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Résumé

L’imagerie photoacoustique est une technique hybride qui permet d’obtenir a plusieurs cen-
timetres de profondeur dans les tissus biologiques des images de 1’absorption optique avec
la résolution des ultrasons. Des agents de contraste peuvent étre utilisés pour améliorer
le contraste ou imager des récepteurs spécifiques de maladies, mais il existe un compro-
mis entre résolution et profondeur d’imagerie. Cependant, la détection spécifique d’agents
de contraste peut nécessiter 'utilisation de 'imagerie multispectrale qui reste un défi a
cause de la propagation complexe de la lumiere dans les tissus biologiques. Cette these
propose une nouvelle approche pour la microscopie photoacoustique a résolution optique
(OR-PAM) de l'ordre du micron a plusieurs centimetres de profondeur dans les tissus, et
étudie expérimentalement la possibilité d’améliorer la détection de nanospheres d’or grace a
la non-linéarité photoacoustique d’origine thermique. Il est d’abord montré que des images
OR-PAM peuvent étre générées a I'extrémité distale d’une fibre optique multimode grace a
la conjugaison de phase numérique. Il est ensuite montré que des images OR-PAM peuvent
étre transmises a travers les tissus en les guidant acoustiquement dans un capillaire de sil-
ice. Des expériences préliminaires suggerent que les deux approches précédentes pourraient
étre combinées pour acquérir des images OR-PAM a travers plusieurs centimetres de tissus
via un unique capillaire de silice. Enfin, il est montré que des solutions aqueuses de colorant
et de nanospheres d’or peuvent étre discriminées grace a la non-linéarité thermique et la

dépendance de 'amplitude photoacoustique avec la fluence ou la température.

Mots-clés : imagerie photoacoustique, résolution optique, endoscopie photoacoustique,
conjugaison de phase numérique, guide d’onde, nanoparticules d’or, non-linéarité d’origine

thermique, coefficient de dilatation thermique



Abstract

Photoacoustic imaging is a new hybrid imaging technique that provides images of optical
absorption at centimeters depth in biological tissues with the resolution of ultrasound.
Exogenous contrast agents such as gold nanoparticles can also be used to enhance image
contrast and image disease-specific receptors. However, there is a trade-off between reso-
lution and imaging depth. Moreover, specific detection of exogenous contrast agents often
requires the use of multispectral imaging which can be challenging because of the complex
propagation of light in biological tissues. This thesis presents a new approach to micron-
scale optical-resolution photoacoustic microscopy (OR-PAM) at centimeters depth based
on a minimally-invasive endoscope, and experimentally investigates the possibility of im-
proving gold nanospheres detection based on thermal nonlinear photoacoustic generation.
It is first shown that OR-PAM images can be generated at the distal tip of a multimode
fiber by use of digital phase conjugation. It is then shown that OR-PAM images can be
transmitted through tissue in a silica-capillary acoustic waveguide for remote detection at
the tissue surface. Preliminary experiments suggest that the two previous approaches could
be combined in a setup based on a unique silica capillary acting both as an optical and
an acoustic waveguide to acquire OR-PAM images at centimeters depth in tissues. Finally,
it is shown that organic-dye and gold-nanospheres aqueous solutions can be discriminated
thanks to thermal nonlinearity, based on the dependence of the photoacoustic amplitude

with fluence or temperature.

Keywords: photoacoustic imaging, optical resolution, photoacoustic endoscopy, digital
phase conjugation, waveguide, gold nanoparticles, thermal nonlinearity, thermal expansion

coefficient
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Introduction

Medical imaging has become an essential tool in today’s medicine. The most commonly
used or effective techniques include ultrasonography, magnetic resonance imaging, X-ray
based imaging and nuclear medicine imaging. Each of these techniques are used for specific
applications and in specific contexts, providing different and potentially complementary
information. Optical imaging can provide a precious new information, both anatomical
and functional, with a strong contrast, in a non-ionizing way. The optical properties of
biological tissues are indeed very dependent on the tissue type and the optical wavelengths
(wavelengths that are on the order of several hundreds of nanometers to a micrometer).
Optical imaging is however little used in medical imaging because of the strong optical
scattering properties of biological tissues that limit high resolution imaging to shallow
imaging depths. Indeed, optical imaging techniques that can provide resolution on the order
of the wavelength, based on ballistic or quasi-ballistic photons, can only provide images at
depths no greater than several hundred micrometers. Purely optical techniques based on
diffuse photons enable to image deeper in biological tissues, up to a few centimeters, but

with a resolution of the order of the imaging depth.

Photoacoustic imaging is a biomedical imaging technique introduced in the nineties, with
the objective to improve the resolution of optical imaging at depth in biological tissue.
Photoacoustic imaging relies on the photoacoustic effect, which was discovered in 1880
by Alexander Graham Bell and consists in the conversion of optical energy into acoustic
energy through thermoelastic stress generation. Although photoacoustics was investigated
for biomedical imaging only recently comparatively to its discovery, photoacoustic imaging
has now become a very fast growing field of research [Beard, 2011; Wang and Hu, 2012].
The sample is usually illuminated by a light pulse and the acoustic waves generated due
to the photoacoustic effect in the optically absorbing illuminated regions of the sample are

detected to form an image of the sample. The image contrast is predominantly based on
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the optical absorption properties of the imaged sample. The light pulse used to illuminate
the sample can either be tightly focused and scanned in the imaged region, to provide an
image resolution that is on the order of the optical wavelength, or distributed on a large
area of the imaged sample, in which case the resolution is dictated by acoustics. While
the penetration depth of optical-resolution photoacoustic imaging is limited to about a
few hundreds of micrometers, that of acoustic-resolution photoacoustic imaging depends
in particular on the central frequency and the bandwidth of the acoustic detection device
and can reach up to several centimeters with a depth-to-resolution ratio that is of the order
of one hundred. Photoacoustic imaging can provide both structural and functional images,
in a non-ionizing way, based on endogenous or exogenous absorbers, with the potential
ability to achieve molecular imaging, at scales that range from the organelles to the organs
through cells and tissues, and can be used in a wide variety of applications in both biology,

pre-clinical research and clinical medicine [Beard, 2011; Wang and Hu, 2012].

The PhD work reported in this manuscript is presented in two independent parts, pre-
ceded by a first introductory chapter which provides both the fundamental principles of

photoacoustic imaging and the objectives and structure of the thesis (chapter 1).

The first part deals with optical-resolution photoacoustic endoscopy. Phase conjugation
is first used to generate an optical-resolution photoacoustic image at the distal tip of a
multimode fiber (chapter 2). A water-filled capillary is then studied as a mean to transmit

optical-resolution images through biological tissues (chapter 3).

The second part deals with acoustic-resolution photoacoustic sensing. Two acoustic-resolution
photoacoustic imaging setups that were built are presented along with some images ac-
quired on phantoms and living mice (chapter 4). Thermal based nonlinear photoacoustic
generation phenomenon are then investigated experimentally using a modified version of
one the previous chapter setups and the obtained results are compared with numerical

simulation predictions of a recent PhD thesis of our group (chapter 5).



Chapter 1

Background and objectives
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1.2 Structure and objectives of the thesis . . ... ......... 22

1.2.1 New approaches in optical-resolution photoacoustic micro-endoscopy 22

1.2.2  Acoustic-resolution sensing and photoacoustic thermal nonlinearity 27
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Optical imaging of biological tissues can provide precious information. Unfortunately,
traditional high resolution optical imaging techniques penetration depths are limited to
only a few hundreds of micrometers because of the strong optical scattering properties
of biological tissues. Photoacoustic imaging is a new hybrid imaging modality that has
the ability to provide optical absorption-based contrast images at significant depths in
biological tissues. Thanks to its unique advantages it has become one of the fastest growing
field in biomedical imaging. The main objective of this chapter is to provide the essential
information to understand the work presented later in this thesis. We first present the
principles of photoacoustic imaging and then explain the structure and the objectives of
this thesis.

1.1 Principles of photoacoustic imaging

1.1.1 Optical propagation in biological tissues

Optical propagation in biological tissue is usually described by a few parameters related

to optical absorption and scattering properties, described in this section.

Optical absorption

Optical absorption is described by the optical absorption coefficient u,. If one considers a
collimated beam propagating in a non scattering and homogeneously absorbing medium,
the intensity of the collimated beam will decay along its propagation in the medium ac-

cording to the following law:
I.(z) = 1.(0)e He? (1.1)

where I.(z) is the intensity of the collimated beam at position z along its propagation axis,

expressed in power per unit surface, and p, is the absorption coefficient expressed per unit
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length.

The following equivalent law is also often used:
I(z) = 1,(0)107°P= (1.2)

where OD is the optical density, usually expressed in cm™!, and related to the absorption

coefficient p, by:

Ha Ha
D= N — 1.
O In(10) 2.3 (1.3)

Based on equation 1.1 one can define a characteristic length [, = /% called the optical

absorption mean free path.

10000 4
1000 1
100 1
101

1

0.1 1
0.01 1
0.001 {

0.0001 . . . . . , .
400 600 800 1000 1200 1400 1600 1800

wavelength (nm)

absorption coefficient g, (cm-1)

Figure 1.1 — Optical absorption coefficient spectra of endogenous tissue chromophores. Oxy-
haemoglobin (HbO3) at 150gL~! (average haemoglobin concentration in an adult
man), red line; deoxyhaemoglobin (HHb) at 150g L=, blue line; water, black line;
lipids, brown and pink lines; melanin, black dashed line; collagen, green line and elastin,
green line. Compilation from the literature. Taken from [Beard, 2011].

As can be seen on figure 1.1 optical absorption in biological tissues is highly dependent on
the tissue type and the optical wavelength. It is however usually considered to be minimum
in the so-called optical or therapeutic window ranging from about 600 to 900 nm. In this
spectral domain, the optical absorption coefficient in biological tissues is on the order of

0.1 cm™!. This corresponds to an absorption mean free path of about 100 mm.
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Optical scattering

Optical scattering is described by the optical scattering coefficient j,. If one considers a col-
limated beam propagating in a non absorbing and homogeneously scattering medium, the
intensity of the collimated beam will decay along its propagation in the medium according

to the following law:
I.(2) = 1.(0)e #* (1.4)

where I.(z) is the intensity of the collimated beam at position z along its propagation axis,
expressed in power per unit surface, and pu, is the optical scattering coefficient expressed

per unit length.

Based on equation 1.4 one can define a characteristic length [, = i called the optical

scattering mean free path.

In biological tissues, the optical scattering coefficient is usually on the order of 100 cm™?.

This corresponds to an optical scattering mean free path of about 0.1 mm.

Optical scattering events are also described by the anisotropy factor g, defined as the

average of the cosine of the scattering events angles 6:
g = {cos(0)) (15)

If g = 0, the scattering is isotropic, while if g is close to 1, the scattering occurs mainly in
the forward direction. In biological tissues, the value of g is typically about 0.9. To take into
account both the optical scattering coefficient and the anisotropy factor, optical scattering

is often described by the reduced optical scattering coefficient p’:

1y = ps(1 = g) (1.6)

1 s
J7A 1-g°

It can be qualitatively understood as the distance over which light looses the memory of

Based on this equation one can define the optical transport mean free path [, =

its initial propagation direction. In biological tissues, i is typically about 10 cm™, and I,

is thus typically about 1 mm.
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Optical extinction

The optical extinction is defined as the total attenuation coefficient of a collimated beam,
i.e. by fegr = o + ps- If one considers a collimated beam propagating in a homogeneously
absorbing and scattering medium, the intensity of the collimated beam will decay along

its propagation in the medium according to the following law:
I.(2) = 1.(0)e Heat? (1.7)

where I.(z) is the intensity of the collimated beam at position z along its propagation axis,
expressed in power per unit surface, and ., is the optical extinction coefficient expressed

per unit length.

1

ext

Based on equation 1.7 one can define a characteristic length [, = called the optical

extinction mean free path.

Effective optical attenuation of diffused light

For optical propagation in biological tissues at depth beyond several optical transport
mean free path (I, &~ 1 mm), the intensity of an incident collimated beam becomes much
smaller than that of the diffused light. The propagation of the diffuse light beyond typically
one mean free path can be described by an effective optical attenuation coefficient ji.5r =
\/3tta (e + 1) derived from the diffusion theory. For 1D propagation, the diffusive intensity
decays according to the following law:

I(z) = I(0)e Hets? (1.8)
where I(z) is the optical intensity at depth z > [;,., expressed in power per unit surface,

and f.¢y is the effective optical attenuation coefficient expressed per unit length.

Based on equation 1.8 one can define a characteristic length l.;; = ﬁ It is the length
over which, in the diffusive regime, the intensity of an optical plane wave incident on the

tissue has decay by é and thus represents the optical penetration depth.

For near-infrared light in biological tissue, the optical scattering coefficient is usually on

the order of 1.7cm™!. This corresponds to an optical penetration depth of about 6 mm.
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Consequences on optical imaging of biological tissue

Two important remarks can be made based on the coefficients introduced above. First,
optical propagation at depth in biological tissues is dominated by optical scattering as can
be seen from the values of the scattering coefficients p; and g, as compared to that of the
optical absorption coefficient y,. As the penetration depth increases, there is a progressive
transition from a ballistic optical propagation regime in the first hundred microns to a

diffusive optical propagation regime beyond typically one millimeter.

Second, two different depth limits can be defined for optical imaging of biological tissues.
The first one, about one optical transport mean free path (I, & 1mm), is related to
the attenuation of the ballistic or quasi-ballistic photons. High resolution optical imaging
of biological tissues based on these photons, for example by use of confocal microscopy,
two-photon microscopy, or optical coherence tomography, is only possible at depths below
this first limit, sometimes referred to as the soft limit for high resolution optical imaging.
The second one, about ten times the optical penetration depth l.;f ~ 5.7 mm, thus about
60 mm, is related to the attenuation of the diffuse light. Optical imaging up to such depths
in biological tissues is possible by use of diffuse optical tomography but with resolutions still
limited to at least several millimeters. Optical imaging beyond this second limit, sometimes
refereed to as the hard limit of optical imaging, is only possible by use of endoscopy because

of the extremely low number of photons that can propagates up to such depths.

High resolution optical contrast images of biological tissues at significant depths up to or
beyond the hard limit of optical imaging are highly desirable because of the precious infor-
mation optical contrast images can provide about biological tissues. Photoacoustic imaging
is an imaging modality that has been introduced to beat the resolution limit imposed for
purely optical techniques by optical scattering. It is introduced in the following three sec-
tions, starting with the basic theory of the photoacoustic effect on which photoacoustic
imaging is based in section 1.1.2, then explaining how it can be used for optical contrast
imaging of biological tissues in section 1.1.3, and finally presenting the general principles

underlying the practical implementation of photoacoustic imaging in section 1.1.4.



1.1. Principles of photoacoustic imaging 7

1.1.2 Basic theory of photoacoustic generation

The photoacoustic effect refers to the generation of acoustic waves in matter due to the
absorption of electromagnetic waves. It was first observed by Alexander Graham Bell in
1880 [Bell, 1880]. In this section, we will limit our discussion to the photoacoustic effect
taking place in liquids with potentially heterogeneous optical properties but homogeneous
acoustic and thermal properties. This is justified by the fact that, as a first approximation,
the thermal and acoustic properties of biological tissues can be modeled as being those of

water.

Mathematical description

A mathematical description of the photoacoustic effect is given by the following set of

equations:
oT
pocpa(r, t) = kAT (r,t) + Py(r,1) (1.9)
1 0%p 0 or
Ap(r,t) — éﬁ(r’t) = —Pog, (6(T)at(r,t)> (1.10)

where py is the liquid volumetric mass density, ¢, is the liquid heat capacity at constant
pressure, T'(r, t) is the temperature field in the liquid, & is the liquid heat conductivity, P,
is a heat source term, p(r,t) is the pressure field in the liquid, ¢ is the speed of sound in

the liquid, and § is the liquid coefficient of thermal expansion at constant pressure.

The first equation is a heat diffusion equation with a heat source term and the second
equation is an acoustic wave equation with an acoustic source term arising from time

variations of the temperature field.

Before getting into the details of these equations, it is important to stress the conditions
of their validity. These conditions can easily be seen by working on the fundamentals
equations to establish equations 1.9 and 1.10. Such a derivation is out of the scope of this
thesis but can be found for example in [Prost, 2014]. Equations 1.9 and 1.10 rely on the

following approximations:

® 0y, Cp, Cy, and k are constants
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e 3 may vary as a function of temperature
e viscosity is neglected
e the acoustic propagation is linear
where ¢, is the liquid specific heat capacity at constant volume.

The first approximation is well justified in condensed state matter such as liquids for which
v—1= i—f)’ — 1 < 1. It is thanks to this approximation that the thermal equation 1.9 can
be decoupled from the acoustic pressure dictated by eq. 1.10.

Section 1.2.2 and chapter 5 will take into account the temperature-dependence of the
thermal expansion coefficient. Everywhere else in the manuscript, 3(T") will be considered

to be constant 5(T") = (1) = o where Tj is the equilibrium temperature in the medium.

In the context of photoacoustic imaging, the heat source term in equations 1.9 and 1.10

arises from light absorption by the medium and can thus be written as:
Py (r,t) = po(r)®,(r, ) (1.11)

where i, (r) is the medium optical absorption coefficient at position r and ®,.(r,t) is the

fluence rate (power per unit surface) in the medium at position r and time ¢.

The photoacoustic effect is fully described by equations 1.9, 1.10 and 1.11. However, there
is in general no analytic solutions to this set of equations and thus additional approxima-
tions are often used. Going back to equation 1.10, we can see, as mentioned earlier, that
the acoustic source term arises from temporal variations of the temperature. This will for
example be the case if the sample is illuminated by a light source which intensity is rapidly
modulated. This can be achieved by using pulsed or intensity-modulated laser sources. Al-
though both types of sources can be used for biological tissue imaging, pulsed illumination
is often preferred because of the more efficient photoacoustic generation it provides. More-
over, for reasons that will be explained later in this chapter, pulses duration are usually
in the nanosecond range for photoacoustic imaging, and only such pulses duration will be

considered in this thesis.

Depending on the pulse duration and the medium parameters, three different photoacoustic
generation regimes can be distinguished. For two of these regimes additional approxima-

tions can be made concerning 1.9, 1.10, and 1.11 that further simplify their resolutions.
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Before moving on to the description of the different photoacoustic generation regimes, we
give the values of the water parameters relevant to the photoacoustic generation problem.
These values are given at 20°C and will be approximated as being those of biological

tissues:
e ¢, ~1500ms~!

e po~ 1000kgm—3

cp ~ 4200 Jkg ' K™!

Ba2x 107K

e k~06WK m!

POCp
are also two important parameters in photoacoustics. Their values for water at 20 °C are:

The heat diffusion coefficient y = and the dimensionless Griineisen parameter I' = ’B‘c)—cz

e Y~ 14x107"m?s7!

e '~0.1

Confinement regimes

Let us consider an absorbing inclusion of characteristic dimension D,. The speed of sound
in the medium is ¢, and its heat conductivity is x. The absorbing inclusion is illuminated
by a light pulse of characteristic duration 7, and emits acoustic waves according to the

photoacoustic effect. The generated acoustic waves are often called photoacoustic waves.

By compa