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Abstract

Endoscopic imaging techniques play a vital role for physicians to diagnose gastrointestinal
diseases, such as white-light endoscopy (WLE), narrow-band imaging, optical coherence
tomography and confocal laser endoscopy. Although these techniques can achieve cellular
and subcellular resolution, their applications are limited to superficial structures due to strong
photon scattering in soft tissue. While endoscopic ultrasound achieves much deeper
penetration in tissue, it provides weak soft tissue contrast and low sensitivity, preventing its
broad clinical use. In contrast, optoacoustic (also termed as photoacoustic) imaging is less
sensitive to photon scattering and provides high resolution optical visualization in deep tissue
compared to conventional optical imaging methods. Thus, optoacoustic technique in
particular is well suited for endoscopy and disease detection can be enhanced via the

application of multispectral optoacoustic tomography.

The work presented herein focused on developing optoacoustic endoscopy. Several
implementations of optoacoustic endoscopy probes based on different scanning
configurations, illumination settings and ultrasound transducers are implemented and
analyzed regarding their influence on the endoscopic imaging performance. Afterwards, two
dedicated endoscopy systems are developed for esophageal imaging, and imaging

performance is characterized on phantoms and pig/human esophageal samples.

In addition to the technical development of the instrumentation, the necessary detection
bandwidth for visualizing esophagus morphology is studied. For endoscopic or tomography
image reconstruction, limited signals are usually recorded, resulting in artifacts and low
image quality. Therefore, two image quality enhancement approaches are proposed to

improve the reconstruction performance.

Finally, the clinical relevance of optoacoustic imaging on esophagus tissues is demonstrated
by measuring excised esophageal samples from pigs and human with high resolution
optoacoustic mesoscopy and the developed optoacoustic endoscopy systems. Afterwards,
optoacoustic parameters such as the optimal laser wavelength and necessary detection
bandwidth of the ultrasound transducer for esophagus imaging are investigated based on

these measurements.



Overall, the imaging capabilities of optoacoustic and the developed endoscopy systems have
been demonstrated to effectively resolve the structures of esophageal tissues, showing great

clinical potential of esophagus imaging.



Contents

COMEIES .ttt ettt e ettt e ettt e ettt e s ab et e s ab e e e sabeeeeabeeesabeeeenbeeeaneeenanee \%
LiSts Of @DDIEVIATIONS ....eeueieiiieiiieiie ettt ettt ettt et et et e it e ebeeseeeenbeens X
Chapter 1 = INtrOAUCTION.......cciiiiieiie ettt et e b et beesaaeenbeessseennees 11
1.1 Clinical imaging MOdalItIes .........cccveiriiiieiiieeriieectee et eee e evee e saee s 11

| O D v A LSRR 12

Lo L2 PET ettt ettt ettt 13

L13 MRttt ettt et ettt na et e na e reenaeenaens 13

1.1.4  Medical URrasound...........coceeriiiiiiiiiieiieeieeee ettt st 14

1.2 Endoscopic imaging tOdAY .........cccueerrieriuieriierieeriieeieenieeereeneeeereesseeeseessseesseessnesnsees 15
1.2.1  White light endOSCOPY ..evveeiiiiiieiieiie et 15

1.2.2 Optical @NAOSCOPY . .eieutieiuiieiieeiiieiieete ettt ettt ettt st sbee et esaeesnteenaeeens 16

1.2.3  Ultrasound endOSCOPY......ueeruieriieriieeiieriieeieenieereesteeeseesseesseesseeeseesseesseessseans 17

1.3 Objectives addressed in this thesis .......cceevuiriiiiriiiniiniiiiceee e 18
1.4 Outline of this diSSEITAtION .....cc.eeriiiiiieiiieiie ettt 20
Chapter 2 Theoretical and technical background .............c.cccceeveiieriiiiiiiniiiiieieeeee e, 22
2.1  General knowledge of optoacoustic IMAGING ......cc.evverueeieriireeieriereeieeeenie e 22
2.1.1  Optoacoustic signal generation and Properties ..........cocevervververreeruereeneenueneens 22
2.1.2  Penetration dePth ......c.cooeiiiiiiiiiiie e e 27
2.1.3  Acoustic reflection and attenUAation .............ceceerieiniinieiiieieeieeeesee e 28

2.2 Optoacoustic iIMage fOrmMAatioN .........cccuereeriiriinieiienierieete ettt 30
2.2.1  Backprojection algorithm..........ccceveiiiieiiiieiie e 30
2.2.2  Model-based algorithm ...........cccoviiieiiiiiiiieeiieceeeeeee e 31

2.3 Technical aspects of optoacoustic endoscopy implementation..........ceceeveevueeuennnee 32
2.3.1  EXIStiIng CONTIGUIATIONS .....eeeiiiieiiieeiiieeiieeeeeeeiveeeieeeeieeesaeeesreeeenbeeeseseeennneees 32
2.3.2  Ultrasound tranSAUCETS. ......c..ceeueiriiriiiniieeiteit ettt 35
2.3.3  Image display approaches ..........coccueeciieriiieiiienie et 38

2.4 Summary and dISCUSSION ........cecvieeiieeritiieeitteeeiteeesteeesteeesaeeeseaeesssreeeseeesseeensseeennses 39
Chapter 3  Implementations of optoacoustic endoSCoOpPY Probes .........cceeevvveercveeeriueeercueeens 40
3.1 Curved endOSCOPY PIODE ... ..ccuieeiiieiieeiieeieeeiie ettt et ete et e saeebeeeseeebeeseaeenseesnaeens 40
3.1.1  Endoscopy probe implementation............ccccueeerireerveeeiieeeiieeeireesieeeeveeeeveeenes 41

3.1.2  Characterization MEASUIEINIENTS .....cevveuunneeeeeeeeeeeeeeeeeeeeeeeeeeneaaeseeeeeneeenaaaeeaeeeee 42



3.2 Hybrid OR and AR optoacoustic endoSCOPY Probe ........c.ccceervieriierieeriienieeieenieans 46

3.2.1  Hybrid endoSCOPY PrODE .......eiiiiiieiiiiciie ettt e 47
3.2.2  Characterization MEASUTCINENLS .........ccevreerveeesrreerereeesereesssreesssseessseeessseeessseeens 49

3.3 Linear array-based endoSCOPY PrODE.......cceeviieriieriiiiiieeiieiteete ettt seeeevee s ens 52
3.3.1 Transducer array based endoSCOPY PrODE .......ccceeeevurieeieiieeiiiieeiieeeiee e 53
3.3.2  Characterization MeEASUTCINENLS .........cceveeerveeerrreeserreasreeessreessseeessseeessseeesssesens 55

3.4 Summary and DiSCUSSION ......cc.eeiiieiiieiiieitieeieeite st eieeete et e sreebeesaeebeessaeeseensaeens 58
Chapter 4  Optoacoustic endoscopy system development...........cccuveeeveeeecreeercrieeninieesneeenns 60
4.1  The scanning CONtIOl SYSTEM .........eeviuieeiiiieiiieertieeeteeesieeeereeeeeeeeereeeereeesveeeseseeenns 60
4.2 TVUS-based endoSCOPY SYSEIM ....c..eeriiiriieeiieiieeieeiieeteesieeereesteeeseessaeeseessseenseennns 62
4.2.1  System implementation..........c.cceeuieriiieeiiieeeiee e esiee e e e e eaeeesreeesreeeserees 62
4.2.2  System characteriZation .........cc.cceceeruerrierienieiniinieneete ettt 64

4.3  Focused detector based endoSCOPY SYSLEIM ....cveeevieriieeiieniieeiieiee et 65
4.3.1  System IMPlementation..........cocueeierirrierieniieieeeente ettt 66
4.3.2  System characteriZation ..........cccceceerueerierienieinienieneete ettt 67

4.4 Summary and diSCUSSION ......c.eeccvieriieriieiiieeieestte et erteeereesteeereesteeeseesseessseesseessseenens 69
Chapter 5  Importance of ultrawide bandwidth for endoscopy performance...................... 71
5.1 INrodUCtiON oottt et e et e e e e e e e e e e nre e e areeeenes 71
5.2 Simulations and experimental MEASUIEMENLt..........c..ccvervieriierieerieenieeieeneeereeneneens 72
52,1 SIMUIAIONS 1.ueeiiiiiiiiiieieeeeee ettt ettt 72
5.2.2  TMAZING SETUP .ceuteeiteeiieeiieette et et te et et e e s te e bt e stte e bt essteenbeesateesbeesseeenseesneeenseennns 73
5.2.3  Phantom and tiSSUE MEASUTEMENTS.........eeruiiriiieriieeieeniieeiee e eiee sttt 75

5.3 RESUIS et s 76
5.3.1  Simulation reSUILS.....cc.eeiiiiiiiiiiieeee e e 76
5.3.2  Experimental TeSUILS......c.ceeviiiiiiiiiiiiiie ettt e 77

5.4 Summary and CONCIUSION ......ccuiiiiiiieiiieeiiie ettt saee e e e saee e ee e e 81
Chapter 6  Image quality enhancement methods.............ccceeviiiiiiiniiniiencee e, 84
6.1  Accelerated sparse recovery method..........ccooeoviieiiiiiiiieciiieceeeee e 84
6.1.1  Methods and Materials ..........coceiiiiiiiiiiiiiieeee e 85
0.1.2  RESUILS ..ottt et 91

6.2  Geometric pixel super-resolution approach ..........cccceeeveveiiieeiiiieniieeeie e 99
6.2.1  Methods and materials ..........coceeriiiiiiiiiiii e 101
0.2.2  RESUIES...eeiiiiiiiece et 107
Chapter 7  Optoacoustic imaging of esophageal tiSSUE ..........cccveevciiieeiieiniieeciie e 117
7.1  Clinical interests of esophagus IMAZING.........cccuveerieeeiiieeiieeeie e 117
7.2 Esophagus sample measurements by MeSOSCOPY ....eeeuvieruieriieniieeiieniieeiieniieeeeenens 119

7.2.1  MeSOSCOPY IMAZING SYSLEIM ...eeuviieeuiieeriiieeriieeerteeestieeessreeeereessreesseeessseeesseens 119



7.2.2  Pig esophagus MeasUreMENt ...........cceerueeruieeieeniieeieeniieeieesieeeteesieeenveeseneenseas 120

7.2.3  Human esophagus MeaSUICMENT..........ccueeerveeerreeerrieeerireeeiereesreeesreeesveeessseens 121
7.2.4  Multi-spectra optoacoustic imaging of esophagus sample ..........c.ccceeeveeennenn. 123
7.2.5  Frequency CharaCteriStiCS.......cooueriierieriiieniieeiieniieeteeieeereeseeeeteesiaeenreeseneeneees 126

7.3 Optoacoustic endoscopy imaging of esophageal sample............cccceeeveriieriirenineens 127
7.3.1  Esophagus measurement by IVUS-based endoscopy system............c.c.cen.e.. 127
7.3.2  Challenges of in VIVO MEASUIEIMENLES .......ccueervieriieriieiieeiieniieeieenieeereeneeeenees 128
7.3.3  Esophagus measurement by focused detector based endoscopy system ......... 130
7.3.4  Further devVelOPmMENnt.........cccuviiiiiieeiieeeiee e 132

7.4  Summary and diSCUSSION .......ccuieriieriieitieeieeiee et eriteereenteeeaeesaeeeseessaesnbeesseesnseenens 134
Chapter 8  Conclusion and outlookK ...........cceeeeiieeiiieiiiieceeeeeee e 135
8.1  CONCIUSION ettt ettt ettt et e bt e et e e seeeneeas 135
8.2 OULIOOK ettt 137
ACKNOWIEAZEMENLS .......eeiiiiiiiieiie ettt ettt st e sbe e e bt e seaeebeesaeeeas 140
PUDIICAtION TISES ...ttt ettt ettt sttt ettt naeeea 142

BiDLIOZIAPRY ..ot ettt e e beeteeenbeensaeebaenanaens 144






Lists of abbreviations

WLE
IVUS
CT
PET
MRI
CLE
FDG
fMRI
BOLD
HD-WLE
OCT
EUS
MSOT
SO,
AR-OE
OR-OE
ICG
NIR
GPU
AJCC
EP

LP

MM

White-light endoscopy
Intravascular ultrasound
Computed tomography
Positron Emission Tomography
Magnetic Resonance Imaging
Confocal laser microendoscopy
Fluorodeoxyglucose
functional MRI
Blood oxygenation level dependent
High-definition WLE
Optical coherence tomography
Endoscopy ultrasound
Multi-spectra optoacoustic tomography
Oxygen saturation of hemoglobin
Acoustic resolution optoacoustic endoscope
Optical-resolution optoacoustic endoscopy
Indocyanie green
Near infrared
Graphics processing units
American Joint Committee on Cancer
Epithelium
Lamina propria

Muscularis mucosa



SM
MP
EMR
MIP
CNR
FWHM
OPO

EC
LSQR
ASALSA
CF

MAP
ADMM
PSR

PSF

LR

HR

BTV
FBP

SoS

Submucosa

Muscularis propria

Endoscopic mucosal resection
Maximum-intensity projections

Contrast to noise ratio

Full width at half-maximum

Optical parametric oscillator

Esophageal cancer

Sparse Equations and Least Square

Split Augmented Lagrangian Shrinkage Algorithm
Coherence factor

Maximum a posteriori

Alternated direction method of multiplier
Pixel super resolution

Point spread function

Low resolution

High resolution

Bilateral total variation

Filtered back-projection

Speed of sound



Chapter 1 Introduction

“The ability to establish an immediate endoscopic diagnosis that is virtually consistent with
the histologic diagnosis has been the ultimate objective of endoscopists since the very earliest
phases of the development of endoscopy” [1]. In order to achieve this goal, imaging
techniques are generally applied to enable visualization of tissue structures under surface.
Modern clinical imaging techniques allow visualization of the representations of the interior
of a body revealing internal structures concealed by the skin and bones. They play a key role
in clinical diagnostic procedures and medical intervention. Endoscopy provides an alternative
solution for medical doctors to examine the interior of a hollow organ or cavity inside the
body [2]. Many imaging modalities have been implemented into endoscopic modes, which
can be inserted directly into luminal organs and acquire high quality images. For example,
optical imaging approaches relying on the electromagnetic field at visible wavelengths have
been widely used for endoscopy applications, such as white-light endoscopy and confocal
laser microendoscopy (CLE) [3, 4]. However, these techniques are limited to superficial
structures due to photon scattering in soft tissue. Ultrasound endoscopy can achieve deep
penetration depth in soft tissue, while low soft tissue contrast limits its clinical use for
gastrointestinal diseases. Optoacoustic imaging, as a novel modality, is less sensitive to
photon scattering within biological tissues. It provides high resolution optical visualization in
deep tissue compared to conventional optical imaging methods, which is well suited for
endoscopy applications [5-9]. Therefore, the goal of this work is to develop optoacoustic

endoscopy system.
1.1 Clinical imaging modalities

The most commonly used imaging modalities in clinics include: X-ray Computed
Tomography (X-ray CT), Positron Emission Tomography (PET), Magnetic Resonance
Imaging (MRI) and medical ultrasound. These techniques can achieve whole body imaging

and provide anatomical and function information, which have been applied for the diagnosis
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of gastrointestinal disease, such as identifying advanced esophageal or colon cancer [10-13].
However, limited resolution or contrast restricts their capability of resolving the earlier
gastrointestinal diseases [14, 15]. Indeed, several reports showed the limited ability of
evaluating earlier esophageal cancer because of incapability to discriminate the esophageal

wall layer and detect the infiltration depth of the tumor [10, 14, 16].
1.1.1 X-ray CT

X-ray CT scan is a computer-processed combination of many X-ray images taken from
different scanning positions to produce cross-sectional images of an object, allowing
noninvasively visualizing inside the object [17, 18]. Since its introduction in the 1970s, X-
ray CT has been an important medical imaging tool to supplement X-rays and
ultrasonography, which can acquire detailed images of internal organs, bones, soft tissue and
blood vessels [17, 18]. Pixels of X-ray CT images represent relative radiodensity of tissue.
Intrinsic differences in absorption between bone, fat, air and water result in high-contrast
images of anatomical structures. Comparing to traditional two-dimensional medical
radiography, X-ray CT has several advantages. Frist, X-ray CT completely eliminates
artifacts produced outside the area of interest. Secondly, because of its high sensitivity, X-ray
CT scan can differentiate tissues that differ in physical density by less than 1%. Finally, the
cross-sectional images generated during a X-ray CT scan can be reformatted into multiple
planes, and three-dimensional images can generated and viewed on a computer monitor,
printed out or transferred to electronic media. Recent advances in X-ray CT technology,
including multi-detector rows X-ray CT and new real time volumetric imaging systems, have
enhanced the applications of CT scan to evaluate the intestinal organ. For example, X-ray
CT colonography and the generation of volumetric images of colon can be used for cancer
detection [19]. Volume rendering of X-ray CT data coupled with interactive volumetric and
stereoscopic display is very helpful to more clearly depict gastric disease. However, due to its
ionizing nature, great attention is taken to minimize the use of X-ray CT scan for a given time
interval. There is always a slight chance of cancer from excessive exposure to radiation.

However, the benefit of an accurate diagnosis far outweighs the risk.
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1.1.2 PET

Another modality based on ionizing radiation is known as positron emission tomography.
This technique detects pairs of gamma rays emitted indirectly by a positron-emitting
radionuclide (tracer), which is introduced into the body on a biologically active molecule
[13]. Early PET scanners had only a single ring of detectors; hence the acquisition of data and
subsequent reconstruction was restricted to a single transverse plane. More advanced
scanners now include multiple rings, essentially forming a cylinder of detectors. By rotating
the detection camera around the patient, cross-sectional images and 3D volumes can be
reconstructed directly according to the detection geometry. PET offers quantitative analyses
and can monitor relative changes of the tracer over time as a disease evolves or in response to
a specific stimulus. For example, PET scanning with the tracer fluorine-18 (F-18)
fluorodeoxyglucose (FDG), called FDG-PET, is widely used in clinical oncology [13]. Use of
this tracer to explore the possibility of cancer metastasis is the most common type of PET
scan in standard medical care. However, the widespread clinical use of PET has been
restricted because of the high costs of cyclotrons needed to produce the short-lived
radionuclides for PET scanning. Also, there are very limited choices of the tracer used for
PET scan. Besides, safety and high costs are needed to be concerned for PET test. Typically,
PET scans are combined with CT or MRI scans, giving both anatomic and metabolic
information, which enhances the PET scan to provide higher sensitivity and specificity and

expands its application fields [11, 13].
1.1.3 MRI

Magnetic resonance imaging is used in radiology to produce images of the anatomy and the
physiological processes of the body based on stimulating water molecules [20]. In contrast to
X-ray or PET, MRI does not rely on ionizing radiation but rather on strong magnetic fields,
which has been proven to have no harm on patients. The main principle of MRI is to use
strong magnetic fields to generate detectable radio frequency signal from hydrogen atoms,
which exists naturally in tissue, particularly in water and fat. For this reason, MRI scans
usually map the location of water and fat in the body. Pulses of radio waves excite the nuclear

spin energy transition, and magnetic field gradients localize the signal in space. By changing
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the parameters of the pulse excitation and recording, different contrasts can be generated
between tissues based on the relaxation properties of the hydrogen atoms known as T1 and
T2 weighting. MRI is considered as the best imaging modality for soft tissue pathology. It is
also widely used in assessing prostate cancer, staging of esophagus tumor, hepatocellular
cancer and liver metastases, renal cell carcinoma, pancreatic adenocarcinoma and other
malignancies [13, 20]. Besides its excellent ability of providing anatomical information,
functional MRI (fMRI), diffusion MRI or MR angiography, have extended applications to
obtain functional and molecular information. For example, fMRI is widely used for brain
imaging, which can help to understand how different parts of the brain respond to external
stimuli or resting state activity [13, 20]. Change of the ration of oxyhemoglobin and
deoxyhemoglobin can be measured by blood oxygenation level dependent (BOLD) fMRI
[21]. However, limitations of this modality include applicability, procedural cost and
availability. Generally, patients carrying ferromagnetic implants are not allowed for MRI
scanning. Frequently, patients are not always prescribed a MRI test because of the high costs
covering a long process that can take several hours and involve several medical personnel

[20].
1.1.4 Medical Ultrasound

Medical ultrasound is a diagnostic imaging technique based on the application of
ultrasonography [22]. Ultrasonic images also known as sonograms are produced based on
sending pulses of ultrasound into tissue using a transducer probe and recording the reflected
waves. The recorded waves can be reconstructed as images, which reflect the acoustic
impedances of tissue. Typical medial ultrasound systems are operated in the frequency range
of 1 to 18 megahertz, although high frequencies (50—-100 MHz) have been used
experimentally in a technique known as US bio-microscopy [23, 24]. The choice of
frequency significantly determines the spatial resolution and imaging depth: lower
frequencies create less resolution but image deeper up to tens of centimeters. Higher
frequency ultrasound signals can lead to high resolution in the range of micrometers.
However, higher frequency waves have a larger attenuation coefficient, limiting the depth of
penetration. B-mode ultrasound images are usually acquired by using transducer array, which

can display the acoustic impedance of a cross-section of tissue in real time. Other
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information, like blood flow, motion of tissue over time, the location of blood, the presence
of specific molecules, the stiffness of tissue, or the anatomy of a three-dimensional region can
be acquired by advanced ultrasound techniques, such as Doppler ultrasound and 3D
ultrasound [24-27]. Compared to aforementioned medical imaging modalities, ultrasound has
several advantages. For example, it provides real-time 2D images. Besides, current
ultrasound systems are portable and can be brought to the bedside. Low cost and no harm
make it very commonly used in clinics. Drawbacks of medical ultrasound include low tissue
contrast, difficulties in imaging structures behind bone and air, and its dependence on a

skilled operator [25].
1.2 Endoscopic imaging today

1.2.1 White light endoscopy

The first endoscope was developed in 1806 by Philipp Bozzini in Mainz with his introduction
of a "Lichtleiter" (light conductor) "for the examinations of the canals and cavities of the
human body. Modern clinical endoscopy procedure was initially conducted by white-light
endoscopy with magnification and/or augmented by chromo-endoscopy, which yielded
reasonable accuracy rates for the prediction of histology [28]. Gradually high-definition WLE
(HD-WLE) replaced the standard-definition WLE because of its high resolution and better
capabilities for tissue characterization [28]. Despite its wide clinical acceptance, WLE is
limited by accessing only superficial tissue features and generally low contrast between early
disease and surrounding tissue, leading to reduced sensitivity and specificity in detecting flat
adenomas and identifying disease infiltration [29]. Moreover, human vision is insensitive to
detecting early disease as it lacks disease specificity. Typically, gastrointestinal diseases
generally grow and develop below the tissue surface [2]. Since video endoscopy can only
provide information of the superficial mucosal structures, features underneath the tissue
surface cannot be seen with conventional endoscopy or even higher-resolution forms of
endoscopy such as high-definition magnification endoscopy. In these instances, random
biopsy is usually used to get more information [14, 30]. Normally a flexible video endoscopy

probe is inserted into the luminal digestive organs. If an abnormal region is identified,


https://en.wikipedia.org/wiki/Philipp_Bozzini
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endoscopic biopsy forceps are used to extract a small amount of tissue from the irregular
areas. Typically, biopsies are taken from several fields with the hope of sampling the correct
spot, which, unfortunately, often has high missing rate [14, 30]. Pathologist then processes
and reviews the biopsied samples under a microscope to define the diagnosis and intervention

strategies [28].
1.2.2 Optical endoscopy

As random biopsy is an invasive method and has high missing rate for gastrointestinal tests,
optical imaging techniques have been considered to complement WLE, such as confocal laser
endomicroscopy [31, 32], fluorescence endoscopy [2], and optical coherence tomography

[33, 34].

Confocal laser endomicroscopy is a newly introduced endoscopic tool that makes it possible
to carry out confocal microscopic examination of superficial layer during ongoing endoscopy
[31]. The method of CLE has recently been developed, which allows high resolution in vivo
histological assessment, so that changes in vessels, connective tissue, and cellular or
subcellular structures can be evaluated during ongoing endoscopy examinations. It has been
shown that living cells and cellular structures of the mucosal layer in human esophagus were
observed [31, 35]. Different types of tissue and diseases can be diagnosed immediately,
facilitating early diagnosis of gastrointestinal cancer [31, 35]. Analysis of in vivo
microarchitecture relying on the CLE approach is helpful in targeting biopsies to relevant
areas [31]. However, due to intrinsic limitations of photon propagation in tissues, CLE has
limited imaging penetration depth and only interrogates small superficial lumen volumes

(<0.1 mm”) at a time, which prevents application to surveillance endoscopy [31, 35].

The use of fluorescence imaging has a promising outlook for endoscopic surveillance,
especially when utilizing systemic or local administration of agents with disease specificity
[36-38]. Video autofluorescence endoscopy is an imaging technique, which utilizes the
autofluorescent properties of endogenous fluorophores in the gastrointestinal tract, such as
collagen and elastin [2]. Light at specific wavelength is required to excite these fluorophores,
emitting light of a longer wavelength. Based on the autoflurescence properties, this technique

can identify areas of dysplasia as magenta on a background of green mucosal reflection [37].
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This information is helpful for diagnose Barret esophagus [2]. Although autofluorescence
endoscopy is a new technology for wide-field imaging, the high false-positive rates of current
generation autofluorescence endoscopes have limited its clinical use [36-38]. In order to
enhance the specificity of fluorescence endoscopy, exogenous fluorophores accumulate
selectively in malignant lesions and induce fluorescence after illumination with light of
adequate wavelength [36-38]. However, fluorescence imaging is two-dimensional in nature
and the administration of sensors comes with a higher threshold of clinical regulatory

processes compared to label-free lumen inspection.

Optical coherence tomography provides non-invasive and label-free imaging of living tissue
and organism [34, 39]. OCT images generated based on the principles of optical
interferometry, which gives several distinctive capabilities comparing to other imaging
modalities for endoscopy applications [40]. For example, OCT imaging uses longer
wavelengths in the near-infrared region, which allows OCT to image at high resolution and
deeper into soft tissue than possible using shorter wavelength optical microscopy [40].
Besides, OCT has proved real time imaging capability of human gastrointestinal tract [41].
These factors have combined to result in the adoption of OCT for several diagnostic
applications, such as ophthalmic OCT and intravascular OCT [40, 42]. However, like other
optical imaging modalities, OCT imaging is still limited to superficial structures, impairing

its clinical applications [34, 39].
1.2.3 Ultrasound endoscopy

Endoscopy ultrasound (EUS) is a widely used clinical imaging modality for esophagus cancer
staging, which can provide high-speed, high-resolution, cross-sectional imaging over a large
field of view [24, 26, 27, 43]. The poor tissue contrast, however, limits ultrasound endoscopy
for early-stage tumor detection or in situ characterization of diseased tissues [44]. The
boundaries in EUS images are set by the reflections of the interfaces between various layers,
and there is little difference between the actual anatomical structure and the echoic gray scale
of EUS. Furthermore, tumor boundaries and connections with surrounding blood or
lymphatic vessels are clinically relevant and provide necessary information for assessing

disease stage or progress and planning treatment strategies [45]. However, pure ultrasound-
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based image contrast does not sufficiently provide this crucial information, since low tissue
contrast of ultrasound restricts the ability of resolving the esophagus structures [43, 46].
Therefore, EUS requires further improvements or cooperating with other imaging modalities,

to enhance the accuracy of early esophagus cancer staging.

1.3 Objectives addressed in this thesis

Optoacoustic imaging combines the advantages of both modalities, i.e. the rich contrast of
optical imaging and the high resolution of ultrasonic imaging [7, 9]. This technique is less
sensitive to photo scattering within biological tissue, and provides high resolution optical
visualization across a wider ranges of depths, from a few hundred micrometers to several
centimeters, exceeding the penetration depths of conventional high-resolution optical imaging
modalities [7, 9]. In recent multi-spectra optoacoustic tomography (MSOT) modality,
optoacoustic has been widely applied to resolve the bio-distribution of targeted optical
agents, fluorescent proteins, circulating gold-nanorods, vascular structures and tumor hypoxia
[6-8, 47, 48]. Because of these advantageous features, optoacoustic endoscopy has recently
emerged as a new research area for applications in preclinical and clinical development, like
the intravascular, gastrointestinal and urogenital systems [49, 50]. With high optical contrast,
tumor boundaries and surrounding lymphovascular systems can be resolved with endogenous
or exogenous contrast agents [6, 8, 48]. Additionally, physiological or functional information,
including total hemoglobin concentration, oxygen saturation of hemoglobin (SO2) can be

gained for accurate staging of gastrointestinal cancer [51].

However, current optoacoustic endoscopy are mostly designed and validated on small
animals, which have been shown to resolve the superficial vascular structure of the
esophageal lumen of rats and rabbits [52-55]. However, imaging of human esophageal lumen
has not yet been investigated. The layer thickness of the mucosa and submucosa in the human
esophageal wall varies from a few hundred pum to millimeters, which is markedly greater than
the thickness of rat and rabbit esophageal wall, possibly requiring different operational
characteristics in terms of ultrasound transducers. Besides, the imaging capability and
working distance of the existing endoscopic probes are designed to scan small luminal

organs, such as colon and esophagus of rats or rabbits [52-55]. However, gastrointestinal
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tracts of human usually have much larger diameters and more complicated structures, which
require adapted implementations of endoscopy probes. Furthermore, miniaturized transducers
with low sensitivity and complicated implementations are commonly used in current
optoacoustic endoscopy probes, resulting in limited image quality and penetration depth.
Therefore, advanced implementations of optoacoustic endoscopy should be developed for

esophagus imaging of human or large animals.

This work focuses on the development of optoacoustic endoscopy system and rigorous
evaluation of optoacoustic imaging on excised esophageal samples from human and pigs. It
also presents improved frameworks for better image reconstruction and image quality

enhancement. The framework of this thesis in divided in three main objectives:
(1) Development of optoacoustic endoscopy probe

Frist, several optoacoustic endoscopic probes are built based on different scanning
geometries, illumination settings, and ultrasound transducers to explore possible
implementations of optoacoustic endoscopy probes. The influence of these factors on the
endoscopy imaging performance is analyzed, which is helpful to optimize the endoscopy
system development. Then two optoacoustic endoscopy systems are developed for esophagus
imaging. One is based on an intravascular ultrasound detector with the support of commercial
working channel and the other is a miniaturized capsule version based on a spherical focused
transducer. Furthermore, the necessary detection bandwidth of ultrasound transducers for
resolving esophagus layer structures is studied, which suggests how to optimize the selection

of ultrasound transducers for esophagus imaging.
(2) Improvement of image reconstruction

The reconstruction method for radial scanning mode is studied. Besides, two image quality
enhancement approaches are introduced to enhance the reconstruction performance of
optoacoustic tomography. One method is implemented to accelerate the model-based
reconstruction process with novel coherence factor weighting scheme for suppressing noise

and artifacts. Another one is a geometrical super resolution approach, which integrates
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information from multiple optoacoustic images acquired at sub-diffraction steps into one high

resolution image by means of an iterative registration algorithm.
(3) Study of optoacoustic imaging on esophagus tissues

The capability of optoacoustic on resolving the structures of the esophagus wall is
demonstrated by measuring esophagus samples from human and pigs with optoacoustic
mesoscopy and the developed optoacoustic endoscopy systems. Optoacoustic parameters for
esophagus imaging, such as wavelength, contrast and detection bandwidth, are studied and

analyzed based on the measurements.

1.4 Outline of this dissertation

This work is organized as follows:

Chapter 2 firstly introduces the theoretical and technical background of optoacoustic imaging,
which reviews the main principles of optoacoustic imaging, including the signal generation
and sound propagation in tissue. Afterwards, representative reconstruction approaches for
optoacoustic imaging are introduced, including the backprojection and mode-based methods.
At end of this chapter, the existing implementations of optoacoustic endoscopy and

corresponding image display methods are discussed.

Chapter 3 introduces several implementations of optoacoustic endoscopy probes based on
different scanning geometries, illumination configurations and ultrasound transducers. For
example, a curved endoscopy probe is implemented based on the IVUS detector, which could
achieve better image quality than the linear scanning configuration. Besides, a hybrid optical
resolution and acoustic resolution optoacoustic endoscopy with a single sensor is proposed.
Apart from single element based endoscopy probe, the merits and imaging performance
achieved with a miniaturized linear transducer is investigated, which could allow the

endoscopic deployment of MSOT.

Chapter 4 describes two endoscopy systems designed for esophagus imaging. An IVUS based
endoscopy probe is first introduced. With a diameter less than 3.6 mm, it can be cooperated

with working channel of conventional optical endoscope. In order to enhance the image
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quality, a spherical focused detector is used for endoscopy implementation, enhancing the

image quality with the ultrasound focusing capability.

Chapter 5 analyzes the importance of ultrawide detection bandwidth of ultrasound
transducers for esophagus imaging. Utilizing two detectors with 15 and 50 MHz center
frequencies, phantom and fresh pig esophagus samples were measured to compare the

imaging performance of both detectors.

Chapter 6 introduces two improved approaches to enhance the image reconstruction
performance. The fast sparse recovery method is implemented to accelerate the model-based
reconstruction process. Besides, a geometrical super resolution approach for optoacoustic
image quality enhancement is proposed. These two methods can be used to enhance the
image quality of datasets acquired in the curved or linear scanning endoscopy configurations

or tomography scanning systems.

Chapter 7 validates the imaging capability of optoacoustic on esophagus samples. High
resolution optoacoustic mesoscopy and the developed endoscopy systems are applied to
measure pig and human esophagus samples. The frequency bandwidth required for

distinguishing layer structures of esophagus wall is investigated.

Finally, the main work of this thesis is summarized and the future developments of

optoacoustic endoscopy system are given.
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Chapter 2  Theoretical and technical background

This chapter introduces the theory of optoacoustic imaging and the general knowledge of

optoacoustic endoscopy.

Section 2.1 describes the main principles of optoacoustic imaging, including the signal

generation and sound propagation in tissue.

Section 2.2 analyzes the common reconstruction approaches for optoacoustic imaging,

including the backprojection and model-based methods.

Section 2.3 discusses the current implementations of optoacoustic endoscopy and

corresponding image display methods.
2.1 General knowledge of optoacoustic imaging

2.1.1 Optoacoustic signal generation and properties

A. G. Bell first reported the phenomena that sound can be generated by light in 1880. With
the development of techniques, optoacoustic imaging based on this phenomenon has shown
great potentials in preclinical applications in recent ten years [56-58]. At present, biomedical
optoacoustic imaging is a fast-growing field of research. The schematic of a simple
optoacoustic imaging system is illustrated in Fig. 2.1. The image object is first illuminated by
short pulse laser light in the range of ns. The absorption of light by the object leads to a slight
temperature rise. Then the object relaxes by diffusing heat energy and emitting optoacoustic
waves [56, 57]. There are two important conditions for optoacoustic signal generation [56,
57]. One is the thermal confinement. It requires that the excitation time should be shorter than

it takes for the heat to diffuse to neighbor region, which is characterized by the thermal

. . . . . . d? .
relaxation time 7. The detailed relationship can be characterized as: 74, = D—C, where d. is
T
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the targeted resolution element (the minimal diameter of the absorber), and Dy is the thermal
diffusivity (about 1.4x10~ cm?s™ in soft tissue). Generally, the t,;, should be less than 1 ps
[56]. Another condition is the stress confinement, which means that the volume expansion of

the absorber during the excitation pulse should be negligible. It requires the stress relaxation

time 7 should be less than %, where v; is the speed of sound. For a resolution of 100 um, 74

should be less than 67 ns. In reality, nanosecond lasers (less than 10 ns) are generally

employed [58].

Under thermal and stress confinement, optoacoustic signals can be generated, and ultrasound
transducers are used to record optoacoustic waves. Image reconstruction techniques can be
applied afterwards to form optoacoustic images. The generation and propagation of the
acoustic wave is given by the following wave equation [57, 59, 60]:

(V2 + ko Dp(r,t) = —Ci; % (2.1)
where p(r,t) indicates the acoustic pressure at a position 7 and time #, H(r,t) indicates the
heating function, which is obtained as a product of absorption coefficient and light fluence. 8
is the thermal expansion coefficient of the tissue and C, is the specific heat at constant
pressure. k, represents the acoustic wave number given as k,=®/vs, where o is the temporal

frequency and vy is the speed of sound.

Meanwhile, the acoustic pressure at a certain position 7 inside the object can be expressed as:

po(¥) =T H.(F) =T pa(H(7) (2.2)
Where u, (7)is the absorption coefficient of the object (unit: cm™). The local optical fluence

is @(7). I' = Bv¢ /C, is the Griineisen parameter, which describes the conversion properties

of the medium [57, 59, 60].
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Figure 2.1. Illustration of a prototypic optoacoustic system. The laser light illuminates the tissue sample, and the
absorber emits optoacoustic waves. Ultrasound sensors were scanned position by position to collect

optoacoustic waves.

The optoacoustic equation Eq. 2.1 can be solved with the Green function approach [60].
Under stress confinement and with delta heating H;(t) = 6(t) , the expression of the

acoustic field can be written as:

ps(r,t) = pres at{ J, H:(r")$ ( I Sr |) dr’} (2.3)
Where the integration is implemented over the illumination region ¥, and r'is a point within
the object. From the equation, it can be explained that a detector at the position » and time ¢
senses the integrated sound pressure, originating from optoacoustic point source on a
spherical shell with radius vt and center at ». The optoacoustic signal can be simulated based
on the analytical solution of the pressure wave equation for a homogenous spherical absorber

with radius a positioned at 7:

R- st
ps(r,t) = poU(a — IR — vyt|) E22

Where U is the Heaviside function, R defines as the distance of the absorber from the

(2.4)

detection position, p, is the amplitude of the initial pressure and v; is the speed of sound.
Four spheres with radius a = 15, 25, and 50 um were simulated and illustrated in Fig. 2.2.

Fig. 2.2(a) shows the duration of the simulated pulse, which correlates with the propagation
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time of sound along the sphere diameter and scales with the size of the sphere. The
theoretical frequency response is obtained by fast Fourier transformation of each simulated
optoacoustic signals as shown in Fig. 2.2(b). The frequency spectra are very broad, ranging
from low frequencies corresponding to the dimensions of the absorber, to high frequencies
generated from the object boundaries. The maximal amplitude of the spectra defines the

central frequency f, of the source, and the rough approximation of f;. for a given feature size

a can be defined as: f,~{0.7 ... 0.8} % The full width at half maximum of the lobe defines the

bandwidth B,, of the signal as the ratio i—w = const. It can be noted that the frequency and

c

bandwidth scale with the diameter of the optoacoustic source. The small objects result in
higher center frequency and broader bandwidth. Anatomical structures vary from centimeter
range to micrometers, thus generates optoacoustic waves from several kilohertz to a hundred
megahertz. In reality, however the spectra of the recorded optoacoustic waves are usually
narrower than the theoretical values as plotted in Fig. 2.2. First, the limited detection
bandwidth of the ultrasound transducers restricts the recorded frequencies. Besides, the image
object is hard to be illuminated uniformly as the light fluence rapidly decays towards the
center of the sample. Furthermore, the positioning of the object relative to the detector may
influence the signal shape. Nevertheless, broadband detection devices are optimal to record

optoacoustic signals in order to enhance the image quality.
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Fig. 2.2. Ideal optoacoustic signals from simulated spheres with different diameters: 30 um in red, 50 pm in
green and 100 pm in blue respectively. The time signals are presented in (a) and the corresponding frequency

spectra are shown in (b). The diameter of the spheres determines the maximum frequency. The larger sphere

contains lower frequency components.

The amplitude of the generated optoacoustic waves is proportional to the absorbed laser
energy, which describes the map of the optical absorption properties of tissue [56-58].
Important intrinsic absorbers in biological tissue are oxygenated (HbO,) and deoxygenated
(HHb) hemoglobin, tissue pigments like melanin and lipids [51]. Fig. 2.3 shows their
absorption spectra. We can see the absorption of these pigments is strongly sensitive to the
wavelength. At shorter wavelengths, like the visible range, hemoglobin absorption is much
higher and can exceed that of other chromophores by more than two orders of amplitude. It is
the very strong preferential absorption of hemoglobin that enables the vasculature to be
visualized with high contrast in optoacoustic imaging. In this work, the wavelength of 532
nm is used to characterize the vasculature structure of tissue measurements. The optical
absorption of hemoglobin drops two orders of magnitude in the range of 650-900 nm, where
light can penetrate relatively deep up to several centimeters. Otherwise, light penetration is

hindered by the absorption of hemoglobin or water.



2.1 General knowledge of optoacoustic imaging 27

104
103
102
— 10! =
5
<. 10°
=

-
S
= 107+ K
102 - ~/
10—3 il
1 i

04 ' ' ' r l
400 600 800 1000 1200 1400
Wavelength[ nm]

Fig. 2.3. Absorption coefficient spectra of several endogenous tissue chromophores. Red line: oxyhemoglobin,
blue line: deoxyhemoglobin, black line: water, brown line: lipid (a) (20% by volume in tissue), lipid (b), pink
line, black dashed: melanin, Collagen (green line) and elastin (yellow line) spectra. Data compiled by Scott

Prahl, Oregon Medical Laser Center (http://www.omlc.ogi.edu/spectra).

Besides intrinsic absorbers, different types of exogenous contrast agents can be used to
highlight specific biological target because of their high absorption. For example, organic
dyes, such as indocyanie green (ICG) has been widely used in clinics [48]. Beside,
nanostructures, such as nanorods or nanoparticles, can be used for preclinical measurements
[48]. Through adjusting their properties, the peak absorption wavelength can be tuned to NIR
wavelengths, which can enhance the penetration depth. More importantly, multispectral
optoacoustic tomography can identify or even quantify sources of contrast according to their

absorption spectra based on the unmixing techniques [6, 48].
2.1.2 Penetration depth

It is known that light scattering is very strong in biological tissue in the visible and NIR
wavelength range [9]. As for pure optical imaging approaches, the directionality of light is
rapidly degraded over 1 mm depth, resulting in the degradation of spatial resolution [9]. For

example, optical coherence tomography, which depends on the backscattered light, can
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achieve maximum 1.5 mm imaging depth [39]. However, the scattering of sound is orders of
magnitude lower in tissue than light, which allows the absorbers to be resolved with a high
spatial resolution even though the illumination light is diffused [9]. Therefore, optoacoustic
imaging can achieve much deeper imaging depth with high resolution comparing to pure

optical imaging modalities.

Penetration depth is a very important factor to evaluate the imaging technique. For
optoacoustic, the imaging depth is limited ultimately by optical and acoustic attenuations. For
soft tissue, optical attenuation determines the imaging depth although acoustic attenuation is
significant. Optical attenuation is dependent on both the absorption and scattering
coefficients, which is strongly wavelength-dependent [51]. The optical attenuation coefficient
W is derived from the diffusion theory and expressed as e = (3u,(Ha + 1%))/?, in which
U, and pg are the absorption and reduced scattering coefficients. In homogeneous scattering
media, light becomes diffuse beyond the mean free paths (approx. 1 mm), and the irradiance
decays exponentially with depth [9]. 1/, is the depth at which the irradiance has decreased
by 1/e and termed the penetration depth. For example, at wavelength of 700 nm, i is set the
value of 1.6 cm™'[9]. HbO, and HHDb are the main absorbers. The 1, is approximate as 0.13
mm’'. The optical penetration depth 1/, is thus about 8 mm. This means light is attenuated
by approximately a factor of 4 for each additional centimeter depth. Accounting with the
acoustic attenuation, the total attenuation of sound and light is thus over one order of
magnitude per centimeter [51]. Despite this, optoacoustic imaging has demonstrated several
centimeters penetration depth through optimization of wavelength, light delivery approach
and high sensitivity transducers. In this work, the wavelength of 532 nm is mainly used to
characterize the vasculature structure of samples. Light penetration is hindered by the

absorption of hemoglobin and thus achieved few mil