assumed that the exhibited value does not express the biological structure of the contour but
rather the concomitant reflection from air pixels and contour tissue sample ones.

Pixel classification was assessed with the two methods described in the foregoing: the hard
thresholding and the connected one. The connectivity € was set to 1, 2 and 3 successively. In
Figure I11.22 are reported the ROC curve for each classification methods.
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Figure I11.22: Receiver operating characteristic for the different classification methods, at 560 GHz. The
black line represents TPR = FPR.

Since all ROC curves are to the left of the TPR = FPR line, we can state that the proportion
of well classified samples that are malignant (true positives) is greater than the fraction of sam-
ples that were incorrectly classified as malignant (false positives) for any decision rules. However,
clearly the hard thresholding is the less efficient classification method as the related TPR(FPR)
function is lower than for other methods. Such an observation is not that surprising since the hard
thresholding method only considers the calculated refractive index value and does not take into
account pixel proximity. Therefore, pixels that exhibit a refractive index lower than the thresh-
old although being surrounded by pixels classified as malignant are not considered as sick areas
despite their obvious belonging to the tumor site. For this reason, connected thresholding is ex-
pected to provide better results. However, on the other hand, connected thresholding may rapidly
misdiagnose pixels at the edges between two tissue types and for low refractive index thresholds.

To quantify the effectiveness of each classification methods, the AUC was calculated by trape-
zoidal integration for each decision rule ROC curve and is reported in Table III. 3.

Table II1.3: Area under the curve for each classification method.

Thresholding Method

Hard Connected
€ - 1 2 3
AUC | 0.6976 0.7307 0.7264 0.7127

Observations towards the classification accuracy of the hard thresholding method from the
ROC curve are unsurprisingly in accordance with the AUC value. Overall, the AUC is greater for
the connected thresholding CT1 and would therefore indicate that such a classification method
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is greater than others. However differences in AUC are relatively small and therefore indicate that
CT1 may not consistently be the best classifier. Basically, the choice of the classifier depends on the
price one is willing to pay to detect more and more malignant pixels. To select the best refractive
index thresholds for each segmentation method, one plot the difference between TPR value and
FPR value as a function of the considered thresholds. The best trade-off between TPR and FPR are
given by the thresholds providing a TPR — FPR value as close as possible to unity. In Figure II1.23 is
plotted the TPR — FPR distribution for each method at specific thresholds.
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Figure II1.23: TPR — FPR as a function of the refractive index threshold for HT, CT1, CT2 and CT3, at 560
GHz.

The first two best thresholds for each methods and their corresponding TPR — FPR value, sen-
sitivity and specificity for the NS1 sample case are listed in Table II1.4.

Table III.4: First two best refractive index threshold characteristics considering the trade-off between TPR
and FPR.

Method | 1% Best Threshold TPR-FPR Sensitivity (%) Specificity (%)
HT 1.9 0.30131 62 68
CT1 2.1 0.33947 54 80
CT2 2.1 0.36965 67 70
CT3 2.1 0.34798 78 57
Method | 279 Best Threshold TPR-FPR Sensitivity (%) Specificity (%)
HT 1.8 0.30055 76 54
CT1 2.0 0.33067 69 64
CT2 2.2 0.31132 51 80
CT3 2.2 0.32953 62 71

From Figure I11.23 and Table I11.4 it seems clear that the best trade-off between TPR and FPR is
provided by the refractive index threshold at 2.1. Such a threshold maximizes both the sensitivity
and the specificity of CT1, CT2 and CT3 methods. From the values listed in Table II1.4, depend-
ing on the parameter that one wants to maximize, namely the sensitivity or the specificity, each
CT method offers different capabilities. While CT1 gives at t = 2.1 the highest specificity (80%),
CT3 offers a better sensitivity by about 78% and CT2 is an interesting trade-off between those two.
Interestingly, the second best threshold is lower than the first best one for HT and CT1 classifica-
tions while it is higher for CT2 and CT3. Such a behavior is expected to be due to the fact that HT
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and CT1 methods slowly segment tissue area on diminishing the threshold value. On the oppo-
site, CT2 and CT3 rapidly spread over the entire image. Therefore, decreasing the refractive index
threshold for those methods rapidly lead to a significant decrease towards specificity. Hence, for
CT2 and CT3, better secondary trade-off between TPR and FPR are located upstream the first best
threshold.

Obviously, it is possible to tune the refractive index threshold to lower value than the one
that was previously estimated as the best compromise between TPR and FPR. Such a manoeu-
vre would drastically increase the sensitivity but concomitantly would affect the specificity. As
already pointed out, the choice of the threshold value has to be done depending on the price one
is willing to pay to correctly classify all malignant pixels.

Evidently, one could state that the most important would be to correctly identify all malig-
nant pixels. However, it is worth remembering that this work takes place in the context of breast
conserving surgery. Therefore, the goal is to minimize the fraction of healthy breast volume to be
removed during surgical procedures. Hence, low refractive index thresholds, although increasing
the rate of pixels correctly classified as malignant, would concomitantly increase the healthy tis-
sue area that is incorrectly classified and marked to be removed. In a nutshell, the best choice
would consist in a threshold value that maximises the true positive rate while minimizing the false
positive rate.

For the two best classifying thresholds of each method, the pixel classification images are
given in Figure I11.24. The images show the superimposition of the resized, translated, rotated and
masked pathology image with the refractive index map on which is applied the thresholding. Due
to the different treatments that gave arise to these two images, the pathology mask and the tera-
hertz refractive index map at 560 GHz are not expected to match precisely at each location. When
the pathology mask is oversized in comparison to the refractive index map, it appears in strong
purple color. On the contrary, when the terahertz image is oversized compared to the pathology
mask, it appears in deep green color. It is worth to underline once again that regions that do not
match are not taken into account in the confusion matrix entries. When the two images match,
the four different cases that belong to the confusion matrix, namely true positives (white), false
negatives (pink), true negatives (grey) and false positives (green), are depicted in specific faded
colors.

Overall, HT method requires low thresholds to increase the number of correctly classified ma-
lignant pixels. On comparing the first two best thresholds for this specific classifier, 1.9 and 1.8,
with the empirical values that were extracted in the previous chapter, we clearly see that these two
thresholds are comprised between the refractive index profiles of healthy fibrous and healthy adi-
pose tissues. Therefore, it seems reasonable to state that the overall density of cancer cells is not
high in comparison to the healthy fraction. Additionally, it may also be pointed out that the lesion
does not seem to be condensed and limited at a specific region but rather spreads over the entire
tissue section. It is worth mentioning that these statements can not be rigorously validated or de-
nied only with this sample, even though the pathology image clearly indicates a weak cell density
and a not precisely located lesion.

On their parts, connected methods provide better results for higher refractive index thresh-
olds, that are globally ranging between the previously extracted profiles of malignant tissues and
healthy fibrous (between 2.1 and 2.5). Obviously, it was expected that higher connectivity € would
offer a best trade-off between TPR and FPR at higher refractive index threshold since these tech-
niques spread more rapidly. However, it is still interesting to note that overall the sensitivity in-
creases while keeping the false positive rate at a reasonably low level.

Moreover, although it seems that connected methods may provide better results towards the
correct classification of malignant pixels for the NS1 sample, it has to be underline that further
increase of the connectivity € may rapidly lead to inaccurate classification.

Last but not least, it seems that a way to improve the classification methods would be to im-
plement a segmentation that marks as malignant, pixels that are classified as healthy but are com-
pletely surrounded by pixels classified as malignant ones. Such an implementation would likely
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slightly increase the true positive rate while unchanging the false positive rate.
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Figure II1.24: NS1 tissue sample classification map at 560 GHz for HT, CT1, CT2 and CT3 and their respec-
tive first two best thresholds, at 560 GHz.
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I11.6.2 NS2 Sample

The NS2 sample is an invasive ductal carcinoma. On Figure II1.25 are reported the pathology image
and some enlightened pathology area, the pathology mask, the terahertz image at 560 GHz, the
derived terahertz mask, the refractive index map at 560 GHz, the raw and denoised retrieval pixel
signal and the denoised reconstructed signal for the NS2 tissue sample.
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Figure II1.25: Overview of the results obtained via the procedure for the NS2 sample: i. photograph; ii.
pathology image with four enlightened regions. A gap is shown in the middle of the section that is due
to the histology chain; iii. Pathology mask derived from the pathologist diagnosis. iv. Terahertz image of
the tissue sample at 560 GHz; v. Terahertz mask derived from the 560 GHz raw image; vi. Refractive index
map calculated from the self-reference procedure and the inverse electromagnetic problem; vii. Raw and
denoised retrieval pixel signals used to retrieve the reference signal - relative time-scale; viii. Reconstructed
signal from the retrieval denoised pixel signal - relative time-scale. a, b, c and d are pathological view of the
regions related in the pathology image (ii) and the raw terahertz image (iv).

Clearly, both the raw terahertz image at 560 GHz as well as the refractive index map at the
same frequency are exhibiting particular features that correspond to the pathology image. Indeed,
region (a.) and (b.) on the pathology image correspond to fibrous that are expected, from the
previous spectroscopic investigations, to slow down terahertz light more than adipose tissue but
less than tumor ones. These fibrous tissue are roughly localized on the refractive map at 560 GHz
while being not observable on the photograph. Concerning the lesion region that is pointed out
on histology image region (c.) and (d.), the raw terahertz image depicts lower signal in this specific
region that reflects a refractive index close to the one of the sapphire substrate. Concomitantly,
the refractive index map denotes the presence of highly refractive tissue.

The terahertz image is more similar to the photograph than the histology image. Overall the
malignant lesion region was slightly ripped off in the center due to mechanical strain. Importantly,
we distinguish on the right of both the photograph and the pathology image tissues that tend to
be darker than others. The hue does not depict specific tissue or pathology. In reality, it is ink that
is used to facilitate the slicing of the excised tissue volume.

Similarly to the foregoing, the sensitivity and the specificity of each classification methods was
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assessed with ROC curves (Figure II1.26).
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Figure I11.26: Receiver operating characteristic for the different classification methods, at 560 GHz. The
black line represents TPR = FPR.

Again, all ROC curves are to the left of the TPR = FPR line. Hence, the fraction of true positives
is greater than false positives. However, the classification methods are overall more sensitive to
abnormal tissue as the ROC curves are less rounded than for the previous study case NS1. Similarly
to the previous sample, the hard thresholding classification is the less efficient among the set of
tested classifiers. Nevertheless, it is not surprising as the tumor region is well located in the tissue
matrix and pathology propagation based classifiers are therefore more powerful. The calculation
of the AUC for each method, reported in Table II1.5, indicates that the connected method with CT3
is the best classifying method although the values are very close to each other.

Table I11.5: Area under the curve for each classification.

Thresholding Method
Hard Connected
€ - 1 2 3
AUC | 0.7804 0.8149 0.8285 0.8360

The choice of the first two best threshold values was defined in a similar fashion than for the
previous sample. The two thresholds that provide the greater TPR — FPR value are selected as they
offer the best trade-off between sensitivity and specificity. The TPR—FPR graph for the NS2 sample
is given in Figure II1.27. The first two best thresholds for each methods and their corresponding
TPR - FPR value, sensitivity and specificity for the NS2 sample case are listed in Table III.6.

In comparison to the previous sample, the best trade-offs between true positive rate and false
positive rate are provided by higher refractive indices. The shift towards the most efficient thresh-
olds can be explained by the high density of cancer cells in the cancerous lesion that is concomi-
tantly well delimited at the bottom part of the sample section. Therefore, it is expected that on
probing the tissue section surface with terahertz pulses, the contribution from the stroma is over-
all weaker than cancer cells. Consequently, a higher refractive index is expected to be exhibited in
such regions.

Remarkably, both the sensitivity and the specificity are hugely greater for the NS2 case than
for the NS1 one. The first best threshold among all is provided by the CT3 method for ¢ = 2.6. For
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Figure II1.27: TPR — FPR as a function of the refractive index threshold for HT, CT1, CT2 and CT3, at 560
GHz.

Table II1.6: First two best refractive index threshold characteristics considering the trade-off between TPR
and FPR.

Method | 1°f Best Threshold TPR-FPR Sensitivity (%) Specificity (%)
HT 2.1 0.45402 83 62
CT1 2.4 0.52270 72 81
CT2 2.5 0.57593 76 81
CT3 2.6 0.60683 79 82
Method | 2”4 Best Threshold TPR-FPR Sensitivity (%) Specificity (%)
HT 2.2 0.41813 62 79
CT1 2.3 0.48288 84 65
CT2 2.4 0.50928 86 65
CT3 2.5 0.54328 86 69

such a thresholding, the classification reaches a sensitivity of 79% and a specificity of 82%. In other
words for CT3 at ¢ = 2.6, eight malignant pixels over ten are correctly classified as malignant while
preventing more than eight healthy pixels over ten to be misdiagnosed as malignant. While the
two others connected thresholding method CT1 and CT2 are less efficient than CT3 towards both
sensitivity and specificity, the HT classification provides a slightly greater sensitivity for £ = 2.1 by
about 83%. However, the gain of 4% in sensitivity from CT3 to HT costs at the same time 20% in
specificity. Reasonably, such a gain is not worth considering the drastic decrease in specificity. Al-
ternatively, if ones wants to increase the sensitivity while maintaining specificity at a reasonable
level, second best thresholds may offer a promising substitute. On using the second best threshold
provided by CT3 classification, an increase of 7% towards sensitivity conjointly reduces specificity
by about 12 %. By doing so, one reaches a sensitivity of 86%. Once again, it would be possible to
increase even more the sensitivity by lowering the threshold value. However it will, in fact, reduce
the specificity as already pointed out. Another way would probably stand in classifying automat-
ically as malignant pixels that are surrounded by malignant zones. Overall, it is still interesting to
note that CT1 and CT2 do not offer better intermediary alternatives.

Furthermore, it is also important to notice that the accuracy of the method is limited by the
pathology image deformations due to the histology treatment. Therefore, both the sensitivity and
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the specificity reported for the NS2 sample, although being promising towards breast cancer de-
tection, are relative to the best registration achieved between the terahertz image at 560 GHz and
the pathology image and not an absolute registration.

The classification maps for each classifier with their related first two best thresholds are given
in Figure II1.28.
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Figure IT1.28: NS2 tissue sample classification map at 560 GHz for HT, CT1, CT2 and CT3 and their respec-
tive first two best thresholds, at 560 GHz.
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I11.6.3 NS3 Sample

The NS3 sample is a section of an invasive lobular carcinoma from which was suffering a 86 year
old woman. According to the physician diagnosis, none lymph nodes were affected by the dis-
ease. On Figure II1.29 are reported the pathology image and some enlightened pathology area, the
pathology mask, the terahertz image at 560 GHz, the derived terahertz mask, the refractive index
map at 560 GHz, the raw and denoised retrieval pixel signal and the denoised reconstructed signal
for the NS3 tissue sample.
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Figure II1.29: Overview of the results obtained via the procedure for the NS3 sample: i. photograph; ii.
pathology image with four enlightened regions. A gap is shown in the middle of the section that is due
to the histology chain; iii. Pathology mask derived from the pathologist diagnosis. iv. Terahertz image of
the tissue sample at 560 GHz; v. Terahertz mask derived from the 560 GHz raw image; vi. Refractive index
map calculated from the self-reference procedure and the inverse electromagnetic problem; vii. Raw and
denoised retrieval pixel signals used to retrieve the reference signal - relative time-scale; viii. Reconstructed
signal from the retrieval denoised pixel signal - relative time-scale. a, b, c and d are pathological view of the
regions related in the pathology image (ii) and the raw terahertz image (iv).

The shape of the terahertz image is compliant with the photograph. A gap is observed in the
terahertz image that corresponds to a local contraction of the tissue within the malignant lesion.
Therefore, it is assumed that such a feature does not indicate either the presence or the absence of
malignancy. In addition, it seems clear that the pathology image and therefore its mask have been
affected by important deformation during the histology treatment. Consequently, it is expected
that the correlation and the accuracy estimation of the classification will be impacted.

The ROC curves for HT, CT1, CT2 and CT3 at each refractive index thresholds for the NS3 sam-
ple are given in Figure III.30.

Although the correlation between the pathology mask and the refractive index map at 560 GHz
is expected to be tricky and weakly accurate, the ROC curves are still all to the left of the TPR = FPR
line therefore indicating that the number of correctly classified malignant pixels is higher than the
number of healthy pixels classified as malignant. However, it must be underline that among the
three tested samples, the NS3 shows ROC curves that are much closer to the TPR = FPR line than
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other cases. Such an observation may be attributed to two concomitant facts that are the inaccu-
rate correlation and the important gap seen on the sample section. It is worth to underline that
these issues do not arise from the procedure described heretofore but rather point out the diffi-
culties encountered when experimenting on freshly excised tissues. Importantly, it does not even
underline the inefficiency of terahertz technology towards breast detection. In fact, the destruc-
tive histology treatment as well as the fresh tissue intrinsic mechanical constrains are assumed to
be the principal causes of the reported poor performances of the classification. Nevertheless, the
mechanical constrains that are assumed to cause the gap in the terahertz image are issues that
can not be omitted on probing fresh tissues as they may often be encountered. Therefore it is
compulsory to take into account such obstacles rather than omitting them when evaluating tera-
hertz technology and the suggested numerical procedure. On its part, histology treatment remains
the image that rules the medical truth. Hence, we have deliberately chosen to present the results
arising from the NS3 case that reflect some limitations.
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Figure II1.30: Receiver operating characteristic for the different classification methods. The black line rep-
resents TPR = FPR, at 560 GHz.

The calculation of the AUC for each method, are reported in Table III.7. As observed on the
ROC curves, none of the classification methods set itself apart from the others. Overall we can state
that both the CT2 and CT3 are equivalent and may give arise to the most accurate classification.

Table II1.7: Area under the curve for each classification.

Thresholding Method
Hard Connected
€ - 1 2 3
AUC | 0.6478 0.6631 0.6695 0.6693

The TPR — FPR distributions for sample NS3 are given in Figure I11.31.

The most efficient classifying strategy is the CT3 with a threshold of ¢ = 2.3 on the refractive
index. The TPR — FPR function s by about 0.28 with a sensitivity of 53% and a specificity of 76%.
As already indicated, these characteristics are far below the efficiency reached for other cases and
origin for such low performances were already pointed out. CT2 strategy offers a greater specificity
of 84% but simultaneously concedes 11% upon sensitivity, that drops below the critical threshold
of half the number of malignant pixel correctly classified. Overall, it seems that in such a config-
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Figure II1.31: TPR — FPR as a function of the refractive index threshold for HT, CT1, CT2 and CT3, at 560

GHz.

Table II1.8: First two best refractive index threshold characteristics considering the trade-off between TPR

and FPR.

Method | 1°¢ Best Threshold TPR-FPR Sensitivity (%) Specificity (%)
HT 2.0 0.22146 55 68
CT1 2.2 0.24843 49 76
CT2 2.3 0.26891 42 84
CT3 2.3 0.28454 53 76
Method | 2% Best Threshold TPR-FPR Sensitivity (%) Specificity (%)
HT 1.9 0.20801 72 49
CT1 2.1 0.21481 65 56
CT2 2.2 0.26258 64 62
CT3 24 0.2234 36 86

uration, the second best threshold in terms of trade-off between TPR and FPR, provided by HT
classification is a better choice. In fact, it provides a sensitivity of 72% and a specificity of 49%.
Nevertheless, due to the weak accuracy between the pathology image and the terahertz one, these
considerations are, overall, questionable. Even though the efficiency of the classification are de-
batable for the NS3 sample, it is still worth to underline that for the three connected classifying
strategies, the best thresholds are located between the refractive index profiles of fibrous and tu-
mor that were extracted in the previous chapter. The classification images for the first two best
thresholds are given in Figure I11.32.
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Figure IT1.32: NS3 tissue sample classification map at 560 GHz for HT, CT1, CT2 and CT3 and their respec-
tive first two best thresholds, at 560 GHz.
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III.6.4 Discussion on Inversion & Segmentation

Heretofore, a numerical approach was described to derive a map of the refractive index of freshly
excised breast tissues. The procedure is performed on a reduced set of information as the ref-
erence signal and the first dielectric interface signal between the air and the sapphire substrate
are a priori unknown. Both these signals are retrieved and reconstructed from the imaging of the
second dielectric interface, on which stands the tissue sample to be inspected. From a pixel that
reflects terahertz pulse from sapphire to air (second dielectric interface), an inverse propagation is
realized, knowing the properties of the sapphire substrate and the incidence angle of the probing
terahertz pulses.

Based on the calculated reference, an inverse electromagnetic problem is solved at each loca-
tion of the tissue sample to extract the refractive index within these specific regions. One way to
enhance the self-reference procedure would likely lie in calculating the reference signal for each
pixel that belongs to the second dielectric interface, from the first dielectric interface between the
air and the sapphire substrate. By doing so, one may totally erase issues arising from a possible
slight tilt of the air-sapphire substrate interface, and therefore one will improve the accuracy of the
refractive index extraction.

The 560 GHz frequency was chosen to purse further investigations as it lies in the spectral band
that offered the most promising discrimination between tissue types in terms of refractive index.
Obviously, it would be interesting to investigate additional frequencies while keeping in mind that
one would therefore face a tremendous amount of data. On facing big data, one would consider
specific numerical implementations, that were not treated in this work, to proceed calculations
in a reasonable time. As pixels are a priori independent from the imaging point of view, it seems
quite indicated to parallelize the inversion task on central processing units or -better- on graphical
processing units.

From the refractive index map of each sample, pixels were classified as benign or as malig-
nant using different refractive index thresholds. A wide range of refractive index threshold was
investigated based on the refractive index profiles that have been extracted in Chapter II, section
11.6.2 Extracted Intrinsic Properties for each tissue types. Concomitantly to these different thresh-
olds that were considered, two segmentation strategies were tested. While the first classified pix-
els depending only on their exhibited refractive index, the second method additionally takes into
account pixel proximity. The proximity between pixels was introduced with a parameter € that de-
fines the space of cross dependence between neighbor pixels. Hence, pixels that were belonging
to the space of length-¢ of a pixel classified as malignant were therefore automatically marked as
belonging to the lesion. The second strategy that was named connected thresholding in oppo-
sition to the first method, the hard thresholding, was investigated for three different structuring
element X!, 22 and =3. It would be of great interest to study the efficiency of additional segmen-
tation techniques or to improve the previous ones. As a suggestion, one may improve the thresh-
olding segmentation techniques that were in the foregoing described by classifying pixels marked
as healthy but surrounded by malignant ones to as belonging to the lesion. Furthermore, water-
shed method, based on the calculation of the gradients within the image or clustering approach
that aims to divide the image into homogeneous clusters could be investigated [27]. Additionally,
at the time this manuscript is written, the field of artificial intelligence and machine deep learn-
ing is burgeoning, and therefore indicating future promising capabilities for medical applications
such as tissue segmentation. However, a huge quantity of data is necessary to train efficiently
neuronal network. Another way would to study principal component analysis performances. This
will be addressed in the following section. Last but not least, alternative characteristics or even
a set of multiple parameters could be used for segmentation. In fact, this work mainly focused
on the refractive index that is obtain with relative computational complexity, but, more simpler
features could be defined such as the time-domain peak-to-peak amplitude, the peak full-width
at mid-half, the maximum amplitude of the frequency-domain modulus or the phase of the signal
at a given frequency. All of these at different times and frequencies. In this sense, Fitzgerald et al
conducted in 2012 an interesting work on ten different parameters tested on 31,236 pulses from
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normal tissues and 30,405 pulses from tissues with tumor . They reported that using the support
vector machine classification algorithm, the parameter that shown the best performances towards
correct classification was the time width of the pulse from the time at which the pulse amplitude is
initially at the fraction of 0.3 of the minimum amplitude E,;;, to the time Tg ;5. Such a parameter
provided a correct classification by about 70%. In addition, different combinations of parameters
were investigated. The overall parameter performances can be found in [28].

Each segmentation strategy was subsequently evaluated by comparing the pathologist’s diag-
nosis provided by a hematoxylin and eosin stain pathology image and the refractive index map.
The comparison between the two diagnosis was performed by first assessing the important dif-
ferences between the two images. Indeed, it was reported that the two images were presenting
different resolution and orientation. The pathology image resolution was reduced to the resolu-
tion of the terahertz image by bicubic interpolation and the orientation registration was achieved
by maximizing the Pearson correlation coefficients between the edges of the two clichés. From the
adjusted pathology image, a binary pathology mask was derived that consists into regions suffer-
ing from the cancer and the healthy ones. Despite all of these special cares, correlation was not
expected to be perfect since the histology treatment that allows the pathologist to deliver his diag-
nosis may drastically deform and affect the global structure of the tissue sample section. Hence,
some concerns were reported on the accuracy of the correlations between the pathology image
and the terahertz image and subsequently on the evaluation of the segmentation techniques that
were employed to delineate between sick and healthy regions within tissue samples. Some spe-
cific solutions were raised by Chavez et al in [29] that employed Delaunay triangulation to correct
pathology images.

Segmentation strategy evaluation was assessed by filling confusion matrices denoting the com-
pliance of the terahertz refractive index segmentation to that of the pathology diagnosis. Receiver
operating characteristic curves were hence obtained by plotting the true positive rate as a function
of the false positive rate. The best thresholds for each method were defined as the ones providing
the best trade-off between true positive rate and false positive rate. Globally, the connected thresh-
olding strategies offered quite better sensitivity and specificity in comparison to the hard thresh-
olding performances. Even though the number of samples reported in this work does not allow to
state on a generic operating factor to classify consistently in a correct manner pixels for all carci-
noma cases, it was observed that low thresholds were suitable for lesions that tend to spread over
the entire section due to the important contribution of the stroma to the overall terahertz signal.
On the contrary, high thresholds were offering promising performances for well delimited lesions
were the stroma contributes less to the recorded signal. For instance, CT3 segmentation offered
a sensitivity of 79% and a specificity of 82% for the NS2 sample with the threshold providing the
best trade-off between true positive rate and false positive rate. The sensitivity was increased to
86% with the second best trade-off threshold by conceding a specificity of 69%.

These results have to be compared with other existing techniques. For instance one can report
the automated segmentation of masses within mammograms with Fisher’s linear discriminant
that reaches a maximum sensitivity of 65% and a specificity of 80% with constrained region grow-
ing [30]. The study reported above was conducted on a much larger set of samples. Moftah et al
achieved an accuracy of more than 85% towards breast cancer recognition on magnetic resonance
clichs by developping an adaptative k-means clustering algorithm [31]. Accuracy is slightly differ-
ent from the operating receiver used in this work as it depicts the number of correct assessments
by the total number of assessments. Interesting results were also reported from the domain of
ultra-sound imaging where solid breast tumors were correctly identified with a sensitivity of more
than 88% and a specificity of 82.5% [32]. Finally, Rouhi and colleagues obtained both sensitivity
and specificity higher than 90% by training a neuronal network with mammograms from interna-
tional databases [33]. Various other techniques have to be acknowledged but would require an
entire additional manuscript which is not the goal of the manuscript. Overall, it is important to
mention that all these techniques are not aimed to be employed under the same circumstances.
While some are expected to detect cancer on its early stages like mammography, other techniques
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and especially terahertz are anticipated to be used within the operating room to evaluated the ex-
cision margins. It is often stated that these techniques are in competition between each others.
However, it sounds -on a personal note- not to be the case. Rather than competing with each oth-
ers, these various methods are ultimately aimed to work together to lower as far as possible the
rate of breast cancer death among women, worldwide.

III.7 Principal Component Analysis

To enlarge the field of inquiry, principal component analysis (PCA) was investigated. PCA also re-
ferred to as Karhunen-Loeve expansion, was first formulated in statistics by Karl Pearson [34; 35].
PCA is often employed for different goals like data reduction [36], outlier detection [37], classifica-
tion [38] and prediction [39] as it extracts the dominant patterns in a collected data set.

I11.7.1 Mathematical Definition

PCA consists of an orthogonal transformation that outlines a set of uncorrelated values with each
successive principal component having the highest possible variance under orthogonality con-
straint [40]. In a nutshell, PCA tends to determine the subspace in which, the orthogonal axis best
describe the discrepancy within the data set [41; 42]. In Figure I11.33 is schematically represented
an example of data reduction on a simple 2D data set, using principal component analysis.

Principal Component

Figure I11.33: Data compression: from 2D to 1D data set.

Mathematically, the projection of a data set X such as X € CN, down on a subspace by means
of a matrix of projection P’ provides the data coordinates in the plane. Let this plane termed T.
The columns in T are the score vectors s and the rows in the projection matrix P’ are called loading
vectors [. Score and loading vectors are strictly orthogonal that means s;s; = 0and I}1; = 0 for i # j.
The projected coordinates in the newly defined plane may deviate from the original coordinates
and are termed residuals. Residuals are collected in a dedicated matrix R. It is therefore possible
to express the PCA in a matrix form:

X =TP' +R. (II1.21)

Another way to think about score and loading vectors is to regard matrix P’ as a measure of the
influence of variables found in the original data set X on T that in turn describes how the differ-
ent observations are related to each other. Furthermore, it can be seen as a mathematical trans-
formation whose projection core depends on the input data. There is multiple algorithms that
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can be employed to extract the principal components and their related score and loading vectors.
Among them the most widely used are the nonlinear iterative partial least squares (NIPALS) algo-
rithm [43; 44] and the singular value decomposition (S§VD) one [45]. Both these algorithm sort the
principal components. However NIPALS algorithm processes the principal components sequen-
tially while SVD sort them out simultaneously. In this work, the pca(-) function from MATLAB®
that uses SVD was employed.

First and foremost, one has to clearly identify the variables and the observations on which the
PCA has to be performed. In this specific work, variables are the frequencies which are comprised
in the predefined confidence interval ranging from 200 GHz to 1.0 THz. Observations are either
the modulus or the phase of each pixel belonging to the tissue sample at these given frequencies.
Hence, rows of the data set to be projected on a subspace from principal component analysis, are
the spectra or the phase that were recorded for each location on the sample. On the other hand,
columns are the specific values of either the modulus or the phase at a given frequency.

Additional proper precautions should be taken considering pixels that have to be taken into
account during the PCA. Indeed, the shape of a matrix is necessarily rectangular. However, it would
be remarkable if a tissue sample would also be rectangular. Globally tissues are of random shape.
Therefore, pixels that belong to the background must be ignored in order to not affect the score
and loading vectors arising from the analysis. To do so, the tissue sample area is determined using
a similar masking procedure that the one described in the previous section. As the tissue mask is
nothing else than a logical entity that either take 0 or 1 as value at each pixel, it is therefore easy to
delimit the region of interest onto which has to be performed the PCA routine. Moreover, despite
the fact that our data set are 3D images, PCA usually takes 2D data set as entries. Therefore, 3D
images have to be reshaped in 2D matrices. Pixels submitted to PCA have therefore to be arranged
in a vector. Basically, reshape(:) function from MATLAB® can be used to do so. Figure II1.34
shows an example of a final matrix to be inserted into the PCA routine.

Frequencies

Ll

(x,y) pixels

v

Figure IT1.34: Schematic representation of a data matrix to be inserted into the PCA routine.

Furthermore, one has to clearly understand what PCA returns after processing. First, it returns
amatrix of coefficients, the loadings, for the n—by— p data matrix X. The returned loading matrix is
a p—by— p matrix. Each value of a given column corresponds to the loading of the related variable
(frequency). Therefore, if we consider the loadings of a given principal component to be /;, one
can obtain the projection from this principal component by:
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i=N
Y 1ix0;, (I11.22)
i=1

where O; is the value of the observable (here modulus or phase) of a specific pixel at variable
(frequency) i.

Evidently, one therefore solely obtain weighted observable. To obtain the final image arising
from the principal component one has to integrate the observable along the variable (frequency)
vector length.

Each of the principal component explain by itself a certain percentage of the total variance
within the original image. Overall, the very first principal components are expected to provide
by themselves the overall variance explanation. Let’s however underline that as far as the pro-
cess is unsupervised, it is almost impossible to identify the physical meaning of the projection.
Moreover, in many cases, the projection on a subspace corresponds to a weighted combination of
various parameters. Therefore, PCA is investigated and performed to exhibit possible interesting
features rather than providing physical operating factors. In that respect, correlation with pathol-
ogy images would make no sense.

In the following, results obtained from PCA on the study cases NS1, NS2 and NS3 are presented
and commented.

I11.7.2 NS1 Sample

Principal component analysis was performed on both the modulus and the phase exhibited from
each pixels within the frequency band lying from 200 GHz to 1 THz. In Table III.9 are reported the
contribution to variance of each principal component for both the modulus and the phase.

Table II1.9: Contribution to variance (%) for the first six principal components based on the modulus and
the phase of each pixel between 200 GHz and 1 THz.

Observable: Modulus Observable: Phase
Principal Component | Contribution to Variance (%) | Contribution to Variance (%)
PC1 98.88 97.37
PC2 0.66 2.40
PC3 0.12 0.11
PC4 0.07 0.05
PC5 0.05 0.03
PC6 0.02 0.02

In view of the contribution to variance of the first principal components that are shown in
Table III.9, only images that corresponds to at least the first three principal components will be
shown. Indeed, it is expected that higher principal component may partly described the variance
found in the experimental noise rather than highlighting tissue discrepancies. In Figure II1.35 are
sorted the corresponding images for the NS1 sample.

Clearly, the first principal component PC1 almost entirely explains the variance within spectra
recorded in the image over the investigated frequency range. The three frequencies that influence
the most the first principal component from the modulus data set are, in descending order, 360
GHz, 330 GHz and 480 GHz. Overall, the first principal component is relatively similar to the raw
terahertz image at 560 GHz that was shown in the previous section. Therefore, it is reasonable
to suspect that the first principal component mainly refers to the amplitude of the modulus over
the frequency range. The second principal component seems to give information that are kinda
similar to the first principal component. However, it is interesting to note that demarcation within
the sample are overall better delineated. Obviously such a statement should take into account
the small contribution to variance of the second principal component that is by about 0.7%. The
last principal component to be shown does not reflect similar features but rather possible new
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information. However, it is difficult to identify the origin of the contrast. Moreover, the particularly
low contribution to variance of this principal component it is reasonable to not drag it out.

Concerning the analysis on the phase, the first principal component also almost entirely ex-
plain the variance. However it is interesting to point out that the contribution from the second
principal component is not that low as it reflects by about 2.5% of the total variance. The first prin-
cipal component from the phase data set is mainly influenced by 540 GHz, 630 GHz and 720 GHz
frequencies while the second principal component is mainly influenced by 540 GHz, 810 GHz, and
900 GHz. It is interesting to underline that the second principal component of the phase data set
seems -subjectively- to be the inverse of the third principal component of the modulus data set.
It is still, however, not possible to relate the contrast to specific features. As already stated, it is
possible that these features arise from noise fluctuations rather than biological differences within
the tissue section. Similarly, features observed from the third principal component calculated for
the phase data set do not offer additional information.

PC 2 PC3

Modulus

Phase

Figure I11.35: Integrated loading weighted frequencies for modulus and phase data set for the first three
principal components. The reader is referred to Figure I11.21 for eyeball comparison.

Overall, it is difficult to precisely understand the origin of the contrast that are depicted in im-
ages sorted from the principal component analysis. Therefore it is almost impossible to determine
a method for classification. However, information that was extracted from the first two principal
component of the spectra and from the first component of the phase data set seem overall suggest
similar areas than the one suggested by the refractive index mapping in the previous section.

To better understand the origin of the contrast, one has to plot the scores, that is to project the
pixels on the derived new subspaces based on the newly defined coordinates (scores). These pix-
els can not be attributed either to the malignant or the benign group solely from PCA. Therefore,
to highlight the possible existence of an unsupervised classification during PCA, we will, in the fol-
lowing, distinguish two groups: first, pixels that were classified as malignant from the best method
and threshold in the previous section; Second, pixels that were classified as benign from the best
method and threshold in the previous section. It is worth to underline, that such a procedure
does not aim to qualify PCA for tissue classification, but rather to establish a possible correlation
between the contrast exhibited from principal component analysis and pixel malignancy.
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As a reminder, in the previous section the best trade-off between true positive rate and false
positive rate for the NS2 sample was given by the CT2 strategy with a refractive index threshold set
to 2.1. This specific segmentation gave arise to a sensitivity of 67% and a specificity of 70%.

On Figure I11.36 are given the pixel projection on the first three component space for the mod-
ulus.
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Figure II1.36: Modulus data set projection on the PC1-PC2-PC3 space. a) 3D projection on PC-PC2-PC3
space. b) PC2(PC1) projection. c¢) PC3(PC1) projection. d) PC3(PC2) projection.

The projection on the 3D space (Figure I11.36 a) whose axis are PC1, PC2 and PC3 clearly shows
two distinct groups of pixels. On the left side of the projection, pixels hat are present were previ-
ously classified as malignant while on the right part of the projection stand pixels that were iden-
tified to belong to the healthy category. Obviously, there is a merger between the two clusters
where malignant and healthy pixels are mixed with each others. However, the overall demarcation
remains remarkably evident.

On analyzing 2D projections, that is one principal component versus another (Figure I11.36 b, c
and d), it appears that the first principal component PC1 as well as the second one PC2 contribute
to express the biological structure variance among the set of pixels on analyzing the modulus. On
Figure II1.36 b, c and d are drawn (black dashed lines) estimated thresholds that successfully isolate
the malignant pixel cluster from the rest, using PC1 and PC2. On its part, PC3 does not provide any
remarkable demarcation between the two groups of pixels.

Overall, the first two principal component give arise to a classification that is compliant with
the one that was described in the previous section. Let’s underline that such an observation does
not imply that PCA offers similar performances towards classification but rather depict its poten-
tial in assessing tumor delineation.
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Additionally to the analysis on the modulus, the phase was also investigated. On Figure I11.37
are given the phase data set projections thanks to PCA.
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Figure I11.37: Phase data set projection on the PC1-PC2-PC3 space. a) 3D projection on PC-PC2-PC3 space.
b) PC2(PC1) projection. ¢) PC3(PC1) projection. d) PC3(PC2) projection.

Globally, the analysis towards the phase data set does not reveal specific clustering (Figure
I11.37 a). Considering the plot of PC2(PC1), PC3(PC1) and PC3(PC2) it is clear that the phase does
not categorize pixels as a function of their biological nature. However, this observation does not
indicate that phase is not suitable at all for demarcation, but rather that in this precise study case,
phase analysis failed to classify pixels in accordance to their belonging to each category.

I11.7.3 NS2 Sample

Similarly to the previous sample, the first six principal component for the data set of the modulus
and the phase of NS2 sample were calculated and their respective contribution to variance are
reported in Table III.10.

Again, the first principal component explains by itself by about 95% of the variance observed
within the spectra data set and the phase data one. Let’s note that the contribution from the sec-
ond principal component is not that weak as it expresses roughly 2% of the total variance among
the modulus set and by about 3.7% among the phase set. Similarly to the previous study case, fur-
ther principal component are not contributing that much to the total variance within the sets and
are expected to be mainly affected by noise fluctuations.

The first two principal component of each data set are not influenced by the same frequencies.
Remarkably, the principal components arising from the analysis of the modulus data set are more
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Table II1.10: Contribution to variance (%) for the first six principal components based on the modulus and
the phase of each pixel between 200 GHz and 1 THz.

Observable: Modulus Observable: Phase
Principal Component | Contribution to Variance (%) | Contribution to Variance (%)
PC1 95.34 95.63
PC2 1.94 3.67
PC3 0.83 0.69
PC4 0.20 0.12
PC5 0.13 0.10
PC6 0.11 0.04

greatly impacted by lower frequencies while the phase data set principal components are mostly
weighted by high frequencies. Indeed, the first principal component from modulus set is mostly
impacted, in descending order, by 330 GHz, 390 GHz and 510 GHz frequencies. Roughly, the same
frequency windowing is impacting the modulus second principal component. On the other hand,
frequencies that impact the most the weighting among phase principal components are ranging
from 690 GHz to 990 GHz.

Images obtained from the trapezoidal integration of loading weighted spectra and phase for
the first three principal components are given in Figure I11.38.

PC1 PC 2 PC3

Modulus

Phase

Figure I11.38: Integrated loading weighted frequencies for modulus and phase data set for the first three
principal components. The reader is referred to Figure II1.25 for eyeball comparison.

Overall, interesting contrast are depicted for the first two principal components. Additionally,
some contrast are exhibited by the third principal components. However, it is worth mentioning
that the third principal component that was calculated for the phase data set seems to be widely
affected by noise.

In order to better understand the contrast that is exhibited on each images, it is suitable to
plot the scores related to each pixels. In other terms, it consists in projecting the pixels in the cal-
culated subspace based on their newly defined coordinates. These pixels can not be classified as
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malignant or benign solely from PCA. Therefore, to highlight the possible existence of an unsuper-
vised classification during PCA, we will, in the following, distinguish two groups: first, pixels that
were classified as malignant from the best method and threshold in the previous section; Second,
pixels that were classified as benign from the best method and threshold in the previous section.
It is worth to underline, that such a procedure does not aim to qualify PCA for tissue classifica-
tion, but rather to establish a possible correlation between the contrast exhibited from principal
component analysis and pixel malignancy.

As a reminder, in the previous section the best trade-off between true positive rate and false
positive rate for the NS2 sample was given by the CT3 strategy with a refractive index threshold set
to 2.6. This specific segmentation gave arise to a sensitivity of 79% and a specificity of 82%.

On Figure I11.39 are given the pixel projection on the first three component space for the mod-
ulus.

Modulus Projection
a) b} I
) 1
X .l
4. Benign 2 | I
2 Malignant
oFf
0- |
g2 ) 1
& | :u
-4 | :
4t i
6. :
8 I
> | I
5 . H:
0 >~ - 25 gl
~_ - 8 |
> - 15 I
5 - : :
> : I
PC 10 o PC 1 ]0 l
0 5 10 15 - |
c) d) .
| 3

PC

N
pPC
N

o B
PC1
I

Figure II1.39: Modulus data set projection on the PC1-PC2-PC3 space. a) 3D projection on PC-PC2-PC3
space. b) PC2(PC1) projection. c¢) PC3(PC1) projection. d) PC3(PC2) projection.

The 3D projection of the spectra data set clearly highlights a main lobe where a wide quan-
tity of pixels is present. Most of these pixels were previously classified as malignant. However, a
non-negligible amount of pixels that is comprised within the lobe were previously marked as be-
nign. Especially, on the south-east part of the lobe one can observe a great density of benign pixels
(Figure I11.39 a). Remarkably, apart from the lobe, one can see a tail-like shape that mainly com-
prised pixels belonging to the benign category. Overall, plotting PC2(PC1) (Figure I11.39 b) well
described the previous observation. It is therefore reasonable to state that PCA on pixel spectra
may have some potential towards breast tissue classification. However it is important to keep in
mind that such a statement remains -at this stage- solely hypothetical. In a interesting manner,
the second principal component seems to actively participate in the separation of benign pixels
from malignant ones as depicted by the black dashed lines on Figure II11.39 b, despite it’s relatively
weak contribution to variance (~ 2%). Plotting PC3(PC1) and PC3(PC2) (Figure I11.38 c and d) does

155



CHAPTER III. TERAHERTZ IMAGING: FAR-FIELD SURVEY

not give arise to specific additional clustering. That validates the idea that the third component
would mainly be dictated by noise fluctuations. Subsequently, further principal components are
therefore not aimed to explain the spectra set variance in a biological way.

PCA capabilities were also inspected on the phase data set. The phase projections are given in
Figure I11.40.
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Figure I11.40: Phase data set projection on the PC1-PC2-PC3 space. a) 3D projection on PC-PC2-PC3 space.
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Although it seems from the 3D projection (Figure II1.40 a) that some distinctions between ma-
lignant and healthy pixels are feasible, these features do not appear anymore on plotting the pro-
jection in PC2(PC1), PC3(PC1) and PC3(PC2) (Figure I11.40 b, c and d). The reason behind it is
overall quite simple. Due to the wide number of pixels that is considered, dots that represent the
projection of these pixels are superimposed. Hence, it is not possible -from this study- to state on
the capabilities of principal component analysis on the phase data set to discriminate between
healthiness and malignancy.

III.7.4 NS3 Sample

Last to be reported, the NS3 sample that was previously pointed out to suffer from the lack of ac-
curacy concerning the pathology - terahertz image correlation. The first six principal component
contribution to variance for NS3 sample are given in Table III.11.

Overall, the same tendency is shown that is, the first principal component almost entirely ex-
plains the variance within the modulus set. However, it appears that such an observation is not
valid towards the phase data set. Indeed, the contribution to variance of the first principal compo-
nent drops below 83% while the second and the first principal component have a contribution that
reaches approximately 10.3% and 6.3%, respectively. Nevertheless, we have observed in the fore-
going, that the phase was -overall- poorly contributing to express biological demarcation within
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pixels. Therefore, one can anticipate that this different contribution to variance distribution is not
due to specific biological features.

Table III.11: Contribution to variance (%) for the first six principal components based on the modulus and
the phase of each pixel between 200 GHz and 1 THz.

Observable: Modulus Observable: Phase
Principal Component | Contribution to Variance (%) | Contribution to Variance (%)
PC1 97.70 82.97
PC2 0.51 10.27
PC3 0.44 6.33
PC4 0.11 0.21
PC5 0.10 0.08
PC6 0.08 0.06

Overall, the most notable influential frequencies on modulus data set are located from 300
GHz to 600 GHz with highest weight for 330 GHz, 510 GHz, 480 GHz and 540 GHz which are all
almost equivalent in terms of influence. On the contrary, important weighting towards the phase
data set are generically observed between 660 GHz and 990 GHz. Images that correspond to the
integration of the weighted frequency band are given in Figure I11.41.

PC1 PC2 PC3

Modulus

Phase

Figure I11.41: Integrated loading weighted frequencies for modulus and phase data set for the first three
principal components. The reader is referred to Figure I11.29 for eyeball comparison.

Globally, some contrast clearly appears on each image that results from the integration of load-
ing weighted frequencies. However, as already pointed out, to explore the possible existence of a
correlation between the observed contrast and tissue malignancy, it is favorable to analyze the
distribution of original pixels once projected into the newly derived space. The score plots for the
modulus data set are given in Figure I11.42.

Overall, one can still observe a rough demarcation between pixels that were classified as ma-
lignant and benign (Figure I11.42 a). Remarkably, the first principal component still shows an ap-
proximate clustering as depicted by the black dashed lines on Figure I11.42 b and c. Nevertheless,
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in comparison to those of the two previous sample NS1 and NS2, the second principal compo-
nent of the present tissue sample does not provide clear delineation. Indeed, it is not possible to
approximately determine a threshold in PC2 that would separate malignant from healthy pixels
(Figure I11.42 c and d). It is worth to underline that the second principal component contribution
to variance is -in this case- lower than for other samples.

Concerning the phase data set analysis, the projections are given in Figure I11.43. Similarly to
other samples, the phase data set analysis through PCA does not give any information at all. In the
conclusion dedicated to principal component analysis, we will address this specificity and try to
comprehend the reasons why phase does not seem to be efficient towards tissue segmentation via
PCA.

II1.7.5 Discussion on PCA

In the section dedicated to principal component analysis, we have investigated the potential of
such a transformation towards breast carcinoma detection. As PCA projects the original data set
on a subspace that aims to highlight data collection variance, one can therefore reasonable expect
that it would enhance the contrast originally observed within the tissue section.

Heretofore, PCA was performed onto the raw modulus and phase of pixels for frequencies
ranging between 200 GHz to 1 THz. Remarkably, frequencies that contribute the most to the over-
all variance are not similar for the modulus data set than for the phase one. Influential frequencies
are globally comprised between 300 GHz and 600 GHz for the modulus while they stand from 660
GHz to 990 GHz for the phase. Instead of merely reporting such an observation, could we not con-
struct a reasonable hypothesis that may explain it? Regarding the frequencies that mostly affect
the variance towards the modulus, let’s remember that in the previous chapter we have under-
lined the frequency band [200 - 600] GHz to present the highest contrast between the refractive
index of adipose tissue and fibrous/cancer tissue. The amplitude of the modulus is dictated by
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the proportion of photons that are reflected at the dielectric interface for each frequency. In turn,
the fraction of reflected photons directly depends on the refractive index difference at the dielec-
tric interface. As tissues exhibit the highest refractive index difference between 200 GHz and 600
GHz, it is reasonable to state that consequently the highest modulus variance takes place within
the same frequency window. Moreover, as the signal-to-noise ratio was shown to be greater at low
frequencies, it is clear that such a variance does not reflect noise fluctuation but rather intrinsic
biological differences within tissue types. Concerning the phase, it is also important to mention
that it is impacted by the refractive index difference at the dielectric interface. Therefore, on solely
considering the refractive index difference one could expect that the same frequencies than the
modulus would contribute to the global variance. However, it is of paramount importance to have
in mind that to study the phase data set, the original phase was unwrapped. Therefore, each pixel
exhibits a phase that either increases or decreases in a monotonous way. Let’s note that the sign
of the phase only depends on the sign of the Fresnel’s coefficient at the interface and is, here,
not of interest. Therefore, it is obvious that higher frequencies are expected to contribute more
than lower frequencies. In a nutshell, the global variance observed towards the analysis of the
unwrapped phase data set may not solely reflect biological differences within tissue sections but
concomitantly phase direction due to phase unwrapping.

Globally, the first principal component either for the modulus or for the phase was almost
entirely explaining the discrepancies among the respective data set. We still can mention that
some contribution to variance were observed from the second principal component but drasti-
cally lower than the first component. Beyond the first two components the contribution to vari-
ance was particularly low and was consequently mainly impacted by internal noise fluctuation.
Such a statement was further demonstrated by the inefficiency of the third principal component
to roughly cluster malignant and benign pixels.
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In order to better understand the contrast that was exhibited by images resulting from the PCA,
each pixel was projected on the PC space. To visualize the possible existence of a demarcation be-
tween malignant and healthy pixels, each pixel was beforehand marked as malignant or as benign
depending on the classification that was established from the best threshold and segmentation
method in the previous section. Therefore, one could observe the potential sensitivity of PCA to
pixel pathology. For each case, the first principal component derived from the modulus data set
has shown rough demarcation between healthy and sick pixel group. It is however important to
report that all pixels were not correctly classified or at least were not fully in accordance with the
diagnosis established by the previous methodology. Nevertheless, it clearly indicates that the prin-
cipal component analysis may have some potential towards breast cancer detection, when applied
on the terahertz modulus. On the contrary, despite the artistic features described by the projection
of the phase data set on the PC space, it was not possible to determine specific features that would
have tend to express any demarcation between healthy and malignant pixels.

I11.8 Conclusion

The third chapter was devoted to the evaluation of pulsed-terahertz technology towards the iden-
tification of malignant lesions within breast sections.

As reflection configuration systems are often reported to be extremely sensitive to the phase, a
self-reference approach was proposed that aims to improve sample characterization or at least to
diminish reference-sample phase mismatch that globally limits property extraction accuracy. The
suggested method consists of calculating the theoretical signal generated by the terahertz emitter
from the signal that is recorded at a dielectric interface between a sapphire substrate and the air.
Indeed, as far as sapphire and air properties are known, it is possible to derive the signal shape
that gave arise to the recorded signal. Hence, the recording of a reference signal from a perfect
reflector beforehand sample measurement is not required and consequently it erases the error
due to position mismatch between the perfect reflector and the sapphire substrate that carries the
sample.

Insofar as the different types of tissue were reported to exhibit distinct response to the tera-
hertz stimuli, specific contrast was expected to be displayed by sample section terahertz images,
depending on tissue region biological nature. Evidently, the level of contrast was concomitantly
expected to be dictated by the density of cancer cells reported within the breast section.

Hence, electromagnetic problems were solved to express image contrast as a function of the
refractive index level. Importantly, either extinction or absorption coefficient mapping were not
assessed as the differences between healthy fibrous and tumor were previously reported to be
null. The reader is invited to keep in mind that solely the maps at 560 GHz and related subsequent
investigations are -in this manuscript- reported.

Based on the refractive index contrast, different strategies towards the section segmentation
were tested. In fact, it would not be relevant to simply state on the observation of a contrast.
Therefore, tissue section images were binarized depending on the value of the calculated refrac-
tive index for each pixel. To do so, various refractive threshold were considered that determine
the level above which pixels are classified as malignant and below which, they are marked as be-
nign. Nevertheless, as reported in the dedicated sections, pixels are numerical objects rather than
carrying a biological nature. In other words, despite their numerical separation, the presence of
malignant cell within a pixel should influence the diagnosis on neighbor pixels. Hence, in order
to take into account such an influence, connected segmentations that consider pixel proximity
in addition to pixel refractive index to classify pixel in either the malignant or the healthy pixel
cluster.

The efficiency of each segmentation was assessed by filling the associated confusion matrix
with regards to the corresponding pathology images, annotated by the pathologist. The resulting
receiver operating characteristics corresponding to each segmentation were derived. Overall, re-
sults highlight that connected thresholding is more sensitive and specific than hard thresholding.
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Remarkably, the study on one of the inspected sample reported that connected thresholding cor-
rectly localized malignant lesion in approximately 80% of cases while maintaining a specificity in
the range of 82% in comparison to its pathology image. However, this statement has to be taken
with precautions since the correlation between refractive index map and pathology images are of-
ten tricky due to resolution and orientation mismatch between the two pictures and due to tissue
deformations that occur during histology slide preparation.

Supplemental studies on principal component analysis were thereafter conducted. Both the
modulus and the phase of pixels were projected on subspaces that aim to highlight the discrep-
ancies among the data set. We reported that the first principal component was often explaining
most of the variance contained in sets. Pixel distribution in principal component spaces was com-
pared with the diagnosis established upstream with refractive index thresholding. On comparing
the refractive index thresholding diagnosis with principal component analysis performed on the
modulus data set, it was immediately apparent that the two processes were giving similar results
towards pixel categorization. On the contrary, the absence of particular features was reported re-
garding the phase data set analysis.

Despite all the precautions that have to be taken on considering the results, the different inves-
tigations that were conducted all lead to the same idea -that is not anymore a simple hypothesis-:
terahertz technology has the potential to localize malignant lesions within breast tissue sections.

Well, that is right but with a certain accuracy. As stated in the beginning of this chapter, the
main limitation of far-field imaging lies in its resolution. Hence, to improve even further the ef-
ficiency of such a tool toward breast carcinoma recognition and segmentation, resolution below
this theoretical limit has to be achieved. To push further the development of terahertz technol-
ogy as an effective tool to be implemented during breast conserving surgeries, the following and
last chapter is devoted to the development and the use of a near-field silicon-based terahertz sub-
wavelength imaging matrix operating at the singular frequency of 560 GHz [46; 47]. The operating
frequency was determined from three key points: first, the frequency belongs to the spectral band
within which the demarcation between cancer and healthy fibrous is expected to be the highest;
Second, the results on the diverse numerical treatments at 560 GHz provided effective demarca-
tion between cancer and normal tissue; Last, such a frequency matches new BiCMOS technology
capabilities and thus opens up the opportunity for near-field terahertz imaging using such kind of
device.
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Breast Cancer Imaging: Near-field Survey
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CHAPTER IV. BREAST CANCER IMAGING: NEAR-FIELD SURVEY

IV.1 Introduction

The last chapter, Terahertz Imaging: Near-field Survey reports the development of a near-field ar-
ray imager to break the diffraction limit of resolution at terahertz frequencies. The imager has
been designed based on breast tissue behaviors to external terahertz stimuli that were reported
throughout the previous chapters. Its design ultimately aims to provide an intra-operative device
to assess the freshly excised breast tissue margin cleanliness with subwavelength resolution.

Beforehand, an overview of the fundamental concepts to sense the near-field is provided,
whereupon different approaches and existing applications are reported.

The last section of this chapter is dedicated to the basic theoretical physics behind the imple-
mentation of such a sensor, the description of the approaches for its development, the evaluation
of its theoretical response under various conditions, and ultimately, its use towards breast cancer
recognition.

IV.2 Beating the Diffraction Limit of Resolution

Anyone who has ever used a microscope or an imaging system has wished that it had a slightly
greater resolution. However, as stated in Chapter 111.2.1 Image and Limitation, the resolution of
any light-based microscope and imager is limited by around A/2NA wherein A is the considered
wavelength and NA is the numerical aperture. In fact, when light is focused via an objective, rays
do not converge to an infinitely sharp focal point but rather form a hazy spot of finite size. The
profile of a spot, which defines the point spread function (PSF) previously defined, has roughly the
same width as that of the focal spot aforementioned. Therefore, two points separated by a distance
lower than the width of the PSF will appear as a unique object, consequently making them indis-
tinguishable from each other. For instance the spatial resolution of an imaging system that probes
at 500 GHz is about 0.3 mm if considering NA =1 (free space being the propagation “medium” and
the aperture being hemispherical). Hence, the profile response of biological entities that are sepa-
rated by a distance less than 0.3 mm will be averaged. On comparing the resolution at 500 GHz of
such an imager with the size of many sub-cellular structures like proteins, DNA or carbohydrates,
it follows that they are unresolvable by far-field terahertz spectroscopy and imaging. Considering
now that the typical diameter of eukaryote cells is by about tens of microns, such a system does
not either manage to resolve at the cellular level.

One direct way to increase the resolution is to increase the refractive index of the propagation
medium. In light microscopy, oil-immersion is a commonly employed technique. However, let’s
remind that absorption would drastically limit the propagation path to short distances in the case
of terahertz waves. Interestingly, some liquids as paraffin could however be of interests towards in-
creasing terahertz far-field imager resolution as its partial transparency in the frequency band was
reported [1]. Instead of liquid-immersion, solid-immersion of terahertz waves was successfully
reported that enhanced the spatial resolution by a factor of 2.43 [2].

But overall, is it really breaking the diffraction limit ? It rather turns to tame it than beating
it. The diffraction limit impacts light that has propagated for a distance that is substantially larger
than its intrinsic wavelength. Hence, one way to bypass the limitation is to place the sample to be
inspected close to the excitation source or detection probe [3]. Such an approach is referred to as
near-field sensing and the prevalent method to collect information about the near-field are known
as near-field scanning optical microscopy (NSOM).

IV.2.1 Far-field versus Near-field Regimes

In light of the above, two different propagation regimes have to be distinguished, namely the far-
field and the near-field regimes. So how are these distinguished from one another ? Actually the
singular value of A/2n distinguishes these two, and is called the transition regime. Let us consider
an electromagnetic wave emitter located at random position. While anything that propagates for
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a distance smaller than A/2n from this source is regarded as the near-field, anything that is prop-
agating for a greater distance is governed by far-field phenomena (Figure IV.1). That’s it for the
definition, but what does it imply on wave characteristics ?

0
\\‘

k Nearfield | Farfield

A2

Figure IV.1: Delineation between the near-field domain and the far-field regime. The near-field regime
is defined as the sphere of radius A/2m whose center is the punctual electromagnetic source. Beyond the
near-field sphere, interactions with matter should be regarded as far-field effects.

The first thing that may come to mind is the shape of the electric and magnetic wave, E and
H respectively. In fact, the diffraction limit impacts waves that propagate for an infinite distance
from a punctual source. To ensure the propagation of a maximum of frays to the desired location,
convex lenses are used to collect and to direct them. Consequently, Eand H components of the
propagating wave in far-field regime are strictly planar. On the contrary, as waves are not collected
in near-field regime, both E and H are either spherical or cylindrical waves.

The second point that is of interest is the electromagnetic wave impedance n(w) that is usually
defined as the ratio of the strength of the electric and magnetic fields:

| Jop(w)
N(w) = —jwe(w)+o’ (IV.1)

where, j is the imaginary unit, w is the angular frequency, p(w) is the frequency-dependent
magnetic permeability of the propagating medium, o is the medium conductivity and e(w) stands
for the frequency-dependent electric permittivity of the propagating medium. It is worth to un-
derline that here, p(w) = poptr(w) with py being the permeability of free space and i, being the
relative permeability of the medium. In an equivalent manner, €(w) = €g€,(w). On considering a
perfect dielectric, that is a null conductivity, we end up with:

n(w) = % (IV.2)

As stated in the foregoing, in far-field regime, both E and H are planar waves, which therefore
induces that they are in phase with each other. Consequently, the nature of the wave in far-field
regime is mainly dictated by the propagation medium. On the other hand, in near-field E and H
are not in phase with each other. Hence, the electromagnetic wave impedance n(w) depends on
the source characteristics rather than the propagation medium. Therefore in near-field, the effects
caused by the light-matter interaction will mainly depend on the predominant electromagnetic
component, that is either E or ﬁ, emitted by the electromagnetic energy source. In a nutshell,
while the nature of the wave in near-field regime depends on the source, in far-field it is mainly
dictated by the propagation medium.
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IV.2.2 Terahertz Near-field Probing

Surpassing the diffraction limit of resolution within the terahertz band was focused by numerous
research teams during the last decades. Often based on existing methods derived from optic wave-
lengths, some of the most promising near-field terahertz technologies successfully provide spatial
resolution as high as A/3000 [4]. The state-of-the-art of the super-resolution terahertz probing is
hereafter briefly discussed.

Before carrying this on, it is worth noting that there is a consistent and inherent quest to any
imaging that tends to reduce the developped technique solely to its spatial resolution.

Overall, three main ways are commonly employed: first, the determination of the smallest line
pair element, of an USAF 1951 test chart, that is resolved; Second, the measurement of the imaging
system response to a sharp object standing across the optical path, also referred in the literature
to as the line spread function; Last, the edge response that is globally similar to the line spread
function but slightly differs as it consists in recording the response from and edge rather than a
line. Here, the pursued goal is not to debate on these methods and their associated relevance.
Therefore, spatial resolution of the techniques that are to be reported are given as stipulated by
authors. Ultimately, the reader will make his/her own idea about their respective accuracy.

Source in Close Vicinity

The most intuitive way to satisfy near-field sensing requirements is likely a “in-contact” approach.
Lecaque et al have developed the concept of generating terahertz directly at the sample surface
[5]. To this aim, the sample to be inspected is placed on a 500 um-thick second order non-linear
x? ZnTe crystal. A typical femtosecond laser is focused at the rear of the crystal to drive terahertz
radiation generation. Detection was achieved with a bolometer and a typical spatial resolution of
A/3 was achieved (Figure IV.2 a). Later on, the same group employed a thinner ZnTe crystal (~ 200
pm) allowing to achieve a A/6 spatial resolution when combined with a specific deconvolution
algorithm [6]. Overall, it is obvious that performing so has the advantage of recording a terahertz
near-field signal that is not related to the sample surface profile.

Alternatively, Yi et al coupled a InAs crystal to the tip of an optical fiber through which is passes
through the pump beam [7]. The sample to be inspected adjoins the InAs crystal (Figure IV.2 b). A
spatial resolution by about A/3 at 500 GHz was reached by the authors.

THz

. Optical fiber
X2 fs-Laser —
X(2)

fs-Laser
(a). (b).

Figure IV.2: Near-field sensing with terahertz source near the sample to be inspected. a: approach devel-
oped by Lecaque et al in [5; 6]. The sample is placed on the emitter. b: coupling between an optical fiber
and a x@ crystal as reported by [7]

A similar approach was adopted by Okada et al in [8] where they reported the development
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of a scanning laser terahertz near-field reflection imaging system using a fiber-coupled femtosec-
ond laser source for high spatial resolution measurements without any sub-wavelength probes.
In their setup, terahertz radiations, that are generated at the laser focusing spot in a non-linear
optical crystal, interact with a sample set on the crystal top-surface. Using this system, authors
obtained terahertz images in reflection configuration of metallic structures with a resolution of
A/34 at 441 GHz. The imaging setup was further employed to acquire images of pathology sec-
tions of tens of microns.

Detector in Close Vicinity

Even though it seems instinctive, instead of positioning the terahertz energy source close to the
sample, one can place the detector near the object. By doing so, the resolution can also be en-
hanced, provided the detector is small enough.

The collaborative work conducted by the group of Planken and Kim has successfully captured
the vectorial electrodynamics ( E H and Poynting vector S ) near the slits of a metal foil [9] (Figure
IV.3 a). To achieve such a description of the electromagnetic field, the incoming terahertz beam
is focused on the object, that stands on an electro-optic crystal. The terahertz field induces a
refractive index change (referred as the Pockels effect in the foregoing) in the electro-optic crystal.
The refractive index change is probed by a counter-propagating fs-laser that is focused on the front
surface of the electro-optic material (Figure IV.3 1). The terahertz radiations that emerged from the
metal foil slits were measured with a subwavelength resolution by about 50 pm.

On their part, Bitzer ef al replaced the electro-optical crystal by a silicon layer onto which are
patterned H-shaped electrodes (Figure IV.3 b). The H-shaped electrodes face the back-side of the
sample to be inspected. The probe fs-laser beam is focused into the photoconductive gap of the
detector. Using this strategy, authors obtained a slightly greater spatial resolution that in the pre-
vious study by about 20 um at a frequency of 0.7 THz (~ A/20). Authors reported that the measure-
ment is quite sensitive but however can not be performed directly “in-contact” with the sample as
the distance between detector and sample is limited from the experiment to 35 pm. In [10], the
authors improved even further the achievable resolution, up to 5 um and stated that they could
enhance even more such a resolution by reducing the probe-sample distance and by lateral down
scaling the size of the photoconductive gap employing nanostructuring techniques.

Quasi Near-field

Someone who reads those lines may have wonder, why don’t we bring both the electromagnetic
energy source and detector in close vicinity to the sample of interest ? Actually, such a method
was investigated by Chakkittakandy and colleagues [12]. In their so called “quasi near-field” set-
up, authors employed two electro-optic crystals positioned close to each other to generate and
to detect terahertz radiations (Figure IV.4). The proximity between the two electro-optic layers
offered a particularly high signal-to-noise ratio. However, authors could not image any samples as
the two crystals are clamped and adjusted with respect to the pump and probe fs-laser beam so
that they are, ultimately, immobile.

Apertures Near-field Scanning Optical Microscopy (A-NSOM)

Another way to achieve super-resolution is to reduce the size of the detector. Obviously, at some
point, that approach will rapidly find actual available technologies as obstacles. An alternative way
consists of placing a sub-wavelength aperture across the propagating path. Therefore, only what
comes in and comes out the aperture will consequently be detected. Therefore, the spatial resolu-
tion is scaled down to the size of the aperture that stands in the optical path. On considering a ter-
ahertz beam that has the shape of a Gaussian, one can consider the aperture as a high-pass filter.
In fact, while low frequencies are theoretically located on the Gaussian periphery, high frequen-
cies are located near the Gaussian center. The associated cut-off frequency can be determined
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Figure IV.3: Near-field sensing with terahertz detector near the sample to be inspected. a: approach de-
veloped by [9]. The terahertz field induces a refractive index change in the electro-optic crystal onto which
is mounted the sample. Polarization ellipticity changes in the counter-propagating probe fs-laser beam
are recorded. b: alternative idea suggested by [11] where the electro-optic crystal is replaced by H-shaped
electrodes patterned on a silicon layer.

fs-Laser

EO
Crystal

THz

—

Sample

EO
Crystal

|
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Figure IV.4: Near-field sensing with both terahertz electro-optic source and detector close to the sample to
be inspected [12].

experimentally from waveguide theory as it was shown by Gallot et alin [13].

As terahertz is a recently investigated part of the electromagnetic spectrum, most of the imple-
mentations are coming from other regions that have already been explored for decades. In 1972,
Ash and Nicholls published the first concept of a super-resolution aperture scanning microscope
[14]. Originally, this study was conducted towards aperture implementation for microwave mi-
croscopy. Based on the same principle, Mitrofanov et al successfully reported the implementation
ofa 50 x 50 pmz aperture made of gold and patterned on a GaAs substrate [15]. Detection of the
radiations that are transmitted through the aperture and near it was achieved with a photoconduc-
tive antenna that was placed 4um below the aperture and right in its center (Figure IV.5 a). Later
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on, the same research team improved a little bit further their conceptual design by implementing
a silicon lens on the top of the aperture to better collect terahertz radiations [16].

Different aperture geometries may lead to different effect. Ishihara and colleagues designed
a bow-tie shaped aperture surrounded by concentric periodic structures in a metal film [17] (Fig-
ure IV.5 b). A bow-tie aperture is known to exhibit particularly interesting electromagnetic field
enhancement at the sharp tips of metal [18; 19]. Moreover, the concentric grooves, commonly
named bull’s eye configuration, allows enhanced transmission beyond the diffraction limit thanks
to the resonant excitation of surface waves [20]. Authors obtained a spatial frequency by about
A/17 at the wavelength of 207 pm.

THz

THz

Gold Layer \ Aperture

GaAs

A|03 l |

Bull's eye
PCA 3
Bow-tie

Sample o perture

fs-Laser

(a). (b).

Figure IV.5: Near-field sensing with illuminated sub-wavelength aperture. Note that the sample may either
be upstream or downstream the sub-wavelength aperture. a: the terahertz beam passes through the sample
and subsequently through a sub-wavelength gold aperture. The electric component of the transmitted field
is detected by a low temperature grown GaAs photoconducting antenna [15]. b: the incident terahertz beam
is sent onto a bull’s eye structure that activates surface waves. The resonant excitation of those waves allow
to increase the amplitude of the electric field that is detected. Terahertz passes through a bow-tie aperture
and interacts with the investigated sample [17].

One would therefore ask oneself until which limit the size aperture can be scaled down ? While
some responses can be found in [21; 22], it is worth mentioning that the smaller the aperture is
and the lower the electromagnetic field strength is.

In [16; 22], researchers have shown that there is a linear decrease of the electromagnetic field
amplitude with the aperture size in the region below the center of the aperture that does not go
further than the aperture size. In other words, letting d being the aperture size and z the distance
from which one observes the electromagnetic amplitude, the linear dependence remains valid for
ZeER,z<d.

On the other hand, for distances from the aperture center that are larger (d < z), the model
suggested by Bouwkamp in [22] describes a cubic power dependence instead of a linear one. It
is therefore worth to underline that the aperture size and the distance from which is observes the
diffracted electromagnetic field have to be tuned in a concomitant way.

Hence, how far from the aperture center the terahertz detector should be positioned ? Mair et
al have reported in [23] that the signal which is transmitted through a considered aperture decays
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in an exponential manner with the distance. Although such a statement seems evident, it however
only remains valid for an electromagnetic field that is observed in the close vicinity of the aperture,
that is z << A, wherein A is the wavelength. In fact, for larger distances, the electromagnetic field
strength decays as d®/z.

It is overall interesting to note that in this case, the definition we gave in the beginning of this
chapter about near-field sensing is not that accurate since the near-field depicts a region within
the characteristics dimensions of an object rather than within a typical wavelength threshold. As
written by Adam in [24], “typically, if you want to measure the near-field from a 5 pm hole, your
detector should be placed at least, 1 pm from the hole to detect the proper near-field, whatever
your wavelength is in the case it is larger than the hole diameter”.

Scattering Near-field Scanning Optical Microscopy (S-NSOM)

Metal tips are well known to scatter the light that is focused on their apex. The apex of a sharp tip
can be seen as an infinitely small sphere which is an ideal scatterer. Hence, placing the apex close
to a sample that is illuminated would allow one to scatter the near-field. However, the scattered
near-field is expected to be relatively weak in comparison to the field that irradiates the inspected
sample. As a consequence, to achieve a reasonable signal-to-noise ratio, the collection of the near-
field information has to be performed in the apex direct proximity. To detect the near-field scat-
tered by a sharp tip apex of subwavelength dimension, van der Valk et al, held a (100) oriented
electro-optic GaP crystal in close vicinity [25]. A synchronised fs-laser is focused onto the GaP
electro-optic crystal that detects the component of the probed field that is perpendicular to the
(100) oriented surface. Authors stated that as the incoming terahertz polarization is parallel to
the electro-optic material, the perpendicular component only exists close to the tip apex, “which
functions as a lighting rod where field lines are bent and concentrated”. To bid even further on
the choice of the electro-optic crystal orientation, the apex is naturally going to scatter the incom-
ing light in every direction which leads to the generation of all possible polarization. However, a
part of this field is expected to be non-propagating, that is evanescent waves. The electro-optic
crystal orientation allows to detect only the non-propagating components, and therefore only the
near-field. In their study, van der Valk and colleagues reported that they achieved a subwavelength
resolution by about A/110 at the frequency of 150 GHz. Let’s note that the resolution was deter-
mined from the beam spot size directly under the tip.

Instead of using judiciously oriented electro-optic crystals to collect the near-field information
submerged within the strong far-field, Mittleman’s group employed a mechanically modulated tip
probe and lock-in methods [26]. The tip goes perpendicularly back and forth to the surface of
the sensed sample with an amplitude by about 750 nm (Figure IV.6). The frequency of the mea-
sured signal is concomitantly locked to this specific frequency. Authors reported a resolution at
the micron scale on imaging metallic domains in vanadium dioxide thin films.

A further study even implemented cantilever tungsten tip usually employed in atomic force
microscopy [27], as scattering tip, enabling imaging with a super-resolution of 40 nm, correspond-
ing to A/3000 with a continuous wave gas laser source generating at 2.54 THz [4].

IV.2.3 Challenges for Biomedical Application: Sensor Integration

It seems that either A-NSOM or S-NSOM techniques may be profitable to the field of biomedicine
to collect tissue response to an external terahertz stimuli, with a subwavelength resolution. Yes,
but no. Let’s remind that although very high spatial resolution can be reached with such strate-
gies, they remain quite sophisticated implementations that is, lowly integrated setups. But espe-
cially because, the overall extremely weak collected near-field information is strongly shadowed
by the far-field background clutter, requiring therefore a particularly long integration time to ob-
tain areasonable signal-to-noise ratio. Hence, such kind of imagers would be incapable to provide
real-time visualization of tissue response. This incapacity towards offering in real-time the near-
field components is obviously not an issue for laboratory uses. However, in the context of surgical
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Figure IV.6: Scheme of a S-NSOM setup. A terahertz beam is focused onto the sample surface by means
of lenses. The evanescent field is probed with an oscillating scatterer that vibrates at the frequency of the
field to be recorded. The measurement of the near-field suffers from the inavoidable presence of a strong
far-field background.

procedures, let’s remind that it is not possible to let open a body more than thirty minutes. Conse-
quently, these techniques are simply not suitable for intra-operative assessment of breast margin
cleanliness purposes.

Several attempts were conducted towards enabling real-tissue visualization of the near-field
components and upgrading near-field scanning optical microscopy integration in the terahertz
band. All of this with the aim of addressing the challenges for biomedical applications.

To date, terahertz field detector were usually located remotely from the probe which, ulti-
mately, drastically limit the sensitivity. Moreover, the influence of the far-field background remains
problematic.

To overcome these issues, Kawano and Ishibashi reported in 2008 on the development of an
integrated near-field terahertz detection device which consists of a cryogenically cooled semicon-
ductor chip onto which are designed a subwavelength dimension aperture, a probe and a detector
[28]. They reported a spatial resolution of 9 um, thatis A/24 at 1.40 THz.

The group of Mitrofanov integrated 3um aperture in a terahertz near-field probe [29]. Here it
is worth to remind the reader that we previously reported on the fact that for distances higher than
the aperture size, the transmitted evanescent field decreases in a cubic manner, which means that
there is a field intensity dependence of I o« z~%, wherein I is the field intensity and z the distance
from the aperture. However, for closer distances from the aperture, the transmitted near-field
significantly deviates from the cubic law; Using this deviation, the authors successfully achieved
to integrate these small apertures and to obtain a spatial resolution of 3um corresponding to A/100
at 1 THz. Nevertheless, the overall dynamic range remained at this stage very low.

We also stated that the integration time as an issue. Blanchard et al developed a real-time
terahertz near-field imager, working at 700 GHz and providing a spatial resolution by about 14 um
[30]. To do so, authors combined a non-linear crystal located at the sample vicinity with a high-
intensity source that entirely irradiated the sample under inspection whose area was about 370 x
740 pm?.

IV.2.4 Resonator-Based Probing

Similarly to what is observed in far-field, the intrinsic dielectric properties of materials are ex-
pected to modify the near-field components from a reference state, usually free space.

Different approaches are popular towards the characterization of permittivity-induced near-
field component changes, in the presence of a dielectric sample. These approaches globally fall
into two different categories: the non-resonant methods and the resonant ones [31]. While the
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non-resonant methods are used to generically characterize materials over a wide frequency win-
dow, the resonant strategy is rather employed to get an accurate quantification of the sample di-
electric properties at unique wavelength.

Non-resonant methods aim to determine the dielectric behavior of a sample from both the
material impedance and the velocity of radiations that travel through it. The sensing electromag-
netic energy is directed towards the material to be characterized. Either the reflected or the trans-
mitted or the reflected and transmitted energies are used to derive sample characteristics. All types
of transmission lines may theoretically be used to carry and to collect the sensing radiations. For
instance, one can mention coaxial lines, dielectric waveguides or even free space.

On the other side, resonant methods that have greater sensitivities and accuracies are based
on the perturbation theory and the resonant method. In essence, it consists in recording the reso-
nant frequency and the quality factor of the resonator that are, under the presence of a dielectric
sample, expected to be changed. Therefore from these shifts towards the natural wavelength res-
onance and the quality factor, the intrinsic properties of a sample can be determined.

One has therefore to opt for one of these approach. The Nearsense project that was raised
in collaboration between the circuit design research group of Prof. Dr. rer. nat. Ullrich Pfeiffer
at Wuppertal, the pathology department of Bergonié Institute led by Dr. Gaétan MacGrogan and
the terahertz and material research group of Dr. Patrick Mounaix at Bordeaux, aimed to design
an integrated terahertz near-field sensor to qualify the margin cleanliness of freshly excised breast
cancer section for intra-operative purposes. In view of tissue response in far-field investigations,
reported throughout this manuscript, there is a clear evidence, that no specific features are ex-
hibited among the different tissue types. Rather than observations of tissue-dependent features,
distinct permittivity profiles were reported. Adipose tissues have been consistently demarcated
from healthy fibrous and cancer tissues within the frequency band spanning from 300 GHz to
800 GHz. Healthy fibrous and cancer tissues were however, on their part, not consistently distin-
guished. Although we stated at that time that the cancer cell density and additional factors would
likely play a role towards strict demarcation, differences between those tissue types were reported,
in average, on the refractive index between 300 GHz and 600 GHz.

In view of all these considerations, the Nearsense project ultimately focused on the develop-
ment of an integrated terahertz near-field sensor based on the resonant method and working at
the unique frequency of 560 GHz for breast tumor identification. A conceptual design of such a
super-resolution solid-state imaging device is given Figure IV.7.
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Figure IV.7: Conceptual design of a near-field device that senses the evanescent field arising from the in-
teraction of terahertz radiations with a sample (right). The device is aimed to consist of an illumination
source, a near-field surface sensor and a high-responsivity terahertz power detector, with all mounted on
an unique chip. Thanks to subwavelength resolution, features whose size is smaller than the probing wave-
length can be resolved. 4: the smallest size of features than can be resolved depends on the near-field device
performances. In comparison, far-field probing (left) does not allow to resolve sample features smaller than
A/2.

IV.3 Towards a Silicon-Based Terahertz Near-field Imaging Matrix

As discussed earlier, the diffraction limit of resolution has been successfully beaten and sub-wavelength
terahertz imager were reported throughout the literature. However, although those imaging ap-
proaches can offer super-resolved images, they remain at that time moderately used in the field
on biomedical imaging due to their overall weak sensitivity, high sophistication and low integra-
tion level.

In the following, we are about to address the operation principle and the overall design of the
resonant terahertz evanescent-field imager in silicon technology that has been engineered and
designed specifically for the purposes of the Nearsense project [32; 33].

IV.3.1 Split-Ring Resonators (SRR)

The sensing method adopted is based on split-ring resonators (SRRs). A split-ring resonator is
a pair of concentric loops etched in a dielectric substrate with splits in them at opposite ends.
The shape of these loops can have various form: circular, square or U-shaped. Some of the most
common geometries are illustrated hereafter, in Figure IV.8.

When a time-varying magnetic field penetrates through the metallic ring, it induces an electro-
motive force. The electromagnetic force induction induces a rotating current within the concen-
tric loops. Such a behavior is pointed out by one of the four Maxwell’s equations that rule classi-
cal electromagnetism theory. Indeed, the Maxwell-Faraday equation, states that a time-changing
magnetic field accompanies a spatially-changing non-conservative electric field:

f E.dl=— f 5B (IV3)
5S s Ot

where S is the surface bounded by the close contour 8S, E is the induced electric field, % is
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Figure IV.8: Representation of different split-ring resonator geometries. a: circular SRR; b: double circle
SRR; c: complementary spiral SRR; d: square SRR; e: U-shaped SRR; f: dual-square SRR.

the time-varying magnetic field, 8/ is an infinitesimal vector element of the contour 8S and 8A
is an infinitesimal vector element of surface S. Eventually, the electromotive force acts hence as
a voltage. Therefore, the split-ring resonator can be seen as a simple electric circuit that has an
inductance-capacitance (LC) behavior. The resonance of such a configuration occurs when an
external energy source drives the LC-system at the angular frequency wg:

0= —— (IV.4)

where Lis the inductance and C the capacitance. Between those two parameters, solely L, the
inductance, remains fixed as it is defined by the intrinsic metallic ring properties. On its part, the
capacitance C is expected to change depending on the local dielectric permittivity. Indeed, the
presence of an electric-sensitive object increases the dielectric permittivity at gap vicinity (Figure
IV.9). Consequently, the capacitance of the gap increases and ultimately leads to a slighter reso-
nance frequency. In a nutshell, the gap capacitance acts as a permittivity sensor whose change
induces the characteristic frequency of the LC-circuit to be shifted down [34].

/ loop current

H

confined /.

e-field °
o
Sample = @

Figure IV.9: Schematic representation of a split-ring resonator probe. The resonator behaves like a LC-
component whose characteristic frequency is about to be shifted in the presence of a sample, at the neigh-
borhood of the resonator gap.

Overall, the nominal resonance frequency of a split-ring resonator is dictated by the intrinsic
properties of the material used to design the resonator, the gap structure and the metallic loop
geometry.
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IV.3.2 Shift Tracking

Rather than measuring directly the resonance frequency shift from wg to wj, due to permittiv-
ity disturbances at the split-ring resonator gap, the conceptual idea of the Nearsense collabora-
tion, is to interpret an induced frequency shift as a change in transmission power through a band-
rejection filter. Chiefly, such kind of filter only attenuates frequencies that are strictly comprised
within a particular window. To avoid any confusion, it is worth to underline that it is the LC-circuit
itself that acts as a rejection-band filter. Evidently, close to the resonance the transmission is dras-
tically attenuated. On the contrary, far from the resonance, the LC-band-stop filter passes most
frequencies unaltered.

A free-running on-chip oscillator irradiates the split-ring resonator with an angular frequency
Wysc slightly above wg. Upon loading the split-ring resonator with an object whose dielectric per-
mittivity is greater than that of free space, the resonance frequency decreases as the capacitance
increases and therefore the transmitted power through the band-rejection filter at w,g. increases.

The changes towards the transmitted power through the band-rejection filter are monitored
by a SiGe heterojunction bipolar transistor terahertz power detector whose response voltage Vj is
proportional to the incident power P;. Detector response difference between free space (Vy) and a
loaded sample (V(’)) can be expressed as [35]:

AVo o =PoscRvATg gy, (IV.5)

where P is the power emitted by the free-running on-chip oscillator, Ry is the detector volt-
age responsivity and ATy o the transmitted power difference between free space and loaded sam-
ple measurements. In summary, instead of assessing frequency shift in the frequency domain, the
shifts are translated into the amplitude domain. While the band-rejection filter is partially opaque
to wesc in absence of sample, the bandstop notch becomes progressively transparent to w s with
smaller resonant frequencies wg induced by higher permittivity disruptions.

Itis worth mentioning that therefore, the sensor sensitivity is not solely dictated by permittivity
disturbances but is supplementary governed by the band-rejection filter characteristics that are,
its depth and its slope. Hence, in order to maximize the sensor sensitivity, a high modulation
depth is required, that is, the transmitted power amplitude difference between the resonance and
a non-rejected frequency. The overall conceptual working principle of the permittivity-induced
shift resonance tracking is depicted in Figure IV.10.
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Figure IV.10: Block-diagram of the measurement operation. The resonance shift is interpreted as amplitude
transmission changes from opaque to lucent at the terahertz power detector output.

IV.3.3 Cross-Bridged Dual-Square SRR

The working principle of SRRs and frequency shift tracking was previously described. Two of these
SRRs are actually used to build up a complete sensor. The two SRRs are patterned symmetrically
on each side of a transmission line, to which the SRRs are magnetically coupled. The respective
SRRs gap are standing on opposite directions, such that they do not directly face the transmission
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line. Each of the SRR is driven by a current i such that i = —i». Two parallel strips connect the SRRs
thereby forming a shared split-gap without modifying the ring respective current distributions.
The strips are driven with antiparallel currents, due to the induction, to support the generation of
an electric-dipole type sensing field. On the top of the sensor is deposited a thin layer of 2um SiO»
that acts as a protective layer. In fact, let’s remind that ultimately, the sensor is aimed to probe soft
tissues that may release organic fluids that would alter the overall electronics. The global structure
of the described SRR is illuminated with a free-running on-chip oscillator at 0.56 THz. Figure [V.11
illustrates the geometry of a complete sensor.

a. e Sensing
f strips

Transmission
line

Figure IV.11: Sensor scheme. a: 3/4 view of the complete sensor made of a transmission line, and cross-
bridged dual-square SRR; b: top view of the resonator with L =19 pm, W=4.5 pm, and S = 3 pm.

IV.3.4 Sensor Response Simulation

Various parameters are expected to influence the sensor response: first, as investigations are con-
ducted towards sensing the near-field, the distance from the SiO, protective layer, that is deposited
onto the sensor, is expected to be of paramount importance; Second, the real part of the dielec-
tric permittivity of a sensed sample will modify the capacitance of the SRRs gap and consequently
their respective resonances; Last, the lossy part of the dielectric permittivity may alter the qual-
ity factor of the sensor and therefore decreases the transmitted power through the transmission
line. Hence, the sensor response is subject to the concomitant influences of these three external
parameters. To better define the impact of each of these parameters that are the distance from the
surface, the real part of the permittivity and its lossy part, the sensor theoretical responses to dif-
ferent configurations have been assessed by means of the CST Studio Suite ®, based on the finite
integration technique (FIT) of electromagnetic fields. In the following, the simulations results are
successively provided and discussed.

Sample-free Sensor

First, the sensor response to free space, that is without being loaded with a sample, was simulated.
182,000 meshcells were used in the simulation to derive the power transmitted through the trans-
mission line. The power was injected from a port #1 located at one extremity of the transmission
and was recorded at the opposite extremity at port #2. The profile of the S,; parameter, which is
the ratio between the transmitted and the supplied power through the transmission line, depicts
the presence of a nominal resonance at 540.0 GHz (Figure IV.12). It is interesting to underline that
this specific resonance frequency is de facto the highest resonance that one can expect. In fact,
as stated in the foregoing, upon loading the sensor with an object whose permittivity is higher
than that of free space, it induces an increase in the SRR gap capacitance and ultimately shift the
resonance to lower frequencies due to the linear dependence between the capacitance and the
characteristic frequency of the LC-system.
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Figure IV.12: S,; parameter profile between 400 GHz and 600 GHz highlighting the presence of a nominal

resonance frequency (%) at 540 GHz. The sensor illumination (”’2";5) is proceeded at 560 GHz.

Altitude-dependence Response

To study the behavior of the sensor response as a function of the distance from the sensor surface,
a perfect electric conductor (PEC) was chosen whose dielectric characteristic are €’ = coand €’ = 0.
It is interesting to underline that therefore at null distance from the surface, such a material gives
the highest possible resonance frequency shift and consequently the resonance frequency lowest
value. The distance band investigated spans from 0 pm to 2.0 um.

On being in contact with the sensor surface, the resonance frequency is shifted to a value by
about 489.6 GHz (Figure IV.13 left). On comparing this value to that of free space, one can state
that the resonance frequency interval among which the sensor is operating spans theoretically'
over 50 GHz. The S,; parameter value decreases with increasing distance. It is evident from Figure
IV.13 (left) that the altitude dependence is not linear. The dependence of the S,; parameter as a
function of the distance is reported in Figure IV.13 (right) at 560 GHz (at %). On fitting the Sy
dependency profile, a bi-exponential form was found to match the tendency (Figure IV.13 right).
The response profile as a function of the distance Sy, (z) is of generic form:

S21(2) = g %% + P eP??, (IV.6)

where a3, a2, f1 and p, are fitting parameters and z stands for the distance from the surface.
Let’s underline that fitting parameters depend on both the frequency and sample properties, but
should over be regarded as necessary parameters to obtain accurate fit rather than carrying
physical meaning.

The exponential behavior was overall expected since non-propagating-field intensity decays
exponentially with distance z from the source. However, we have shown that the sensor response
to distance z was better modeled by a bi-exponential function rather than a single exponential.

Itis worth to underline, that from the previous investigations one can define the interval within
which the Sy; parameter may vary at 560 GHz. Taking into account that S,; at 560 GHz for a PEC at
z =0 um is by about -2.18 dB and by about -9.64 dB for free space, the transmitted power through

(S21)
the transmission line that is defined as Py = 1070 x P in, increases at maximum by about 5.5 times
from that of free space®.

lwithin the meaning of computation.

2 (=2.18+9.64)
Py =10 10 x Pg = 5.5 x Pg.
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Figure IV.13: Profile of Sy; as a function of the PEC distance from the surface. Left: Highlight of the induced
frequency shift due to the PEC relative altitude. Right: Bi-exponential behavior of Sy; as a function of the
PEC relative distance at 560 GHz, with a; = -6.273, o = 0.099, B; = 4.082 and 3, =-1.189.

Response to €

Similarly to the investigations towards varying distance from the sensor surface, the sensor re-
sponse to various real-permittivity part € was studied. The simulation was conducted for €' €
[1;10] with a step size equal to unity. On its part, the lossy part of the relative permittivity €” was
set to 0. The simulated behavior of the sensor as a function of €’ is depicted in Figure IV.14. As
observed in Figure IV.14 (left) the frequency shift is directed towards lower frequencies with in-
creasing €’. Such a behavior is not a surprise as we endlessly pointed out the linear dependence
between the resonance frequency wg and the permittivity-induced shifted LC-circuit capacitance.
It is interesting to note that as €’ increases, Sy; increases on the right-hand side of the resonance
frequency but decreases on its left-hand side. Overall, the frequency shifts from the nominal reso-
nance (¢’ = 1) of 540 GHz to 511.8 GHz (¢’ = 10), i.e., ~ 30 GHz.

In a like manner than that of the sensor z-dependence response, the real permittivity depen-
dence of the sensor is better modeled by the sum of two exponential function (Figure IV.14 right).
We have seen in previous chapters that biological tissues do not exhibit real permittivities that
exceed € = 10 between 200 GHz and 1 THz. Therefore, considering the maximum value of Sy;
given for €’ = 10 that is by about -3.98 dB and its minimum value for € = 1 which is of -9.64 dB,
the change in transmitted power through the transmission line for biological tissues that are in
contact with the sensor should at maximum be 3.70 times greater than that of free space®.

Response to tan d

Simulations towards the influence of the lossy part of the relative permittivity €’ have been ad-
ditionally conducted. To do so, we pick the definition of the loss angle defined as tan6 = i—’,’ in
Chapter I. The loss angle tangent was investigated for values ranging from 0.0 to 0.5 with 0.05 be-
ing the increment size. To ensure that the sensor response is solely due to the lossy part €”, ¢’ was
fixed to unity. Sensor responses in such conditions are depicted in Figure IV.15.

From Figure IV.15 it is quite obvious that the increase in € does not play a significant role to-
wards shifting the resonance frequency. In fact, the increase in transmitted power is by about 1.02
times for tan 8 = 0.5 compared to that of free space, i.e. tand = 0*. Nevertheless, it is worth men-
tioning that frequency shifts are not null and therefore lead to an ambiguity towards the sensor
response. In fact, as far as the sensor response depends on both the real and imaginary permittivi-

3 (=3.98+9.64)

Py =10 10 x Pg = 3.7 x Py.
4 (=9.54+9.64)

Py =10 10 x Py = 1.02 x Py.
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Figure IV.14: Profile of S»; as a function of different €’. Left: Highlight of the induced frequency shift due to
the progressive increase of ¢’ . Right: Bi-exponential behavior of Sy; as a function of the €' relative permit-
tivity at 560 GHz, with a; =-6.675, ap = -0.488, f; = -5.755 and f, = -0.038.
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Figure IV.15: Profile of S,; as a function of different €”. Left: Highlight of LC-circuit response due to the
progressive increase of €” . Right: Bi-exponential behavior of S, as a function of the tan 8 relative loss angle
at 560 GHz, with o = -9.677, ap =-0.029, B; = 0.041 and B, = -10.55.

ties, the two of those are concomitantly working towards shifting the resonance, without knowing
precisely the influence of each. Furthermore, this effect is amplified for increasing tan 6 as the
dependence is bi-exponential rather than linear.

It is however interesting to note that the slope changes due to varying tan 6 between the points
at 540 GHz and 560 GHz is not negligible (Figure IV.16). The slope being defined as:

560GHz _ SS40GHZ
21

21 (IV.7)

Si =
ope 560 —540

Therefore the sensitivity of the sensor that is directly linked to the slope of the bandstop notch,
is also affected by lossy materials rather than solely small changes towards resonance frequency
shifts. Consequently, the higher tan$ is, the higher the frequency shift is but simultaneously, the
lower the sensitivity is to these frequency shifts.

Variation in ¢’ and tan §

As in the foregoing €’ was fixed to unity, a further study was conducted towards higher value for
¢/ with varying tan 8. The results that are to be reported (Figure IV.17) are for €’ € [1;6] and tan €
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Figure IV.16: Slope as defined in equation IV.7 as a function of tand with o; = 0.106, ay = -1.761, ; = 0.255
and 32 =-0.371.
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Figure IV.17: Profile of S»; as a function of €’ and €”. Left: Highlight of LC-circuit response due to changes
in €’ and €” . Right: Map of the S,; value at 560 GHz for €’ € [1;6] and tand € [0;0.5].

Overall, on increasing the real part of the permittivity, an important frequency shift is ob-
served. On its part, the imaginary part of the permittivity participates to a lesser degree to the
resonance shift. Moreover, the resonance shift induced by the imaginary part €” of the dielectric
constant is more pronounced for high tan6. Additionally, we reported that tan$ has an impact
on the slope of the rejection-band filter that is directly linked to the sensor sensitivity. In an in-
teresting manner, the decrease of the slope is more pronounced when the real part of the permit-
tivity is concomitantly reaching high values. As it was anticipated from previous investigations
on separated parameters (Response to €' and Response to tan8) the global behavior tends to be of
bi-exponential surface rather than a plane. Obviously, due to the high impact of the real part of
the permittivity in comparison to that of the imaginary part, the bi-exponential behavior towards
tand is lowly visible.

Liquids

Although previous studies highlighted valuable knowledge on the theoretical response of the sen-
sor to different combination of €’ and €”, these permittivity sets do not represent a priori, real
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materials. To pursue investigations, the previous couples of (¢/, €”) were replaced by the disper-
sion profiles of real liquids. To this aim, the dispersion profiles of water, methanol, ethanol and
isopropanol were simulated based on their Debye parameters. While the dispersion of water was
assessed with two Debye poles, the dispersion profiles of alcohols were simulated by three Debye
poles [36]. Table IV.1 sorts the respective Debye parameters for each of those simulated liquids.

Table IV.1: Debye parameter of water, methanol, ethanol and propanol as used to simulate their respective
dispersion profiles.

Liquid €co A€; Ae;,  Aes Tp [ps]  T2[ps]  T3[ps]
H,0 2.66 73.19 2.24 - 8.34 0.10 -
MeOH [36] | 2.1 27.28 198 1.27 48 1.25 0.16
EtOH [36] | 1.93 20.2 1.43 0.79 161 3.3 0.22
PrOH [36] | 1.93 17.01 1.06 0.79 316 2.9 0.2

The Debye parameters for water were directly taken from this work. The parameters of alco-
hols were taken from [36]. It is important to note that from terahertz time-domain spectroscopy,
it is not possible to accurately fit the properties of these alcohols. Indeed, on observing the values
of the characteristic relaxation times T reported by [36], it is evident that some of these relaxations
do not belong to the terahertz domain but rather to the microwave one to which, one does not
have access from terahertz time-domain spectroscopy. For this reasons, we kindly borrowed the
extracted values from the microwave domain research field. Figure IV.18 depicts the simulated
behavior of the LC-circuit with respect to the considered liquids.
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Figure IV.18: Profile of S,; for water methanol, ethanol and propanol. Left: Highlights of the LC-circuit
response to polar liquids. The inset depicts the values of €’ and €” for each sample at 560 GHz as derived
from the parameters in Table IV.1. Right: Behavior of S»; at 560 GHz as a function of the considered liquids.
Simulated differences in Sp; between the different samples are highlighted.

The response of the sensor is in accordance with the previous simulations; the higher ¢’ and €”
are, the higher is the resonance shift to low frequencies. Hence, the transmitted power through the
transmission line increases from propanol to water. Overall water is well separated from alcohols
(Figure 1V.18 left). Among the set of alcohols, methanol is the one that gives arise to the highest
frequency shift. On their part, ethanol and propanol profiles, although they both show significant
resonance shift to that of free space, are quite similar. The observations are supported by the
differences in S»; parameter between these two polar liquids (Figure IV.18 right).

Naturally, on observing the theoretical response of the sensor to ethanol and propanol, one
may legitimately ask oneself: is the sensor accurately able to distinguish between these two ? In
other terms, is the sensor sensitivity great enough to differentiate between ethanol and propanol ?
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In the foregoing, we already slightly pointed out that the sensitivity of the sensor is closely
related to the slope of the band-rejection filter. Overall, the sensor sensitivity is determined by
the minimum detectable change in transmitted power. On considering low relative permittivity
differences like in the case of ethanol and propanol (6350¢1% = 2.43 —0.54 ; &30%CHz = 2 25 - 0.31 j
; see Figure IV.18 inset) the relationship between the power transmitted through the host line P;
and the permittivity € can be assumed to be roughly linear instead of bi-exponential as previously

underlined. The minimum detectable change in permittivity A&™i" can be expressed as [35]

Vn,int

Amin _
A€ = —P R 5P,
osc WV §E

(IV.8)

where V,, ;,; is the total noise integrated over the sensor and P, is the power of the sensor
illumination. From simulations, it is obviously not possible to state on the experimental ability to
differentiate between ethanol and propanol. However, in latter experimental studies, we will see
that the sensor is effectively able to distinguish between these two permittivities. In Table IV.2 are
summarized the principal simulated features for each liquid.

Table IV.2: Simulated sensor response to water, methanol, ethanol and propanol. Values are given with
respect to that of free space. Py /Py denotes the gain in transmitted power for a particular sample with
respect to that of free space.

Liquid | A2 [GHz] ASy; [dB] Py/Py
H,O -19.20 4.11 2.58
MeOH -11.80 3.01 2.00
EtOH -8.20 2.32 1.71
PrOH -7.20 2.13 1.63

Breast Tissues

Now that we raised valuable insights towards the theoretical sensor response to different combi-
nations of permittivity and to real materials such as liquids, similar investigations are of interest
concerning breast biological tissues.

It is important to remind the reader that from the previous investigations and equation (IV.7),
we have highlighted that the overall sensitivity of the sensor to the lossless part of the permittivity
is reducing with increasing lossy part. As biological tissues are mainly made of water, that is con-
comitantly the strongest absorbing material within the breast, such a trend may subject the sensor
to ambiguity towards distinguishing the different tissue types.

To simulate the tissue permittivity profiles, the dielectric model that was reported in [37] was
used. One would ask oneself, why not using the model derived during this work ? The model that
was designed is currently (at the time this manuscript is written) in its early stages and its overall
development requires additional investigations and larger set of samples. Therefore, as the model
in [37] has shown robust and adequate modeling of breast tissues over a significant number of
samples, it is reasonable to simulate the tissue dielectric profiles from such a model rather than
the one designed in Chapter II.

The employed model is defined as:

leAel+Aez+ Aesg +0
1+ (ot  l+iot, o

&, (0) = € + (IV.9)

where o corresponds to the impact of the conductivity on the dielectric loss within tissues.
The authors emphasized that Ae; and Ae, are more empirical parameters rather than being of
physical nature and should therefore be considered as required parameters to obtain adequate
fits. Extracted parameters from their study are reported in Table IV.3.
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Table IV.3: Parameters of the model proposed by Truong et al. aR? is the adjusted R-square value denoting
the square of the correlation between the response values and the simulated ones. When equal to unity, the
adjusted R-square value denotes a perfect correlation while being equal to 0 it denotes a null correlation.

€00 A€ A€y Ae3 o T1(ps) T20ps) 10 aR?
Adipose 2.50 354 -1.89 047 039 9.67 0.13 1.49 0.996
Normal 3.34 133 -3.05 0.71 5.27 1.91 0.11 1.20 0.998
BCC 2.86 2864 -3.45 159 8.33 3.58 0.10 291 0.997

The corresponding simulated sensor response are given in Figure IV.19. It is evident that adi-
pose tissue is theoretically well identified by the sensor. The induced capacitance upon loading the
sensor with adipose tissue gives arise to a frequency shift, with respect to the nominal frequency
of 540 GHz, that is clearly smaller than those induced by tumor and healthy fibrous. Nevertheless,
the first thing that comes to mind is the proximity between the profiles induces by abnormal and
normal tissues. Such a proximity may be an issue as the sensor is less sensitive to high permittivi-
ties in presence of high losses. Indeed, as the profile of BCC and normal tissue are relatively close,
since the real and the imaginary part of the dielectric constant of cancer are higher than those of
healthy tissue, cancer may simply be indistinguishable from normal tissue. Once again comes the
question of the sensor sensitivity, that will be addressed in deeper details soon.

In Table IV.4 are listed the principal features for breast tissues compared to that of free space.
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Figure IV.19: Profile of S;; for water, BCC, normal and adipose tissue. Left: Highlights of the LC-circuit
response to biological tissues. The inset depicts the values of €’ and €” for each tissue types and water at
560 GHz as derived from the parameters in Table IV.3. Right: Behavior of S»; at 560 GHz as a function of the
considered tissues. Simulated differences in S,; between the different samples are highlighted.

Table IV.4: Simulated sensor response to basal cell carcinoma (BCC), normal fibrous and healthy adipose.
Values are given with respect to those of free space. Py /Py denotes the gain in transmitted power for a
particular sample with respect to that of free space.

Liquid | A22 [GHz] ASy [dB] Py/Pg
BCC -17.20 3.81 2.40

Normal -15.40 3.56 2.27

Adipose -8.40 2.35 1.72

Rather than differentiating these tissues from free space, it is the distinction between them
that is of interest. Therefore, the above table has to be converted to a more suitable space. The
induced frequency shift, the S,; and the transmitted power through the host line are expressed in
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Table IV.5 with respect to that of basal cell carcinoma.

Table IV.5: Simulated sensor response to water, normal fibrous and healthy adipose. Values are given with
respect to those of basal cell carcinoma (BCC). Py /Ppcc denotes the change in transmitted power for a
particular sample with respect to that of BCC.

Liquid | A32 [GHz] ASy; [dB] Py /Ppcc
H,0 -2.00 0.30 1.07
Normal 1.80 -0.25 0.94
Adipose 8.80 -1.46 0.72

Overall, one could state that differences are quite low. However, as such statement has no
meaning in physics, the question of the sensitivity will be addressed in a later section upon exper-
imental characterization of a real sensor.

IV.3.5 Matrix Implementation

Challenges towards imaging excised breast tissue during the surgical act are to acquire accurately
the image in a short time scale. Therefore the implementation of several SRRs on the same sens-
ing area is almost compulsory. Hence, on designing such a sensing cell, one has to achieve dense
imaging object coverage while reducing as far as possible the dead zones that may lie between
sensors. As there is no such thing as a free lunch, the increase of imaging density may in turn
beget pixel cross-coupling effect that may alter sensor sensitivity. Therefore, one would suggest to
dedicate a unique oscillator to a single sensor. Unfortunately due to the size mismatch between
illumination sources and the SRRs, such a task is not feasible. Indeed, the SRRs are commonly of
subwavelength size while available illuminators require transmission line that are rather of wave-
length scale. Consequently, several SRRs have to share a collective illumination source so that it
makes possible the dense integration of SRRs into the same sensing cell.

Collaborators at Wuppertal University successfully integrated 128-SRRs on a sensing area that
spans over 3.2 mm. It consists of two rows of 64-pixels that are in turn chopped 0.56 terahertz
triple-push oscillator using a power splitter network. The SRRs in each group are patterned with
a 50 pm pitch, that is selected as a compromise between the fill factor and pixel cross coupling
through the near field. Overall, filling factor by about 48% was achieved which corresponds to a
density of around a hundred pixel per inch. A micrograph of the system on-chip is provided in
Figure IV.20.

o power splitter
SRR 50 pm network
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Figure IV.20: Micrograph of the near-field sensing array. The sensing strip length is 3.2 mm long. The
black region contains additional circuits that are not associated to the near-field sensing. ASIC: application-
specified integrated circuits. ADC: analog-to-digital converted. Refgen: reference generator. BP: bandpass.
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IV.3.6 Pixel Readout

Generally, two main strategies are available towards capturing the array response upon loading it
with a sample. The whole set of pixels may be simultaneously turned on and then are sequentially
read out. Alternatively, pixels and their associated illumination sources can be turned on one at a
time and pixel responses are captured through rapid electronic scanning across the sensing strip.
The first strategy is commonly referred to as global shutter while the last is referred to as rolling
shutter. A global shutter strategy is obviously faster than rolling shutter since the entire matrix is
operated simultaneously. Nevertheless, although being slower, rolling shutter benefits from lower
power consumption since pixels are turned on one by one. The time consumption associated
to rolling shutter intrinsically depends on the time during which, the pixel is illuminated. Due
to the power consumption that would be induced by a global shutter method, a rolling shutter
strategy has been chosen to avoid temperature increase at the sensing surface to which, imaging
may potentially be highly sensitive. The overall array readout architecture is given in Figure IV.21.
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Figure IV.21: Block diagram of the system on a chip with the required external components. The chip con-
tains 2 rows of 64 pixels, each divided into 16 subarrays of 4 entities illuminated by a common oscillator
and an on-chip lock-in amplifier read-out. Pixel selection (row,col)) is achieved via an application-specific
integrated circuit (ASIC). adlc.;x: analog-to-digital converter clock. FADC: flash analog-to-digital converter.
GND: ground. Llref: lock-in reference. OSC: oscillator. TP: test point. UART: universal asynchronous re-
ceiver/transmitter. VDD: digital supply voltage. VCC: analog supply voltage.

IV.3.7 Encapsulation and Packaging

The reader of this manuscript must not forget that the chip has to operated under singular con-
ditions for electronics. Indeed, upon loading the sensing line with freshly excised breast sections,
biological fluids such as blood, lymph or water may be released. To handle those samples without
being altered, the sensing array must be appropriately encapsulated. The sensing strip is covered
with a 2-pum thick SiO, protective and passive layer. The sensing chip is assembled with a printed-
circuit board by means of wire bonding. The wire bonds are encapsulated within standard epoxy
resin. The chip takes place into an imaging module that is controlled by a field-programmable gate
array (FPGA) via a serial peripheral interface bus clocked at 10 MHz. Ultimately, the required en-
ergy to drive the imaging module on is supplied by a standard USB port delivering a 5 volt supply.
A photograph of the imaging module is hereafter given (Figure IV.22).
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Sensing line
& spacer
Encapsulated
Wire bonds

Figure IV.22: Photograph of the packaged imaging module. a: 3/4 view of the module with 1-euro coin for
scale. b: top view of the module, highlighting the sensing line, the spacer and the wire bonds encapsulated
in epoxy resin. c: zoom on the system on-chip (x20).

IV.3.8 Performances

The ability of the imaging module to differentiate between the different breast tissue types and
more general samples is directly dictated by various performance metrics. These metrics are here-
after given and estimated.

Nota: Overall, the performance metric estimations were performed at the Institute for High-
Frequency and Communication Technology in Wuppertal. In the following, a brief description of
these performances are reported. A reader who would like a less compact view of the sensor metrics
is kindly referred to the thesis manuscript of Philipp Hillger [38] and to [35]. Both these documents
relate accurately on the procedures that were undertaken to estimate the array performances.

Dynamic Range

The dynamic range (DR) is usually defined as the ratio of the width of the interval within which
the sensor response varies to the noise integrated over the sensor. In the foregoing, the response
of a sensor to a perfect electrical conductor was simulated. Due to its ideal dielectric character-
istics (€ = oo —0j), such a material provides the sensor maximum response AV ;4. However,
the detectable value AV 4y is intrinsically limited by the global noise arising from the operating
sensor Vi, in;. As the detectable AV ;4 can be shown to be equal to Pysc(PYEC — PO)Ry, wherein
Pysc is the illumination power supplied by the oscillator, P, are the transmission factors for PEC
and free space, and Ry is the sensor voltage responsivity, the dynamical range of the sensor can be
approximated as:

P (PPEC—PO)R
DR{gp) = 20l0g1——t 7V

) (IV.10)
Vn,int

Finally, depending on the readout mode, that is either digital or analog, the dynamic range
may significantly change. In a nutshell, the chip shown a dynamic range by about 63.8 dB in ana-
log mode with a external lock-in detection at 1 ms time constant, and a dynamic range in digital
readout mode at a frame rate of 28 frame-per-second of around 38.5 dB.

Sensitivity

In previous section we pointed out the importance of the sensor sensitivity to permittivity changes
to distinguish between samples whose permittivity are relatively close. We defined the minimum
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perceivable permittivity variation as:

Vn,int

AN =
P. . Ry
osc\V 5z

(Ivi1y)

Alternatively, one can define the sensitivity to as the maximum possible contrast within an im-
age. Such a contrast is impacted by various parameters other than the sensor dynamic range. For
instance, sharing one illumination source for four sensors leads to an uncertainty in the detected
response that scales with sample intrinsic permittivity. To estimate the uncertainty in relative per-
mittivity, colleagues in Wuppertal estimated that the cross-coupling level is overall ranging from
-12 dB to -16 dB. This leads, in a worst-scenario, to an approximate absolute uncertainty towards
relative permittivity of around 0.33.

Spatial Resolution

Here comes one additional and elementary parameter. The need for greater resolution towards
breast tissue demarcation has motivated the development of such an array. Then, what about
it? The spatial resolution of the sensing area was estimated by scanning the sensor response to a
nickel grid exhibiting a 50 pm bar width and a 250 um bar pitch, along two orthogonal directions.
By doing so, the resolution was estimated to be equal or larger than 10-12pm along each axis.
This corresponds to around A/71 at the operating frequency. Consequently, the device developed
within the Nearsense project successfully beat the diffraction limit of resolution.

IV.3.9 Experiments on Liquids

The most simple and direct measurement that can be performed with the array is on liquids. In-
deed, the topology of the array makes it difficult to analyze stiff materials. The sensing line shows
hills (sensors) and valleys (pixel spacing). Therefore, on probing any sample, one has to perfectly
control the distance of the sample to be inspected from the sensing surface. Such a task may be
quite tricky while liquids naturally shape to cover the whole sensing line and concomitantly en-
sure a perfect contact with sensors. The surface profile of the sensing line is highlighted in Figure
IvV.23.

Therefore, liquids were the first samples to be experimentally inspected with the near-field
sensing array. Due to the ambiguity regarding the influence of the real and imaginary part of the
permittivity on sensor response, a careful selection of permittivity-known liquid samples is re-
quired. In the foregoing, we simulated the theoretical response of water, methanol, ethanol and
propanol. It was demonstrated that the power transmitted through the transmission line of sen-
sors is expected to increase from propanol to water. In addition to those, paraffin that is particu-
larly transparent to terahertz radiations and exhibit smaller permittivity lossless part was simul-
taneously investigated. To verify the compliance with simulations, a drop of each of those liquids
was deposited onto the array surface, as shown in Figure IV.24. Eventually, each of those sam-
ple was measured 20 times in a row with different droplets. Between each different liquid mea-
surements, the matrix surface was cleaned with propanol to ensure no contamination between
samples. Few seconds elapsed after cleaning to ensure propanol evaporation.

In Table IV.6 are briefly reported the real and the imaginary part of the permittivity for each of
the inspected liquids at around 560 GHz.

The response of the near-field matrix as a function of the different liquids is given in Figure
IV.25. An offset signal was recorded from free space over twenty measurements. The mean offset
was subsequently subtracted from the mean response (over twenty independent measurements)
exhibited by each pixel in response to the presence of a droplet.

Overall, results are in good agreements with previous simulations. Indeed, the matrix response
increases from propanol (lowest permittivity; Figure IV.25 d) to methanol (highest permittivity;
Figure IV.25 b) through ethanol (intermediary permittivity; Figure IV.25 c). Such a behavior was
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Figure IV.23: Surface profile analysis of a small fraction of the sensing strip. Strip lines are elevated by about
12pm. Such a topology makes it difficult to accurately sense stiff material as a perfect control of the altitude
and the flatness with respect to the sensing line are required.

Figure IV.24: Droplet deposited onto the top of the sensing line.

Table IV.6: Permittivity lossless and lossy part for water, methanol, ethanol and propanol at 560 GHz from
[36] and this work.

Liquid | € €
H,O | 474 3.19

MeOH | 3.16 1.13
EtOH | 243 0.54
PrOH | 2.25 0.31

anticipated by simulations. It is also interesting to remind the reader that simulations were sug-
gesting a strong proximity between the response to propanol and to ethanol. From Figure IV.25 ¢
and d, it is evident that the global matrix response to these liquids is particularly close. However,
the results tend to suggest that the matrix is overall able to differentiate between those two alco-
hols despite their vicinity in terms of dielectric profile. An alternative representation of the matrix
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Figure IV.25: Response of the near-field array pixels as a function of the deposited liquids to that of free
space. a: global matrix response to water. b: global matrix response to methanol. c: global matrix response
to ethanol. d: global matrix response to propanol. Logarithmic scale in arbitrary units. The reader is in-
vited to note that the scale is logarithmic rather than linear to highlight matrix response difference between
liquids.

response is given in Figure IV.26.

However, -and it is likely the first thing that strikes- the global matrix response to water is not in
agreement with simulations. In fact, due to its high real and imaginary permittivities, one would
-reasonably- expect that water gives arise to the highest response. Previous simulations at least
seemed to indicate that water should have lead to a greater response than that from methanol. It
is therefore necessary to wonder about the practical origins of such a behavior.

The hypothesis that should prevail is the drastic impact of the lossy part of water permittiv-
ity. A careful reader would point out that simulations were already taken into account dielectric
losses. That is right. Nonetheless, there is a significant difference between the simulations and
the measurements. To derive the theoretical matrix response the different liquid samples were de-
posited only onto the top of the sensing strips. On the contrary, during measurements, the entire
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Figure IV.26: Pixel response to water (blue), methanol (red), ethanol (green) and propanol (yellow). The
mean level of propanol is slightly lower than that of ethanol. The mean level of the matrix response to
methanol is higher than for other liquids. Water stands in the middle as a result of the impact of its lossy
part of permittivity.

top surface of the near-field array is filled with liquid sample rather than solely standing on strip
lines. Hence, in simulation, the impact of the intrinsic dielectric properties of samples were un-
derestimated. As alcohols have globally lower permittivities, the sensitivity of the matrix is weakly
altered and their analysis are compliant with respect to simulations. However, in the specific case
of water, covering the matrix entire surface with a droplet leads to a decrease in sensor response
although simulations suggested an increase in response. Obviously, other parameters may -on
their scale- be responsible. Simulations did not take into account neither cross-coupling effect,
neither possible interactions with the module circuitry.

IV.3.10 Biomedical Imaging: a Premise

Different experiments towards imaging biological samples were conducted within the scope of
the collaboration: a human finger was imaged with a 1D continuous scan and a 1D raster scan of
a deparaffinized pathology section was acquired.

Fingerprints

The dielectric permittivity of the skin in the terahertz range was widely investigated and was re-
ported to be of around € = 4.6 — 2.2 [39; 40]. Hence the global response of the matrix is expected
to be significant. Moreover we reported the drastic sensitivity of the matrix to the distance of the
sample from the chip top surface. Finger surface is made of ridges and hollows: the fingerprints.
Overall, the ridges of the fingerprints ridges size between 30pum to 80pum. Hence, the sensing chip
is expected to be able to provide the biometric fingerprint data. A human finger was scanned in
contact with the near-field array without high accuracy mechanics setups. The finger was scanned
in the direction normal to sensing line. A surface of 3.2 mm x 12 mm with a pixel pitch of 25 pm in
Y-direction and 14.25 pm in X-direction which almost matches the maximum sensor resolution.
The acquisition time was by about 30 seconds. In Figure V.27 is given the acquired image from
the finger. Globally, the near-field array succeeded in resolving the topology of the finger.

Pathology Section

A 560 GHz near-field image of a deparaffinized breast tissue section was also obtained at Wupper-
tal. As such kind of sample is overall rigid, the planarity of the sample surface with respect to that
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Figure IV.27: Biometric fingerprint data comparison [35]. a: ink-and-paper fingerprint. b: 560 GHz near-
field image of the equivalent finger region. Points 1, 2 and 3 depict the presence of ridge splitting that are
well retrieved from ink-and-paper fingerprint to terahertz image.

of the sensing lines has to be perfectly adjusted. Indeed, let’s remind that sensor response is par-
ticularly sensitive to the distance of a sample from its surface. Therefore, a slight tilt between the
two surfaces would induce the acquisition of a topological image rather than pathological. Hence,
our collaborators equipped with a manual tilt adjustment stage the z-axis and added with an ob-
jective holder the x,y-direction to enable sample planarization through optical focus alignment.
The whole acquisition setup that was adjusted in Wuppertal is described in the PhD manuscript
of Philipp Hillger. The first image that was acquired from a breast tissue -although being fixed- is
given in Figure .28, where the sample was assumed to be in contact with the sensing line.

The terahertz near-field image clearly shows some features that are highlighted in term of pixel
intensity in Figure IV.28. The generic morphology of the deparaffinized section is also compliant
with the obtained picture. However, at this stage, it is not possible to state on the efficiency of
the matrix to distinguish between cancer and normal tissues. In previous chapter we endlessly
pointed out that an important number of samples are required to draw more statistical meaning-
ful conclusions. Here, at this time, one unique sample was successfully imaged. However, from
the topological image that is associated (Figure IV.28 b), we can underline that the near-field im-
age does not particularly exhibit the same features. Nevertheless, due to the sensitivity of the
matrix to the sample distance, the contrast observed in the terahertz picture may, in part, arise
from the sample topology rather than solely pathological trends. Although the reasons for such a
contrast are yet to be fully understood, the terahertz near-field resonator-based array may provide
solid foundation towards further developments for intra-operative margin cleanliness assessment.
In fact, even though far-field imaging techniques and the previously reported numerical devel-
opments demonstrated some abilities towards breast malignancy identification, their associated
resolution, acquisition time, staggering amount of recorded data, phase mismatch issue and low
integration level are all major obstacles that are, overall, overcame with the near-field matrix. Ob-
viously, as there is nothing such a free lunch, the use of the matrix induces ambiguity towards the
influence of the real and imaginary part of the permittivity in the global sensor response, and im-
plies a perfect management of the sample distance from the sensing surface. It is worth to mention
that these issues, towards the use of the near-field sensor, are raised solely in view of the results
obtained from a fixed breast section. While the distance management may be easily overcame for
soft tissue with in-contact measurement, the response ambiguity due to the dielectric constant
may over be, on the contrary, be increased. Finally, unlike as compared to far-field imaging and
spectroscopy, where multiple classifiers can be derived for tissue classification, the near-field ma-
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Figure IV.28: Terahertz near-field imaging of a deparaffinized breast section [35]. a: micrograph of the
deparaffinized imaged breast section; b: height profile of the sample; c: terahertz near-field image at 560
GHz with the section in contact with the array.

trix solely measures a unique wavelength. Therefore other identification parameters, that would
require further technical developments, need to be determined and evaluated.

IV.4 Conclusion

The last chapter of this manuscript presented the advances towards the development of a silicon-
based THz sub-wavelength imager usable in life science applications, especially for tumour mar-
gin identification.

The operating frequency of the terahertz near-field sensor was conditioned by prior far-field
investigations led on freshly excised breast cancer tissues. These studies implied that frequen-
cies ranging from 300 GHz to 600 GHz were, globally, able to provide some demarcations between
tissues. Specifically, investigations at 560 GHz in Chapter III, demonstrated from different nu-
merical treatment (inverse electromagnetic problem and principal component analysis) that this
frequency provides contrast between healthy and malignant tissue, and therefore, is well-suited
to be employed in an integrated near-field imaging sensor to break the diffraction limit of reso-
lution while being sensitive to breast lesion. Indeed, in contrast to the resolution of regular (i.e.
far-field), near-field system provides a resolution closer to the typical eukaryote cell diameter, and
thus might enable enhanced malignant margin recognition.

A wide part of Chapter IV was consequently dedicated to numerical investigations aiming to
outline the theoretical mechanisms of interactions between such kind of resonator-based sensors
with biological objects. The conceptualized system shown from finite integration treatment, im-
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portant sensitivity to the lossless part of the permittivity. The sensor response was estimated to
increase in a bi-exponential fashion to increasing permittivity lossless part. These numerical in-
vestigations also allowed to identify the influence of the lossy part of the permittivity to the global
sensor response. The impact of the lossy part was demonstrated to increase with lossless part
increase and to alter the sensor sensitivity. Consequently, the sensor is prone to response am-
biguity between the real and imaginary part of an object’s permittivity. Although not being fully
investigated during this work, pixel cross-coupling is also expected to desensitize even more the
sensor to an object. Indeed, the sensor response of a given pixel may be altered with the object’s
permittivity located at neighboring pixels. Such a parasitic coupling may consequently lead to an
ambiguity regarding the sensor response to a given surface as it may account for local permittivity
rather than punctual permittivity.

Furthermore, comparison between simulations performed on liquids and related experiments
outline valuable insight towards matrix response. From simulations, water sample was expected
to give arise to the higher matrix response in comparison to methanol, ethanol and propanol.
Although experiments have shown that alcohols were succesfully sorted from lower to higher rela-
tive permittivity, sensor response to water was not matching expectations as the response to water
was standing lower than that of methanol. We draw the hypothesis that the high lossy part of water
permittivity was disturbing the global behavior of the matrix rather than solely the local permittiv-
ity at resonator gap vicinity. Further work are consequently required to simulate the entire array,
with the entire pixel setting and associated power-divider network.

Distinction between cancerous and healthy fibrous tissue have been reported to be challeng-
ing as the ratio in transmitted power between those two tissue types was reported to be by about
0.94. The subtle difference was however expected, as the relative permittivity of these two tissue
types are remarkably close. Let’s underline that such a proximity in dielectric profile was pointed
out in previous chapters and overall conditions demarcation by means of terahertz radiations. As
the specific difference of 1.5% in transmitted power is exclusively related to the oscillator supply
illumination at 560 GHz, additional parameters have to be found to ascertain the classification.
One possible way would be to measure the rising slope in the neighborhood of the oscillator exci-
tation frequency, by detuning it. Indeed, we have shown that such a slope was mainly dictated by
the lossy part of permittivity and therefore may provide a supplementary characterization factor.

The array was fabricated and its performances was characterized at the Institute for High-
Frequency and Communication Technology in Wuppertal. Our collaborators reported a spatial
resolution of around A/71 at the operating frequency, succesfully breaking the diffraction limit
of resolution at terahertz frequencies. The dynamic range was estimated to be by about 63.8 dB
in analog mode and 38.5 dB in digital one. Last but not least, the absolute uncertainty towards
observed relative permittivity was estimated by about 0.33.

Finally, the chapter ends on the first image worldwide of fixed breast tissue section, using a
terahertz near-field resonator-based array. Even though the contrast mechanisms are expected
to be due to the concomitant effect of the sample topology and relative permittivity, it highlights
the consequent advances that have been accomplished within the scope of the Nearsense project.
Although this chapter ends and consequently and with it this manuscript, it is clear that a huge
amount of work remains. From the identification of additional classification parameters to the
implementation of new sensor design to enable better characterization and through statistical
analysis on numerous freshly excised breast tissue, the work that has to be done will require further
efforts to ultimately find an intra-operative device to beat breast cancer.
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General Conclusion

This work debates on the ability of terahertz radiations to discriminate between healthy breast tis-
sues and malignant breast lesions. Ultimately, this manuscript aims to propose elements and so-
lutions to enable greater accuracy, thanks to terahertz waves, in breast tumor margin delineations,
intraoperatively.

Regular terahertz scanners have been pointed out to be drastically impacted by the diffraction
limit of resolution that restrict their spatial resolution to approximately A/2, which is in the tera-
hertz band far from the typical size of an eukaryote cell. Therefore, to beat the diffraction limit is
essential to achieve cellular resolution and thereby to provide unambiguous information on tumor
edges.

To equip surgery rooms with such a sub-wavelength system, preliminary studies with regular
far-field terahertz scanning systems were conducted at hospital to characterize the generic be-
havior of breast volume to frequency-varying terahertz stimuli. Led on a total of forty-eight tissue
waveforms, introductory spectroscopic investigations allowed to draw the mean dielectric profiles
of adipose, fibrous and cancer tissues between 200 GHz and 1 THz. Overall, frequencies spanning
from 300 GHz to 600 GHz were reported to give arise to the highest dielectric contrast between the
different breast tissue types. Adipose tissues made of oil, fat and steroids exhibit optical constant
that are consistently lower than other breast tissues. The mean demarcation between adipose
and fibrous -that is the nearest tissue type within the meaning of dielectroscopy- is by about 20%
in refractive index and ranges from 50% to 75% in extinction coefficient within the optimal con-
trast frequency band, making them easily identifiable by means of terahertz radiations. The mean
demarcation between fibrous tissues and malignant lesions is however more subtle. While no dis-
tinction are observed towards the extinction coefficient, the refractive index difference varies from
0% to 10%. The intensity of the refractive index difference is assumed to be dictated by the cancer
cell density present within the tissue section. Nevertheless, the set of samples may remain rela-
tively small to draw statistical conclusion and a greater number of sections would allow to better
anticipate the overall dispersion trends of the different breast tissues to terahertz stimuli. No spe-
cific features have been identified to depend on the patient age, the pathology etiology neither the
tumor stage and grade.

On another note, it seems possible to conduct equivalent studies on different organs. Specifi-
cally on stratified organs such as the skin as the reported iterative tree algorithm (ITA) is aimed to
provide a full set of parameters that depicts the optical path within structures. First and foremost,
the ITA is aimed to be employed for non-destructive testing of 4D printed skins.

To better appreciate the mechanisms behind contrast, examinations on MCF7 cells have been
conducted and results indicate that cancer cells possess a large relaxation mechanism attributed
to a great number of quasi-free water molecules. Alternatively, the results suggest that the strength
of bulk-water bonds in cancer cells -although being in small amount- is weaker than in liquid wa-
ter. However, in order to ascertain these assumptions, further studies a required, and particularly
on healthy cells. Moreover, the evaluation of the scattering effect depending on the size of cell
aggregates would allow to clarify these statements.

As the difference in fibrous and cancer are relatively small, a self-reference imaging method
is described to improve sample characterization. Such a method combined with inverse electro-
magnetic problem and refractive index classification rules has provided a best trade-off between
sensitivity and specificity by about 80% sensitivity for 82% specificity. Additional surveys with
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principal component analysis are overall giving arise to an equivalent pixel classification. In this
field, a lack of image registration techniques has to be pointed out. The numerous differences
between pathology clichés and terahertz images make the correlations tricky, cuambersome and
possibly inaccurate.

Based on these findings, an operating frequency of 560 GHz for the near-field imager was
defined. More than solely standing in the optimal dielectric contrast window, such a frequency
matches with BICMOS technology capabilities. This work reports on the successful integration of
128 terahertz near-field pixels on a sensing line spanning over 3.2-mm, within the scope of the
Nearsense project. Different simulations have been performed to assess the theoretical response
of the matrix to a panel of dielectric configuration. The resonator-based sensing line is sensitive to
local permittivity disturbances that results in resonance frequency shift in each individual sensor.
The matrix response is overall greatly sensitive to the real part of the permittivity. The influence
of the lossy part of permittivity is on its part increasing with lossless part increase. The lossy part
of permittivity simultaneously participates in shifting to low frequencies the resonance frequency
of resonator and in reducing the overall matrix sensitivity. Hence the near-field sensor response
is prone to ambiguity between the influence of the lossless and lossy part of permittivity. Cross-
coupling effect between neighbor pixels is also underlined as a potential parameter altering the
compliance of the near-field response. Further work towards the simulation of the entire imag-
ing module are required to strip away the ambiguity. Some additional perspectives are to conduct
measurements for different oscillator supply voltages (different frequencies) in order to see an im-
pact. Theoretically, the real and imaginary part of permittivity can be deduced by measuring the
whole tuning curve of the oscillator and thereby the curvature of the resonance slope. Ultimately,
such a process may allow to calibrate the near-field response to real and imaginary parts. The
difference in resonance frequency shift between fibrous tissue and malignant lesion has been an-
ticipated to be particularly subtle and therefore the distinction is expected to be challenging. The
ratio in transmitted power through the transmission line between those two tissues has been ap-
proximated to be by about 0.94 which corresponds to a difference of around 0.4 in real permittivity
and 0.3 in imaginary permittivity at 560 GHz, while the absolute uncertainty towards relative per-
mittivity of the matrix response has been estimated to be around 0.33. The terahertz near-field
array shows a spatial resolution of A/71, with which objects separated by a distance by about ten
microns should be resolved. A first image, with this unique sensor worldwide, of a deparaffinized
breast tissue section is reported. The contrast in the image is reported to be due to both the sample
topology and its relative permittivity changes over the surface.

The second round of the Nearsense project will focus on the careful calibration of the near-
field imager to precisely determine the influence of the lossless and lossy part of permittivity to
image contrast. Then, a wide campaign of image acquisition from numerous fixed breast tissues
should be conducted to draw further statistical background. The obtained images are aimed to be
compared to pathology images onto which cell counts will be performed for precise correlation.
Once that is complete, intra-operative experimentation will be required to address real surgical
conditions. Ultimately the geometry of the matrix is expected to be slightly translated to a square
matrix that would drastically facilitate imaging.

It is time to close this manuscript. However, before this happens, a reader may ask him/her-
self: Terahertz radiations for breast cancer recognition ? A battery of results seems to indicate that
there is effectively a contrast in the terahertz band between breast tissues and especially between
normal and abnormal ones, even subtle. As a consequence, it suggests that terahertz radiations
may potentially provide useful information towards improving the accuracy of breast tumor mar-
gin delineation. However, the field still stands in its early stages and numerous questions have
been raised rather than being answered. Accordingly, and on a personal note, the question mark
remains.
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Introduction en Francais

Les cancers mammaires sont les cancers les plus fréquemment diagnostiqués chez la femme. En
2018, plus de 58 000 nouveaux cas ont été dénombrés en France métropolitaine. Le taux de survie
nette sur age standardisé a 5 ans pour les patientes diagnostiquées entre 2005 et 2010 s’élevait
a 87%. Chaque année, le taux de mortalité est amené a diminuer en raison de ’amélioration
graduelle des techniques de dépistage et des thérapies de plus en plus adaptées au niveau de
risque associé a chaque patiente. Le traitement thérapeutique envisagé dépend généralement
de trois criteres d’évaluation carcinologique : (i). le stade tumoral ; (ii). le grade tumoral ; (iii).
I'immunophénotype tumoral. Les thérapies varient d’'une patiente a I'autre en raison de la dras-
tique hétérogénéité clinique et moléculaire de la pathologie. En effet, le cancer du sein n’est pas
une pathologie unique : 1'étude anapathologique révéle que la dénomination dénote en réalité
une vingtaine de sous-catégories carcinologiques. Le plus fréquemment, I'initiation et le développe-
ment des lésions mammaires mastosiques ou cancéreuses prennent origine au niveau des cellules
épithéliales qui tapissent les canaux lactiféeres et les unités terminales ducto-lobulaires, fonction-
nelles durant la lactation. Ainsi que pour tout type de 1ésion épithéliale cancéreuse, sont distin-
gués les cancers in-situ des cancers infiltrants. Les carcinomes in-situ se caractérisent par une
prolifération cellulaire sans franchissement de la membrane basale. Dans le cas des cancers in-
situ, le tissu conjonctif avoisinant le site original de la dégénérescence n’est ainsi pas touché et
les métastases inexistantes. Le cancer in-situ est généralement associé a un stade précoce d'un
cancer en devenir invasif. Toutefois, le cancer lobulaire in-situ ou néoplasie lobulaire in-situ est
plus régulierement considéré comme un facteur de risque a développer un cancer du sein plutét
qu’'un précurseur de ses précurseurs directs. Les cancers infiltrants se distinguent par une pro-
lifération des cellules épithéliales malignes en dehors du site original par diffusion progressive
dans les tissus voisins. En conséquence, sont distinguées les thérapies dites locales des thérapies
systémiques. Les thérapies locales tentent de prémunir contre la progression et la propagation
des cancers précoces, en opposition des procédures systémiques, telle que la mastectomie, dont
le recours survient généralement dans le traitement des maladies micro ou macro métastatiques.
L'étude rapportée dans ce manuscrit intervient dans le cadre des thérapies locales et plus précisé-
ment pour la chirurgie conservatrice du sein.

La chirurgie conservatrice mammaire consiste en le retrait du tissu cancéreux tout en évitant
une ablation totale de 'organe. Ce type de chirurgie suivie par une radiothérapie est la procé-
dure standard adoptée pour soigner les cancers de premiers stades. En 2005, la conférence inter-
nationale de Milan sur un consensus autour de la chirurgie conservatrice du sein a défini cette
derniére comme « [...] le retrait total de la lésion maline du sein entourée d’'une marge pé-
riphérique saine, réalisé de maniére cosmétique dans la mesure du possible et suivi d'une radio-
thérapie ». Le succes de cette procédure chirurgicale étant ainsi dicté par la précision avec laquelle
les marges latérales d’exérese sont définies. Bien qu’il n’existe aucune définition générique de ce
qu’est une marge idéale, il est commun de considérer une marge périphérique saine de 1 cm. Les
marges sont par la suite qualifiées de positives ou de négatives au regard de la présence ou de
I'absence de cellules cancéreuses en périphérie. Afin de dresser ce constat, les tissus excisés sont
successivement fixés dans des solutions de formaline, intégrés dans des blocs de paraffine, coupés
en de fines sections de quelques microns, immergés dans différents bains a différentes concen-
trations d’alcool et finalement colorés avec de ’hématoxyline et de 'éosine. Lhématoxyline est
un marqueur cationique, colorant les éléments basophiles et particulierement les noyaux cellu-
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laires. L'éosine de par sa nature anionique teint les éléments cellulaires chargés positivement tels
que la matrice extracellulaire et les cytoplasmes. Actuellement, a la suite d'une inspection ana-
pathologique, jusqu’a 20 % des volumes excisés présentent des marges positives. Les raisons de
I'échec de la délimitation des bords de la tumeur sont souvent dues a un prélevement aléatoire
pour la biopsie, a la propagation discontinue de la tumeur a partir du site de la maladie d’origine
ou a une excision inappropriée pendant I'opération.

Dans le but d’aborder la question de la netteté des marges, ce travail fait état d’enquétes sur
une fenétre spécifique du spectre électromagnétique, la bande térahertz, en vue de déterminer
son potentiel de démarcation entre les tissus mammaires sains et malins. Il a été rapporté que
les radiations térahertz sont particulierement sensibles a la teneur en eau. En effet, 'eau présente
des mécanismes de relaxation dans la bande térahertz a environ quelques dizaines de gigahertz et
900 GHz, respectivement. Notez que ces valeurs peuvent légerement varier d'une étude a l'autre.
Simultanément, 'eau est le fluide prédominant chez les organismes vivants. L'unification des con-
cepts autour de la cancérogenese suggere que I’hydratation des cellules pourrait étre en premiere
ligne. Tous ces rapports avancent fortement que les ondes térahertz peuvent aider les chirurgiens
a définir avec précision les marges des tumeurs du sein en per-opératoire, en se basant a la fois
sur les radiations térahertz et les spécificités des tumeurs. Les ondes térahertz couvrent des én-
ergies de photons qui sont des ordres de grandeur plus petits (0,4-40 meV) que le spectre visuel.
En outre, la faible énergie transportée par ces ondes indique qu’elles n’ont pas d’effet ionisant et
sont globalement considérées comme faiblement dangereuses pour les cellules, les organes et les
organismes.

Ce manuscrit tente de répondre a des questions fondamentales sur la capacité de la bande
térahertz a gérer la démarcation entre les tissus mammaires anormaux et normaux. Le titre de ce
travail de theése devrait étre interrogatif plutét que simplement affirmatif: Les radiations térahertz
pour la reconnaissance des tumeurs du sein ? Tout au long de ce manuscrit, différentes stratégies et
méthodologies sont ensuite examinées, décrites, appliquées et discutées pour tenter de répondre
a une telle question.

Le premier chapitre Contexte et concepts clés, établit la physique qui s’avere utile pour étudier
I'interaction des ondes électromagnétiques dans la gamme submillimétrique avec les entités bi-
ologiques, apres quoi les mécanismes d’interaction d'un point de vue sub-cellulaire sont discutés.
A cet égard, les candidats les plus prometteurs pour l'interaction sont présentés et un apercu
du domaine de recherche est fourni. La discussion porte ensuite sur la réactivité au niveau su-
percellulaire aux stimuli térahertz, ou les principaux résultats et 'application biomédicale sont
énumérés, de maniere aussi exhaustive que possible. Enfin, le chapitre se termine sur une section
consacrée au cas spécifique du carcinome du sein, de I'examen de I'anatomie du sein au traite-
ment du cancer, en passant par la cancérogenése.

Le deuxieme chapitre Spectroscopie térahertz commence par présenter les différents concepts
et techniques de génération et de détection des ondes térahertz. Ensuite, le dispositif expérimen-
tal utilisé pour mener les recherches sur des échantillons biologiques est présenté. Un tel sys-
téme permet de mesurer la fraction de I'énergie électromagnétique qui est soit transmise a travers
I’échantillon examiné, soit réfléchie par celui-ci. Par conséquent, des concepts importants pour
extraire les propriétés diélectriques intrinséques des différents types de tissus présents dans le vol-
ume des seins sont abordés. Certaines contributions spécifiques au domaine sont rapportées et le
concept de probleme électromagnétique inverse est décrit car il est omniprésent tout au long de ce
travail. Ces outils sont ensuite utilisés pour extraire le profil diélectrique de I'eau et les relaxations
associées sont abordées. Comme |’environnement réel du sein est complexe et certainement pas
homogene, des études préliminaires sont menées sur des fantdomes de tissus imitant le sein. Ces
échantillons visent a fournir des informations génériques sur le comportement théorique des tis-
sus réels, en imitantla composition chimique réelle. Des tendances spécifiques sont signalées, qui
tendent a suggérer que le térahertz est globalement sensible a la fraction de protéines, de graisses
et d’eau présente dans les tissus. Dans une tentative de fournir une formulation générique pour
décrire les profils diélectriques globaux, les fondements d'un modéle mathématique sont discutés.
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Puis, sur la base des caractéristiques présentées par des fantdémes de tissus imitant le sein, une
campagne de mesures sur des tissus mammaires fraichement excisés, menée a I'Institut Bergonié
(Bordeaux, FRANCE) est rapportée. Les profils diélectriques globaux des tissus adipeux, fibreux et
malins sont rapportés. Des preuves évidentes de la démarcation entre le tissu adipeux et d’autres
types de tissus sont signalées. Des changements plus subtils des constantes optiques sont égale-
ment soulignés entre les tissus fibreux sains et les tissus malins. Enfin, pour comprendre la source
du contraste entre les types de tissus, des recherches sur les différentes concentrations de cellules
cancéreuses en solution sont signalées et certaines explications possibles du contraste entre les
tissus sont avancées.

Le troisieme chapitre Terahertz Imaging : Far-field Survey est consacré al’acquisition d'images
térahertz de tissus mammaires fraichement excisés en champ lointain. Avant tout, les perfor-
mances del'installation d'imagerie sont identifiées et explicitées. Ensuite, une procédure d’inversion
d’image par auto-référence est décrite, qui vise a améliorer la caractérisation de I’échantillon. A
partir des images brutes, du processus décrit et du probléme électromagnétique inverse, la carte
del'indice de réfraction des différents tissus est extraite. L'indice de réfraction dérivé sur la surface
de I’échantillon est ensuite utilisé pour segmenter I'image en térahertz. Lenregistrement des im-
ages et la corrélation avec les images de pathologie sont détaillés. Par la suite, différentes stratégies
de classification sont étudiées et leurs performances relatives en termes de sensibilité et de spéci-
ficité sont rapportées. Une carte de conformité entre les images de pathologie et les classifications
térahertz est fournie. Enfin, pour compléter le champ d’investigation, I'analyse en composantes
principales, c’est-a-dire une analyse de données non supervisée, est étudiée comme un outil sup-
plémentaire potentiel vers la segmentation. Les résultats rapportés sur I’analyse en composantes
principales sont en bon accord avec la classification de 'indice de réfraction.

Le dernier chapitre Breast Cancer Imaging : Near-field Survey fait état du développement d'une
matrice d'imagerie al’état solide en champ proche de type térahertz fonctionnant a une fréquence
identifiée dans les chapitres précédents comme étant prometteuse pour la différenciation des tis-
sus. Le chapitre commence par souligner la limite de diffraction de la résolution qui affecte grave-
ment les systémes d’imagerie en champ lointain. L'état de 'art dans le domaine de la recherche en
champ proche est abordé, puis le principe de fonctionnement conceptuel d'un imageur en champ
proche a sous-longueur d’onde sensible a la permittivité, basé sur un résonateur, est décrit. Un tel
dispositif vise a briser la limite de résolution de la diffraction et a fournir une résolution d’image
qui est globalement a I’échelle de la taille typique des cellules eucaryotes. Une batterie de simula-
tions est rapportée qui soutient I'idée qu'un tel dispositif pourrait effectivement briser la limite de
diffraction tout en restant sensible au comportement diélectrique des tissus. La tache s’annonce
cependant difficile car on ne prévoit que des changements subtils en réponse a un tel imageur en-
tre les personnes en bonne santé et les personnes atteintes de cancer. Le processus de fabrication
et 'architecture globale du réseau a semi-conducteurs sont décrits et ses performances intrin-
seques en matiere d’'imagerie sont fournies. Des études préliminaires avec le capteur d’'imagerie
en champ proche de sous-longueur d’onde sont rapportées et une image d’'une section de sein
déparaffinée conclut ce manuscrit.

Les travaux rapportés dans ce manuscrit participent a des projets de collaboration : les pro-
jets Far and Near-sense, respectivement financés par la Région Nouvelle-Aquitaine et la Fondation
allemande pour la recherche dans le cadre du programme prioritaire ESSENCE (SPP 1857). Trois
entités ont participé a ces projets communs et doivent étre reconnues. Des études sur les mé-
canismes d’interaction entre les radiations térahertz et les tissus biologiques ont été menées a
I'Université de Bordeaux (FRANCE) sous la supervision du Dr. Rrch. Patrick Mounaix (DR). Le
développement de I'imageur en champ proche a été abordé par I'Université de Wuppertal (ALLE-
MAGNE) sous la direction du Prof. Dr. rer. nat. Ullrich Pfeiffer. Enfin, le contexte médical de
I'étude a été assuré par le département de pathologie de I'Institut Bergonié (Bordeaux, FRANCE)
sous la direction du Dr. Gaétan MacGrogan.
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