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Abstract

Biomedical imaging has played a key role in the advancement of medical research. While

high-resolution microscopy enables the harvesting of molecular and cellular information,

important context within the organ or whole body is provided by macroscopic imag-

ing. Wedged in between is the intermediary mesoscopic regime, which o�ers important

bridging for the transfer of information. The existing imaging technologies are not yet

well established, yet selective plane illumination microscopy (SPIM) and optoacoustic

tomography (OAT) are both promising and rapidly growing techniques. While di�ering

in their operational principles, the contrasting features of the two modalities prove to

be complementary in function; it is this complementarity which is explored here in this

work. The focus of the research presented in this thesis centers around the application of

SPIM for biological studies and the potential of its collaborative use with optoacoustic

imaging. High-resolution imaging of three-dimensional samples has been demonstrated

in porcine ovarian folliculometry and murine pulmonary anatomical studies. Addition-

ally, SPIM has also been showcased as a suitable ex vivo validation method for OAT

imaging, supporting projects such as real-time visualization of heartbeat cycles in in-

farct mouse models, and non-invasive diagnosis of viable oocytes. Inversely, the high

imaging depth of OAT was exploited by combining it in a novel hybrid SPIM/OAT

system which pushed zebra�sh imaging from the larval to the juvenile stage. By testing

SPIM and OAT in a wide range of biological applications, this work aims to demonstrate

high resolution imaging of large whole-organ or whole-body specimens, and to assess the

potential synergy between the two modalities.
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Chapter 1

Introduction

1.1 Motivation

Disease and illness

With the ever-increasing knowledge base and understanding of human biology and hu-

man diseases, the development of medical drugs and treatment plans has seen major

advances in the past few decades. Despite the major research e�orts and progress in the

�elds of ischemic heart diseases, pulmonary related diseases, and cancers, the mortality

rate and death statistics still remain high. Additional to prolonging life expectancies,

improving the quality of life is also of high priority. With the development of modern

societies and lifestyles, other disorders such as female subfertility have risen, seriously

a�ecting life-satisfaction. Many questions and challenges remain, highlighting the im-

portance of the development of appropriate imaging modalities.

To assist and accelerate biological and medical research in controlled, ethical, and

cost-e�cient environments, several animal models have been developed. Many trans-

genic mouse models have been developed for speci�c diseases, and in recent years a sub-

stantial force pushing zebra�sh to the forefront of developmental and cancer research

has been in place.
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Biomedical imaging

From microscopic to whole-body techniques, biomedical imaging is a fundamental tool

in the medical �eld. A wide range of applications bene�t from visualization techniques,

whether for expanding basic understanding of human biology, aiding the investigation

and diagnosis of diseases, developing and testing therapeutic drugs, or advancing treat-

ment monitoring technologies. There are many high-resolution optical microscopy meth-

ods already available in the molecular scale, including confocal microscopy, two-photon

microscopy, and optical coherent tomography (OCT). For a full understanding of biolog-

ical processes and interactions, it is important to bridge molecular and cellular research

with whole-organ or even whole-body regimes.

Optical imaging methods are heavily in�uenced by photon scattering. In opaque

or large specimens, the photons experience many scattering events in the propagation

path. Hence, these techniques are limited to tissue penetration depth. Imaging in the

macroscopic scale often relies on other established techniques such as ultrasound (US),

magnetic resonance imaging (MRI), and computed tomography (CT), where spatial

resolution is compromised for an increased �eld of view (FOV).

Knowledge gap

In some cases, taking whole organs from mice or intact zebra�sh larvae as examples,

the specimen of interest fall within the mesoscopic scale (∼ 1-20 mm). This crucial

intermediary regime containing key information worth exploring has yet to be fully ad-

dressed. The potential techniques currently available include histology or cryoslicing,

which utilize physical sectioning of the sample to extract high resolution images from

3 dimensional samples, an extremely labor intensive and time-consuming method. The

physical destruction of the sample also damages the full structural information contained

in the original specimen, making reinvestigation of the same samples impossible. Alter-

natively, selective plane illumination microscopy (SPIM) and optoacoustic tomography

(OAT) are both fast growing techniques which are well suited to mesoscopic imaging.

While they di�er in their principles of operation and thus have contrasting functions

and features, the complementary characteristics may prove to show promising synergy

between the two modalities. In this work, various SPIM and OAT systems were devel-

oped and tested in a wide range of biological applications with the aim of performing

2



high resolution imaging of large whole-organ samples.

1.2 Imaging methods

Selective plane illumination microscopy (SPIM)

Selective plane illumination microscopy (SPIM) is a �uorescence imaging modality where

the illumination source is a sheet of laser light, and which boasts excellent penetration

power of up to 200 μm, superseding other optical imaging methods. The spatial con�ne-

ment of the excitation sections the transparent sample optically, avoiding the need for

physical destruction of the specimen. High-resolution three-dimensional (3D) datasets

can be collected from intact samples with time and labor e�ciency. This approach can

be used for various biological studies where high resolution of complex structures from a

3D sample is desired. The low phototoxicity is another important feature which renders

the method exceptionally suitable for in vivo imaging as the living sample would be

undamaged, even over a prolonged imaging period. However, just as with any optical

imaging method, SPIM is not immune to the optical scattering limitation. For a trans-

parent sample, the typical imaging depth is limited to around 200 μm. We overcome

this limitation by combining a custom SPIM system with optoacoustic imaging. SPIM is

also typically used for zebra�sh imaging, as it takes advantage of the fact that zebra�sh

larvae are naturally transparent and of the low phototoxicity of the imaging method.

However, as zebra�sh grow in size and opacity, this method is no longer appropriate.

Optoacoustics imaging (OA)

On the other hand, optoacoustic imaging (OA), also referred to as photoacoustics, is

an imaging technique where the sample is excited via optical illumination, and ultra-

sound waves produced by the optoacoustic e�ect are detected. The molecular relaxation

after optical excitation releases energy in the form of heat, and the following thermal

expansion creates some pressure di�erence in the sample. This pressure di�erence gen-

erates acoustic waves, typically in the ultrasound frequency. Due to the robust nature

of acoustic waves against the scattering properties of tissue, high penetration depths of

in vivo imaging can be achieved. When coupled with a pulsed illumination source, OA

is a non-invasive and volumetric imaging modality capable of in vivo imaging of any

3



absorbers. Although the spatial resolving capability is below that of optical imaging, it

is vastly superior in terms of imaging depth. It enables deep tissue imaging of even the

most opaque samples of around 10 mm.

Collaboration of the two modalities

Taking advantage of the high depth penetration of optoacoustic imaging, this modality

could be used to aid SPIM imaging. A SPIM-OAT hybrid was developed to push in

vivo developmental studies from microscopy to the mesoscopic regime, and to extend

the monitoring of zebra�sh larvae to the juvenile stage. On the other hand, SPIM can

in turn be used to aid OA imaging. SPIM o�ers high-axial-resolution images of 3D

samples without the destruction of the physical structural information, and could be a

suitable validation method. Enabled by multi-wavelength excitation, spectral unmixing

is a potentially powerful way of identifying speci�c molecules according to the known

molecule-speci�c absorption spectra. However, due to di�culty in estimating the deep

tissue �uence from the di�erent wavelengths, there are many uncertainties. Validation

of the OA unmixed results is essential in the development of the technology. Currently

this is mainly being done by physically slicing the 3D sample. SPIM could be a suitable

addition to the validation method and could provide complementary information to the

conventional methods. While SPIM and OA are very di�erent in many respects, they

have a uniquely complementary relationship with each other. In this work, we explore

the potential synergy between the two modalities, and apply it in various biological and

medical studies.

1.3 Thesis overview

Chapter 2 begins with the introduction, literature history, and theoretical background

of SPIM. This is followed by the experimental setup and system characterization of a

custom SPIM system constructed in-house which was used extensively in this work for

multiscale studies of biological specimens. A study on mouse lung imaging is presented

as an example application of the SPIM system for quantitative biological research. High

resolution whole-organ imaging simultaneously revealed macro and microscopic anatomy.

Complex alveoli structures could be reconstructed in 3D by staining with di�erent con-

centrations of a �uorescent probe.
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Chapter 3 showcases three projects in which SPIM was used as the validation method

for various optoacoustic investigations. The �rst research topic is real-time mouse cardiac

imaging on a beat-by-beat basis, where physiological parameters were extracted from

infarct models. The pulmonary transit was shown to increase with the increase in

severity of surgically induced acute infarction. SPIM was used to investigate the heart

anatomy for the con�rmation of myocardial infarction. The second project focused on

in vivo monitoring of viable ovarian follicles using a supervital dye, and the extraction

and cultivation of the identi�ed viable oocytes. Validation of the follicle anatomy was

performed by SPIM, demonstrating its value for quantitative folliculometry. The last

section of the chapter is a compilation of various applications of SPIM validation for a

range of OA imaging results.

Chapter 4 presents a novel hybrid system combining the OA and SPIM systems. The

system design, characterization, and imaging performance are shown for the two modes

individually. Lastly, the �rst hybrid image of an opaque 1-month-old juvenile zebra�sh

is shown and discussed.

Finally, chapter 5 is a discussion and summary of the results presented in this work.
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Chapter 2

Design of an advanced selective

plane illumination microscopy

(SPIM) system

Introduction

SPIM is a fast growing technique, utilized in a wide range of biological applications, and

the essential principal of any light sheet based microscopy is optical sectioning. Depicted

in Fig 2.1, cylindrical lenses are used to generate thin sheets of laser light. A single plane

is illuminated within the three-dimensional (3D) transparent sample. A camera is placed

orthogonal to the light sheet to capture two-dimensional (2D) �uorescent images. As

the excited plane spatially overlaps with the detection plane of the detector, out of focus

components are reduced and excellent axial resolution is maintained. A full scan of the

entire sample can be achieved by either translating the sample or light sheet. Thus,

a high resolution 3D model of the sample can be reconstructed without the need of

physical slicing.

Not only is this method time and e�ort e�cient, the structural integrity of the sample

is also preserved. The light sheet con�nement also brings about higher penetration

depth over other optical techniques, which increases the permissible sample size. Finally,

the low phototoxicity exposed to the sample also allows for long-term tracking of live

specimens. All the characteristics of light sheet microscopy combine for a modality which

7



Figure 2.1: Concept sketch of selective plane illumination microscopy.

is suitable for high-resolution non-destructive monitoring of 3D living organisms.

In this chapter, a brief history of advancements in the SPIM technique is summarized.

The theoretical background of Gaussian light sheet and imaging optics is discussed,

along with the physical limitations and trade-o�s between imaging resolution, depth-

of-�eld, and FOV. The second section of the chapter focuses on the versatile SPIM

system constructed in-house. The experimental setup and imaging protocol is presented,

followed by detailed characterization of the system performance. Lastly, an example

application of high resolution whole-organ imaging with SPIM is demonstrated for the

case of mouse lungs.

2.1 Literature and theoretical background

2.1.1 History and development

The beginning

The �rst optical imaging method which applied an orthogonal geometry between the

illumination and detection axes was H. Siedentopf and R. Zsigmondy's ultramicroscope

in 1903 [1]. Direct sunlight was focused onto the side of the solid sample, containing

colloidal gold. Scattering resulting from light hitting single particles formed observable

8



Tyndall cones, enabling determination of the particle sizes. It wasn't until almost a

century later, in 1993, where the idea of illuminating the sample from the side was

implemented in �uorescence imaging. Termed orthogonal-plane �uorescence optical sec-

tioning (OPFOS) microscopy, thin sheets of light were used by Voie et al. [2] to image

cleared and intact cochlea samples. The resulting images revealed the complex anatomy

details with high resolution.

The optical sectioning using light sheets not only improves the image resolution by

limiting out of plane signals, but the overall lowered irradiance also reduces phototoxi-

city. Taking great advantage of this feature, Stelzer et al. demonstrated the �rst use of

selective plane illumination microscopy (SPIM) for both �xed and living biological spec-

imens expressing green �uorescent protein (GFP) [3]. Included were medaka �sh and

Drosophila melanogaster embryos, specimens which are much larger than those typically

subjected for imaging with optical microscopy techniques. The ability to do long-term

monitoring without harming living cells is extremely valuable in embryogenesis studies,

which was quickly demonstrated [4]. Zebra�sh embryos were tracked over a period of 24

hours for the observation of each individual cell nuclei and allowed more insights into

cell division and cell migration. What followed was a wave of extensive development in

light sheet microscopy systems in pursuit of maximizing the potential of this technique.

Over the past few years, light sheet methodology has risen to become one of the hottest

topics in the research �eld.

Reducing image artifacts

To improve the performance in various aspects of SPIM, many variations of the technique

were developed. An important motivation is the reduction of common SPIM artifacts.

One example is �uorescence attenuation. As the naturally or chemically cleared sam-

ples are not perfectly transparent, the excitation light sheet intensity attenuates as it

travels through the samples. This e�ect is observed as an unwanted intensity gradient

in the SPIM image FOV, and is especially severe in large specimens. This introduced

the concept of double illumination, where two identical light sheets traveling in the op-

posite directions are spatially overlapped, e�ectively reducing the problem of uneven

illumination [5, 6].

Another common SPIM artifact is horizontal stripes appearing in the direction of the

light sheet propagation. These shadows are caused by existing substantial absorbers in
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the tissue, and could potentially obstruct and hinder analysis of the �uorescent images.

While double-sided illumination reduces this artifact, it does not eliminate it. A mul-

tidirectional SPIM technique (mView) was created where the light sheets were pivoted

and oscillated in the detection focal plane over a small incidence angle of 10o at 1 kHz

[5]. It was shown to signi�cantly improve the magni�ed view of the head of a live 35 hpf

zebra�sh expressing H2A-GFP in all nuclei. Alternatively, variational algorithms were

developed for the removal of such strip artifacts in SPIM images in post-processing [7].

In this non-linear approach, the white noise assumption is replaced by a stationary noise

assumption to target the structured patterns (stripes), and was applied to synthesized

and experimental SPIM images.

Increasing imaging speed

One of the most important applications of SPIM is the in vivo monitoring of fast neuron

activity in juvenile zebra�sh brain. Continuous e�orts have resulted in several implemen-

tations to further adapt the technology for this purpose. In digital scanned laser light

sheet �uorescence microscopy (DSLM), traditional light sheets were replaced by fast

scanning pencil beams, simulating virtual light sheets [8]. Tracking of the �rst 24 hours

of embryonic development on the cellular was achieved in zebra�sh [4] and Drosophila

melanogaster [9]. By the fast tilting of Galvo mirrors, the scanning speed of such system

has been dramatically increased, allowing in vivo scanning of an entire brain of 5 dpf

GCaMP5G zebra�sh at 0.8 Hz [10]. The whole brain volume could be imaged every

1.3 s, where 80% of all neurons could be detected. By reducing the monitored volume

or limiting planes-of-interest, the imaging speed can be increased up to 20 HZ, which

becomes a really valuable tool for studying real-time neuron activation [11].

The milestone of DSLM was quickly followed by variations based the concept of scan-

ning beam light sheet. Two-photon light sheets were implemented for super-resolution

imaging of nuclear pH2AX in NB4 cells [12]. Some research groups have replaced the

traditional Gaussian beams with structured lattice light sheets [13]. Bessel beams were

shown to have self-reconstructing properties in scattering media [14] and used in low-

toxicity imaging of living cells with isotropic 3D resolution of down to 0.3 μm [15, 16].

Airy beams [17] were also explored as a suitable light sheet candidate, which, in contrast

to Bessel beam, was shown to maintain the con�ned pro�le over an extended FOV, fa-

cilitating imaging of large and highly scattering samples such as actin and nucleic acids
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in a juvenile amphioxus [18].

To further increase the imaging speed, and also improve the 3D resolution isotropy, an

additional imaging objective was added in a multiview SPIM system [19]. Bidirectional

�uorescence detectors was placed at a right angle to the optical axis of the illumina-

tion, and cellular dynamics in entire Drosophila melanogaster embryonic development

with 30 s temporal resolution. Furthermore, simultaneous light sheet illumination and

�uorescence detection along four orthogonal directions would later be synchronized for

sequential, two-color, and simultaneous four-view imaging in an isotropic view (IsoView)

SPIM system, where the doubled penetration depth, sub-second temporal resolution, and

signi�cantly larger specimens were made possible [20].

Multispectral

Another application was hyperspectral SPIM system [21]. A descanning mirror was used

to �x the line-detection, and a di�ractive unit spread the emission light into its various

spectral components in the remaining dimension. Proper image reconstruction was done

by using the calibrated positional information of the descanning mirror, and a blind

non-negative matrix factorization algorithm method [22] demonstrated the unmixing of

up to �ve (Hoechst, EGFP, EYFP, dsRed, and bodipy) markers with neighboring and

overlapping spectra in living specimens.

2.1.2 Technical background

Gaussian beam

The axial resolution of SPIM is dependent upon the light sheet thickness, and in most

cases Gaussian beams are used. Ideally, one would prefer the light sheet to maintain

minimum thickness over a long distance, which would produce the best axial resolution

across a large FOV. However, the divergence of Gaussian pro�les results in an anisotropic

axial resolution across the FOV. Thus, it is important to understand the behavior of

Gaussian beams in order to properly characterize the imaging system.

Consider a Gaussian beam propagating in the z axis with a beam waist of ωo at

z = 0. The divergent Gaussian pro�le is shown in �gure 2.2. As the position gets away

from the beam waist, the beam radius ω(z) expands, and this relationship can be shown

as:
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Figure 2.2: Gaussian beam propagation pro�le along the z axis, whereωo denote the
beam waist, zR the Rayleigh range, and b the confocal parameter.
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and the distance where the light sheet thickness remains less than
√
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focal parameter b = 2zR = 2πω2
o

λ .

Limitation of axial resolution

Figure 2.3(a) shows various propagation pro�les for di�erent beam waists, assuming the

initial beam size to be 5 mm. Higher divergence is observed for more focused beam

waists. This illustrates the natural trade-o� that exists between the image resolution

and FOV. For beams with tighter beam waists, and hence higher resolution in the focus,

the divergence is greater, which limits the suitable sample size. Equation 2.1 shows

that zR ∝ ω2
o , and this quadratic relationship is illustrated in �gure 2.3(b), where the

beam waists are compared to the Rayleigh range for a range of cylindrical lens focal

lengths. Due to the limitation of achievable FOV and corresponding axial resolution,

12



Figure 2.3: (a) Various propagation pro�les for di�erent beam waists. (b) Comparison
between beam waist and Rayleigh range for varying cylindrical lens focal lengths. Initial
beam sizes of 5 mm was assumed.

compromises and sacri�ces may be needed, giving serious implication to the design of

a SPIM system. When choosing the appropriate cylindrical lens, all factors need to be

taken into consideration. Figure 2.4 summarizes the relationships between beam waist,

initial beam size, and lens focal length.

Lateral resolution

The lateral resolution (R) of a SPIM system is determined by the imaging optics. This

can be approximated by:

R ≈ λ

2 · n ·NA

where λ is the wavelength of the emission light, n is the refractive index of the

medium, and NA the numerical aperture of the imaging objective. This relationship is

shown in �gure 2.5(a) for three types of media: air (n=1), water (n=1.330), and typical

clearing solution Murray's clear (benzyl alcohol and benzyl benzoate, BABB) (n=1.559).

The assumption of λ = 515 nm was made for the simulation. Naturally, imaging optical

systems with higher resolving power would be more desirable. However, as the sample is
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Figure 2.4: Relationships beam waist, initial beam size, and lens focal length.

moving through the light sheet, the refractive index of the medium changes, e�ectively

changing the detection optical path length. Therefore, it is important to also consider

the depth of �eld (DoF) of the imaging system, which can estimated by:

DoF =
λ · n
NA2

+
n · e

M +NA

and shown in Fig. 2.5(b), for the same three media. As NA increases, the resolving

power is also increased, at the expense of decreasing depth of �eld. This trade-o�

relationship between the two important factors need to be considered carefully when

choosing an appropriate imaging system.

2.2 A versatile SPIM system

2.2.1 Experimental system description

A SPIM system was built in-house for maximum �exibility and versatility, and the

schematic of the design is shown in Fig 2.6(a). Three continuous wave (CW) lasers

(Frankfurt laser company, Germany) were setup with �ip mirrors (FM) to allow the
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Figure 2.5: (a) Lateral resolution and (b) depth of �eld are shown in air (n=1), water
(n=1.330), and Murray's clear (n=1.559). Emission wavelengths of 515 nm was assumed.

selection of the appropriate excitation wavelengths for the speci�c study. Two lasers

were 80 mW diode-pumped solid-state lasers, centered at 473 nm and 671 nm, and a

third diode module at 750 nm, with 25 mW. The beam diameter for all three lasers were

2 mm, with the beam quality factor (M2) <1.5. A telescope system was used to expand

the beam diameter to allow excitation of the full width of the biological sample. For

small samples such as mouse brains, kidneys, and tumors, a 5× expansion factor was

used to expand the beam diameter to 10 mm. For larger organs, such as the pancreas

and lungs, the magni�cation was adjusted to 8× and the beam diameter is increased to

16 mm.

Due to absorption and scattering of the large samples, the light attenuation through

the tissue would be signi�cant. To counter the image quality deterioration due to this

e�ect, double sided illumination was implemented by using a beam splitter (BS). Cylin-

drical lenses (CL) were placed in each of the laser arms to generate horizontally oriented

light sheets. The sample is placed at the overlapping beam waists of the light sheets,

and a camera is placed above to capture the 2D �uorescent images.

A close-up side view of the SPIM system is illustrated in Fig 2.6(b). The camera is

a 5-MP scienti�c complementary metal oxide semiconductor camera (Model: pco.edge,

PCO AG, Kelheim, Germany). The high-end scienti�c camera allows acquisition of up

to 100 frames per second with 2560×2160 pixel resolution and high sensitivity supported
by dynamic range of 14 bits and 1.0 e- readout noise.

15



Figure 2.6: (a) Setup design of the in-house versatile SPIM system. The CW laser
wavelength could be selected from the 473 nm, 671 nm, or 750 nm with the use of �ip
mirrors (FM). A telescope system was adjusted to 5× or 10× magni�cation. A beam
splitter (BS) is used to enable double sided illumination of the sample, and cylindrical
lenses (CL) were placed in both arms to generate the light sheets. (b) A close up of the
system side-view.

After undergoing chemical clearing, the samples were placed inside a sample chamber

�lled with the clearing solution. By matching the refractive index of the sample to that

of the medium, any light refraction or other disturbances to the light path is minimized.

Glass chambers were used to avoid any reactions with the clearing solution, and the

chamber size varied depending upon the sample dimensions.

A linear motorized stage (MTS25/M, Thorlabs, USA) was used to translate the

sample vertically, allowing di�erent planes to be excited by the light sheet. Rapid

translation enabled stacks of up to 600 cross-sectional SPIM images to be collected within

two minutes. Fluorescence signals were �ltered using the appropriate �lters (Chroma,

USA). For small samples, a 2.5× objective with a NA of 0.06 (EC Epiplan-Neo�uar

2.5X/0.06M27, Zeiss, Germany) was used in combination with a tube lens used to relay

the �uorescent image into the camera. For larger samples, a macro lens (AF Micro-

Nikkor 60mm f/2.8D, Nikon, Japan) was used. The photograph of the custom system

in Fig. 2.7(a) shows the use of 2� optics, facilitating the wide laser beam widths. The

large in Fig. 2.7(b) the large sample chamber can be seen, capable of holding specimens
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Figure 2.7: (a, b) Photographs of the experimental SPIM system (c) Sample chamber
�lled with clearing solution and a cleared mouse brain. (d) Sample illuminated with the
670 laser, exciting a single plane.

up to 20 mm in dimension.

2.2.2 System Characterization

Lateral resolution The e�ective FOV and lateral resolution was characterized by line

pair targets (R3L3S1P, Thorlabs, USA) to be 3×3 mm and < 6 μm respectively. For

large samples, a macro lens (AF Micro-Nikkor 60mm f/2.8D, Nikon, Japan) was used

for a larger FOV of 18 mm, with lateral resolution of ∼15 μm.

Axial resolution The axial resolution of the SPIM system is dictated by the width of

the light sheet. In order to characterize the light sheet pro�le across the camera FOV, the

sample chamber is �lled with �uorescent solution of Alexa Fluor 488 (Life Technologies,

USA) diluted in deionized water. Figure 2.8(a) shows the light sheet made visible by the

�uorescent solution. The cylindrical lens was in its normal imaging position, generating

horizontal a light sheet. To characterize the light sheet pro�le, the cylindrical lens is
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Figure 2.8: Light sheet pro�le characterization by using �uorescent solution for visual-
ization. (a) The cylindrical lens in its normal position, generating a horizontal light
sheet. (b) The cylindrical lens was rotated by 90o for pro�le characterization. (c) A
�uorescent image of the light sheet captured by the SPIM camera.

rotated by 90o, shown in (b). The light sheet is now vertical, and the pro�le can be

imaged by the camera, shown in Fig. 2.8(c). The axial resolution was de�ned by the

light sheet thickness, and it was found to be 11 μm at the beam waist expanding to

about 60 μm at a 3 mm distance from the center of the FOV, shown in Fig. 2.9.

2.2.3 Tissue preparation and clearing

For samples which are not naturally transparent, e.g. mouse organs, a chemical clearing

process must be undertaken to render scattering tissue optically 'see-through' in the

visible spectrum. The underlying concept is the matching of tissue refractive index.

Several protocols were used in this work, and they have the same basic method [23, 24,

25].

First, perfusion with phosphate-bu�ered saline (PBS) is an extremely important step

to remove blood. Minimization of the presence of blood optimizes the clearing result

as well as reducing a source of auto�uorescence. The animal is then perfused with

paraformaldehyde (PFA). After the extraction of the organs of interest, the sample is

placed in PFA further between 12-24 hr for sample �xation to preserve tissue structures.

This is followed by dehydration to remove water in the tissue, lipid dissolution, and

�nally re-absorption of clearing solutions to match the refractive index of the tissue to

that of protein. To minimize physical distortion and ensure isotropic tissue shrinking

in the dehydration step, the sample is being placed in increasing concentration steps
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Figure 2.9: Light sheet full width half maximum (FWHM) characterization results across
the FOV. The axial resolution of the SPIM system was found to be 11 μm at the beam
waist, expanding to about 60 μm at 3 mm away from the center.

of either ethanol or tetrahydrofuran (THF) (30%, 50%, 80%, 100%, 100%). Typically

the �nal 100% concentration steps are repeated two or three times to ensure absolute

dehydration. An intermediate step of dichloromethane (DCM) dissolves lipid, and in

the case of Murray's clear protocol, a solution of 2:1 benzyl alcohol and benzyl benzoate

(BABB) was used as the clearing solution. Dibenzyl ether (DBE) could also be used,

which has shown to better preserve �uorescence signals [24]. The duration of incuba-

tion in dehydration and clearing solutions varied depending upon the biological tissue,

ranging between 20 min up to 12 hours for each step [25].

Fig. 2.10(a) shows a excised brain after the clearing procedure. The tissue, which

is placed in air on top of some printed text, has become transparent. However, only

when the sample is submerged in the clearing solution can the background text be

legible, demonstrated in (b). During imaging sessions, the sample is placed in the

sample chamber, shown in (c), submerged in the clearing solution.

Limitations While the clearing process allows SPIM imaging of naturally opaque

samples, several problems and limitations are attached to this method. The toxicity

of the clearing solution limit the method to ex vivo imaging. Bleaching of �uorescence

intensity could also be a prominent problem, limiting the shelf-time of the sample post

clearing. For optimal results the cleared samples should be imaged as soon as possible

after incubation in the clearing solution. The sample dehydration step also introduces
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Figure 2.10: Chemical clearing of excised mouse brain placed in (a) air, (b) clearing
solution, and (c) the sample chamber submerged in the clearing solution.

physical distortion and shrinking. These minute factors need to be considered when

analyzing the SPIM results of cleared samples.

2.3 Example of application for high resolution whole-organ

imaging of mouse lungs

2.3.1 Introduction

Chronic obstructive pulmonary disease (COPD), lower respiratory infection, and lung

cancers are consistently ranked in the top �ve causes of death worldwide, accounting

for a total of almost 9 million deaths in 2012 [26]. Lung related diseases are a serious

health problem, and often seriously a�ecting the quality of life of su�erers. However,

despite the prevalence of the disease, there has been relatively little advances in treat-

ment, with the mortality rate for COPD actually increasing in the past decades [27].

Improving the understanding of lung related diseases is paramount for e�ective combat-

ing drugs and treatments, which can be researched utilizing animal models, speci�cally

mice, and suitable imaging modalities. To capture the full biophysical dynamics, it is

essential to push knowledge in the molecular level towards whole organ. However, this

is especially di�cult with the lung, as it is a rather large organ (∼18 mm in mice) with

�ne and intricate alveoli features (<10 μm). For a complete view of the gross airway

anatomy as well as detailed information at the site of blood-air barrier, a large FOV
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combined with su�cient 3D spatial resolution is required. Many imaging techniques, in

vivo and ex vivo, have been applied for pulmonary studies, including optical coherence

tomography (OCT) [28], two-photon microscopy [29], cryoslicing [30], and hybrid �u-

orescence molecular tomography (FMT) and X-ray computed tomography (XCT) [31].

However, there has yet been a single method capable of capturing both gross and mi-

croscopic anatomy in full. Here, SPIM is proposed as a potentially suitable method for

whole-organ investigation for lung-related studies.

2.3.2 Preliminary experiment

Method

Figure 2.11(a) shows an excised lung before and after clearing. The samples were ex-

tracted from healthy adult mice. The excitation wavelength was 473 nm, and a 510/15

nm �uorescence �lter was used for imaging. The lungs were imaged in their entirety with-

out physical sectioning. Fig. 2.11(b) demonstrates a single-plane image taken roughly

in the center of the organ. Gross anatomy could be easily identi�ed, including the

identi�cation of the main bronchi from negative contrast.

Result

A close-up look at the boxed ROI is shown in (c), showing microanatomy, including

alveoli structures, connective tissue interstitum, and pulmonary vein and arteries. Mea-

surements were taken to quantify the alveoli dimensions. Random individual alveoli

were selected, and the major and minor axis of the cross-sections were measured. Some

examples are shown in (d) and (e), which are close-ups marked in (c). The high (<10

μm) axial resolution con�ned the illumination to within the thickness of a single alveoli

wall. The measured alveoli are numerated, and their accompanying measurements were:

(1) 120/80 μm; (2) 35/30 μm; (3) 15/15 μm. Features as small at 10 μm (indicated by

arrows) could be seen. The values agreed well within the typical range of healthy mice.

The physical divergent pro�le of the Gaussian light sheet and further increased scat-

tering introduced in propagation in tissue cannot be avoided. Thus, the maximum axial

resolution cannot be maintained through the whole sample, as demonstrated by the in-

crease in image aberration when approaching the central area of (b). However, as the

sectioning is done optically, it is possible to repeat multiple scans with the light sheet
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Figure 2.11: Whole-organ high resolution imaging of mouse lung with SPIM (a) Excised
mouse lung before and after clearing. (b) Single-plane SPIM image taken near the center
of the sample. (c) Close up of the ROI indicated in b. (d) and (e) are close-ups of ROIs
marked in b. The major and minor axis of the individual alveoli cross-sections could be
measured: (1) 120/80 μm; (2) 35/30 μm; (3) 15/15 μm. Arrows indicate an alveoli wall
measuring 10 μm in thickness. (f) Axial reslicing extracted from 3D SPIM dataset.

beam-waist shifted at di�erent locations within the camera FOV. Moreover, the com-

plete 3D image data set could be resliced in all dimensions. Fig. 2.11(f) is a single-plane

image resliced axially from (c).

Both perfused and non-perfused lungs were imaged, and the results are shown in

�gure 2.12. The single-plane images are shown in (a), and no clear di�erences are

observed. However, the di�erence become more apparent in the whole-organ MIPs

in (b). Auto�uorescence from the remaining blood in the non-perfused sample show

intricate vascular systems, and the contrast jumps above �uorescence signal from tissue.

The presence of blood is con�rmed by the photographs of the cleared samples in (c).

2.3.3 Intratracheal inhalation of �uorescent probes

Introduction

Drugs such as peptides and proteins have poor oral bioavailability, thus motivating

alternative methods [32]. Inhalation of aerosolized therapeutics is a potentially method

for drug delivery for many reasons. It is a rapid, non-invasive method, and in the
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Figure 2.12: (a) Single-plane (b) MIPs, and (c) photographs of perfused and non-
perfused lungs.

applications of pulmonary drug delivery, it would be e�cient as the drug could be

delivered directly upon the site of action. The avoidance of hepatic and intestinal �rst-

pass metabolism reduces signi�cantly the undesirable side e�ects. This is ideal not

only for treating lung-related diseases. Molecular transfer to other organs via systemic

circulation via alveolar air-blood barrier is made e�cient by the large surface area of

the lung [33]. During development of potential drugs, the quanti�cation of delivered

dosage is an important parameter of measurement [34]. Drug pharmacodynamics and

distribution also need to be monitored for a well-covered understanding during drug

development [35, 36], and SPIM could be extremely useful in aiding the understanding

of potential drugs.

Sample preparation

Fluorescent probes were delivered to the lungs via in vivo intratracheal instillation.

Fluorescent dye Sky Blue (excitation/emission : 670 nm/ 710 nm) were embedded

in polystyrene nanoparticles (450 nm). (Kisker Biotech GmbH, Steinfurt, Germany).

Three concentration levels (1:5, 1:10, 1:20) of a 1 mg/ml Sky Blue stock solution were
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prepared in pyrogen-free distilled water for intratracheal instillation in mice. Control

mice with �uorescent labeling were used to serve as comparisons. Image post-processing

and quantitative measurements were performed using ImageJ (NIH, Maryland, USA).

Result

The imaging results are shown in Fig. 2.13, where the samples in (a) and (b) received

82.2 μg and 15.1 μg of Sky Blue respectively, and (c) shows the control sample. The

imaging was done using an excitation laser at 671 nm coupled with a 720 nm �uorescence

�lter. At the highest concentration of Sky Blue (a), probe terminate in the alveolar, and

the individual alveolar sacs are clearly visible. In (b), the alveolar sacs are still visible.

With the decreased concentration of Sky Blue, the �uorescence signal approaches the

intensity of the background auto�uorescence. Alveolar sacs can be identi�ed appearing

slightly brighter than the surrounding tissue. With no inhalation of the probe, the

control sample in (c) exhibit the branching of the many generations of the bronchial

anatomy. Labeled are the second and tertiary bronchi, terminating at bronchioles.

The quantitative capability of the method was tested. For four samples of di�erent

quantities of Sky Blue dye (82.2 μg, 44.5 μg, 15.1 μg, 0 μg), the averaged signal intensities

were measured. The results are shown in Fig. 2.14. The detected signal intensity

was found to increase linearly with the absolute amount of drug delivered. A �t was

performed with a linear model, yielding a high coe�cient of determination (R2=0.99),

indicating high agreement. An o�set level of 264 counts/pix/s was accounted for by the

background auto�uorescence, and a positive gradient was found to be 2225 counts/s/μg.

The results indicate SPIM could be used as a quantitative tool for not only monitoring of

probe distribution in the entire lung, but also a quantitative tool which could be useful

for, e.g. the study of probe target e�ciency.

2.3.4 Conclusion

Capable of capturing high resolution images across a large FOV without the need for

physical sectioning, SPIM is an appropriate tool for ex vivo imaging of mice lungs. Intact

samples could be imaged, retaining the full anatomical and morphological information.

An overview across the whole sample could be easily obtained. Excellent axial resolution

was achieved within the organ, revealing single-layer resolution of alveoli wall structures.
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Figure 2.13: Normalized MIPs and the corresponding close-ups of lungs labeled with
varying amounts of Sky Blue nanoparticle through intratracheal instillation. (a) At the
highest quantity of Sky Blue (82.2 μg), where the individual alveolar sacs are clearly
visible. (b) As the Sky Blue quantity is reduced to 5.1 μg, the aveolar sacs are still
visible. (c) Control lung

Figure 2.14: Quanti�cation of Sky Blue dosage via intratracheal instillation. A linear
relationship was found with the gradient of 2225 counts/s/μg at an o�set ground level
of 264 counts/pix/s can be accounted by auto�uorescnece (R2= 0.99).

25



As the single-plane sections is achieved optically, the samples could be re-imaged, and the

light sheet beam waist shifted to di�erent ROI within the sample. Full networks of �ne

and intricate anatomical structures could be extracted, and the valuable information

is captured with time and labor e�ciency when compared with alternative methods

such as histological methods. Structures from bronchi branching into the following

generations and terminating at the bronchiole, to the microscopic anatomy of alveoli

sacks, ducks, and single walls were all clearly identi�ed. The characterization of physical

dimensions were measured and validated by literature values. Sky Blue nanoparticles

were delivered via intratrachia inhalation at varying concentrations, revealing di�erent

anatomical structures. The average �uorescence intensities were analyzed, and a linear

relationship was found to the amount of �uorescent probes. Overall, SPIM is capable

of structural visualization, quanti�cation of physical dimensions and dosage levels, and

could be a powerful tool in drug-development studies.
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Chapter 3

SPIM as a validation tool for in

vivo optoacoustic tomography

(OAT)

Introduction

Optoacoustic imaging This chapter focuses on the use of SPIM as a validation

method for optoacoustic imaging. in vivo imaging of large living tissue is paramount

in the quest of gaining understanding across a wide range of biology. One modality

which has been growing fast in recent years is optoacoustic imaging [37, 38, 39]. As

the name suggests, it combines optical with acoustic approaches. Short (typically in

the nanosecond range) laser pulses are used to optically stimulate molecules, and the

generate sound waves caused by thermal expansion are then detected. As the absorption

of the excitation photons are dependent upon the known spectral characteristics of

individual molecules, along with the acoustic waves' robust nature against scattering

in real tissue, what results is a modality capable of noninvasive deep tissue imaging

with high spatial resolution. Taking advantage of fast tuning lasers for multispectral

acquisition, speci�c molecules could be unmixed and extracted accordingly by the known

absorption spectra, allowing imaging of targeted �uorophores or natural absorbers.

Single element transducers have been implemented in multispectral optoacoustic/

photoacoustic tomographic setups (OAT/PAT) [40]. Due to versatile manufacturing ca-
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pabilities, probes with high detection frequency (< 5 MHz) and large element surface are

commercially available. They are particularly suited for high resolution and high sensi-

tivity microscopy setups (MSOM/PAM) [41, 39]. However, both raster and tomographic

scanning could take several minutes up to hours to complete, and long imaging times

are required to cover large FOVs. The use of multi-element probes, varying in num-

ber of elements and geometrical arrangement, combined with parallel data acquisition

systems (DAQ) could increase system temporal resolution. Linear [42] and ring arrays

[43] provide instantaneous acquisition of B-scan cross-sections. Such probes could be

further rotated or translated for volumetric imaging. Elements arranged in cylindrical

geometries have further been shown especially powerful for real-time volumetric imaging

[44].

Due to its high penetration power, optoacoustic imaging has recently been extensively

developed for in vivo mouse imaging. In recent years, one area where optoacoustic has

been explored extensively for its potential is the imaging of samples in the mesoscopic

scale (1 mm-10 cm). The veri�cation of the results obtained by optoacoustic imaging is

extremely important during the development of this technique.

Validation methods Till this point, the most common validation methods such as

H&E and cryoslicing [45]. These techniques involve the tedious process of physical slicing

of the sample which is time and labor intensive. While excellent lateral resolution can be

achieved, the destruction of the sample compromises the axial resolution and important

structural information. Any re-imaging of a sample is not possible due to the sectioning

process.

We propose selective plane illumination microscopy (SPIM) as an alternative valida-

tion method for optoacoustic results. It is a fast and conservative method for producing

high resolution �uorescent images of intact volumetric samples. For studies where a large

number of samples are required, this may be a much more suitable validation technique

than cryoslicing or H&E.

Chapter content The chapter is sectioned into three parts. The �rst part describes

the project of real-time beat-by-beat monitoring of infarct mice heart using a 256-element

spherical probe. The second project presented focused on identi�cation of viable ovarian

follicles imaged in a cylindrical ring multispectral optoacoustic tomography (MSOT)
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system. Finally, the third section presents a collection of optoacoustic results validated

by this SPIM system from a wide range biological studies: labeled stem cells injected in

brain, genetically labeled β cells in mice pancreas, labeled vasculature in mice kidneys

and tumors, heart.

3.1 Non-invasive monitoring of beat-by-beat cardiac cycles

using optoacoustic imaging

Content in this section is based on (at parts verbatim) the following journal paper:

� Lin, Hsiao-Chun Amy, Xosé Luís Déan-Ben, Ivana Ivankovic, Melanie Kimm,

Katja Kosanke, Helena Haas, Fabian Lohöfer, Moritz Wildgruber, Daniel Razan-

sky. �Characterization of cardiac dynamics in an acute myocardial infarction model

by four-dimensional optoacoustic and magnetic resonance imaging� Theranostics

(in press, 2017).

3.1.1 Project motivation

Coronary heart diseases remain a leading cause of death in the world [46, 26], which

accentuates the demand for new methods for the prevention and treatment of these

conditions. Animal models represent a fundamental tool for the understanding of the

pathophysiological mechanisms underlying myocardial ischemic injury and reperfusion

as well as for the development and optimization of new therapeutic approaches [47].

Technical and economic constrains promote the wide use of small mammals, particu-

larly mice, to mimic heart conditions, and the availability of a myriad of genetically

manipulated mice strains further contributes to the importance of this animal model

[48, 49, 50].

Imaging technologies are a fundamental tool for in vivo biological studies with mice

models [51, 52]. Cardiovascular magnetic resonance imaging (MRI) is commonly the

method of choice due to its high resolution structural imaging capability, which en-

ables the characterization of organ-level functional parameters such as cardiac volume

or ejection fraction [53, 54]. However, the relatively low temporal resolution of MRI

requires the use of time-gating approaches for cardiac imaging, and beat-by-beat char-

acterization of the heart remains inaccessible with this imaging technology, particularly
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in mice (400-600 bpm). Pulsed echo and Doppler US can render real-time images of

the heart [55]. However, US is prone to motion artifacts and intraobserver variability,

and the fast dynamic imaging performance is generally limited to two dimensional B-

scans. Confocal �uorescence microscopy and other optical imaging modalities have also

been used to image heart tissue and detect targeted molecules with high resolution and

sensitivity [56, 57, 58]. However, optical methods are strongly susceptible to scattering.

Thereby, the penetration depth is extremely limited for imaging of whole organs, and

often requires the organ to be imaged ex vivo or extracted in the Langendorf set-up [46].

Recently, we have demonstrated the unique capability of optoacoustic tomography

for cardiac dynamic imaging with a su�ciently high spatial-temporal resolution to char-

acterize the fast beating mouse heart in vivo [59, 44]. Vital cardiac anatomy was clearly

resolved, and functional cardiac parameters could be quanti�ed [60]. Of particular im-

portance is the feasibility to measure the pulmonary transit time (PTT), i.e., the time

required for blood to travel through the pulmonary circulation from the right to the left

ventricles, by imaging the cardiac perfusion of a contrast agent at a very high frame

rate in three dimensions. Herein, we build upon the previous studies to explore car-

diac function in disease Murine models. A new transducer array system with increased

number of detection elements and angular aperture has been designed for an enhanced

performance. As a result, both spatial resolution and sensitivity were improved, ac-

companied with enriched depth information. We further established a mouse model of

myocardial infarction compatible with optoacoustic tomography. Indeed, strongly ab-

sorbing black hair and sutures in standard infarct models hamper optoacoustic cardiac

imaging. Herein, albino black mice were used, and glue was further employed to close

the wound.

In this new framework, we explore the use of an optoacoustic tomography system for

real-time visualization, acquisition, and processing of for cardiac function investigations,

and compare results between infarct and healthy Murine models also measured with

MRI.
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3.1.2 Experimental method

Optoacoustic tomography

During an optoacoustic in vivo experiment, a newly-developed spherical concave trans-

ducer array was oriented up-wards and the entire hemispherical cap was �lled with agar

to guarantee acoustic coupling. The imaged mouse was lying in a prone position over

the active detector elements. Based on a previously existing spherical ultrasound array

design [44], a matrix array of 512 piezoelectric elements with approximately 100% -6dB

bandwidth around a central frequency of 5 MHz were densely placed on a spherical sur-

face with radius 40 mm. The diameter of the individual elements is approximately 2.5

mm. The spherical surface covers an angle of 140º, which is much higher than the 90º

coverage of the previous design. This in turn allows reducing limited-view e�ects and

hence improving image quality for deep tissue observations. The illumination source

was a fast tuning pulsed laser based on an optical parametric oscillator (OPO), deliv-

ering <10 ns pulses with approximately 20 mJ energy per pulse (Innolas Laser GmbH,

Krailling, Germany). The wavelength of the laser can be tuned between 700 � 900 nm

on a per pulse basis and the repetition rate can be set to 10, 25, 50, and up to 100 Hz.

The laser output is guided to the center of the spherical ultrasound probe by a custom

made �ber bundle (Ceram Optec GmbH, Bonn, Germany), with the beam diameter

reaching ∼1 cm at the surface of the mouse. The optoacoustic signals were simultane-

ously sampled for all transducer elements at 1006 instants at a rate of 40 MSamples/s

with a custom-made data acquisition system (DAQ) consisting of 512 parallel analog

to digital converters arranged in 16 acquisition cards (Falkenstein Mikrosysteme GmbH,

Taufkirchen, Germany). The data acquisition process was controlled by a computer soft-

ware (Matlab, Massachusetts, USA), where the DAQ was triggered with the Q-switch

output of the laser at a rate of 50 Hz. For each ICG injection event, 2000 frames

(corresponding to 40 s) excited at 800 nm were recorded.

In vivo mouse handling

Procedures involving animals and their care were conducted in conformity with institu-

tional guidelines and with approval from the Government of Upper Bavaria (Protocol

Number 55.2-1-54-2532-85-13) and conformed to Position of the American Heart Associ-

ation on Research Animal Use. To this end, strongly absorbing black hair and sutures in
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standard infarct models have generated strong image artifacts hampering optoacoustic

cardiac imaging of those models. Herein, albino black mice were used while surgical glue

was further employed to close the wound. Albino C57BL/6J mice aged 12-16 weeks were

used for the acute infarct model. Hair was removed before the infarct surgery around

the entire chest. For surgery, the mice were intubated and mechanically ventilated. The

rib cage was exposed between ribs 4 and 5, and a permanent ligation placed around the

left descending coronary artery using 8.0 sutures. The rib cage was bound with three

stitches and the skin was �nally closed with clear glue. OA imaging was performed on

day 9 to 11 after permanent coronary artery ligation. Before in vivo experiments, hair

of the mice was removed again using depilatory cream. The mice were anesthetized for

the imaging session using a ∼2% iso�urane-medical air mixture (∼0.8 l/min gas �ow).

For high-frame-rate in vivo monitoring of cardiac dynamics with enhanced contrast and

characterization of the PTT, 100 nmol of indocyanine green (ICG) diluted in 50 μL of

saline was injected intravenously for a 25g mouse.

Optoacoustic image reconstruction and real-time preview

On-the-�y visualization of three-dimensional optoacoustic images was enabled by an ac-

celerated reconstruction algorithm based on graphics processing units [61]. Live preview

providing instant feedback was performed prior to each acquisition with the laser set

to a pulse repetition frequency of 10 Hz. The preview software is essential tool dur-

ing sample positioning for obtaining the optimal view for subsequent data acquisition.

Reconstruction of the acquired sequence was then performed o�-line. For this, a decon-

volution operation was �rst performed on the raw acquired signals with the measured

electrical impulse response of the detection transducer elements. Then, the signals were

band-pass �ltered with cut-o� frequencies between 0.1 and 7 MHz. A three-dimensional

volume of 12×12×12 mm3 was eventually reconstructed for each time instance contain-

ing 120×120×120 voxels.

Magnetic resonance imaging

For validation of the optoacoustic results, all animals were imaged by Magnetic Res-

onance Imaging (MRI) either on the same day or the day before OA imaging. MRI

was performed on a horizontal bore 7T small animal scanner (Discovery MR901, GE
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Healthcare, Chalfont St. Giles, United Kingdom) equipped with a 300 mTm-1 standard

high-�eld gradient system and a 72 mm inner diameter 1H/13C quadrature birdcage

resonator (Rapid Biomedical, Rimpar, Germany). Image acquisition was performed un-

der free-breathing conditions and with prospective ECG triggering using a small animal

monitoring and gating system (Rapid Biomedical, Rimpar, Germany). Electrodes for

gating of the ECG signal were placed at the front paws. After acquisition of standard

scout scans, 2-chamber, 4-chamber and short-axis CINE-views were obtained. Analysis

of heart function parameters and infarct size Osirix plugins were used (Version 4.1.1.),

as described previously [62].

3.1.3 Results and analysis

Temporal analysis of ICG injection

Figure 3.1(a-c) shows temporal snapshots of cardiac �ow dynamics, displayed as maxi-

mum intensity projections (MIPs) of the reconstructed three-dimensional images. Fig.

3.1(a) shows images of a healthy mouse, and both (b) and (c) are of infarcted mice.

t◦ represents the baseline optoacoustic image at 800 nm. As ICG is injected, a strong

increase in optoacoustic signal is observed. t1 corresponds to the instant for which the

ICG bolus enters into the right ventricle (RV), and at a later time point, t2, the contrast

agent arrives into the left ventricle (LV). The high image resolution enables clear identi-

�cation of anatomical features in the infarcted heart shown in Fig. 3.1(b), as labeled in

the image. Speci�cally, the thoracic vessels (TV1 and TV2) can be clearly seen above

the heart, and the heart vessel (HV) becomes visible with the increase of contrast after

injection of ICG.

In contrast, the image of a di�erent infarcted heart displayed in Fig. 3.1(c) has

prominent artifacts observable throughout the time-series images (circled). This was

most likely caused by tissue scarring resulting from the infarction surgery. However,

the scarring artifacts did not a�ect the analysis for pulmonary transit time as the pro-

nounced rise in optical absorbance in the right and left ventricles in t1 and t2 were readily

detectable without the need for additional data processing.

Figure 3.1(d-f) displays the temporal pro�les of the right and left ventricles for the

experiments shown in (a-c) respectively, where the t◦, t1, and t2 time-points are labeled.

The raw signal, plotted in blue, consists of high frequency oscillations due to heart beat,
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and protruding spikes breathing occurring for time intervals of ∼2 s. However, the

pulmonary transit time can easily be measured from the �ltered pro�les as described in

the methods section.

Spectral analysis

For a robust estimation of the temporal pro�le maximum of each OA voxel, a running

average over 100 samples was conducted to smooth the signals. The temporal di�erence

between the instances at the peak of RV and LV was taken as the pulmonary transit

time. Averaging the rise-time over region of interest (ROI) would yield more reliable

results. For this purpose, a reliable method based on spectral analysis was adopted for

the masking of cardiac muscle.

Fast Fourier transforms (FFT) were performed on the time domain signals of all

OA reconstructed voxels. The peak frequency of the sum spectra is determined to be

the heart rate, as this parameter is assumed to be the dominant contributor to signal

oscillations. Figure 3.2(a) and (b) show typical frequency spectra of the signals recorded

from healthy and infarcted mice. The peak components in the power spectra were as-

sumed to be the fundamental heartbeat frequency (f 1) and its second (f 2) and third

(f 3) harmonic spectral components. Fig. 3.2(c) and (d) are the second and third har-

monics shown as a ratio over the fundamental frequency, thus e�ectively representing

nonlinearity of the heartbeat. The second harmonic component was found to be sta-

tistically inconclusive regarding the infarct disease state (p = 0.6243). Interestingly,

the third harmonic was found to be distinctively lower in amplitude for the infarcted

hearts 0.15 [0.126-0.175] versus 0.3135 [0.292-0.335] a.u. , p=0.0842 in healthy animals.

This result agrees with the �ndings reported for the power spectra recorded with Elec-

trocardiography (ECG) [63], where the drop of the amplitude was more substantial for

higher harmonics. In general, the nonlinearity of the heartbeat could be attributed to

the presence of arrhythmia.

Cardiac mask

Figure3.3(a) shows a single wavelength OA reconstruction image, containing blood ves-

sels and scar tissue. For the calculation of pulmonary transit time, a reliable method

for the masking of the heart is required. Based on frequency analysis and extraction
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Figure 3.1: Real-time OA monitoring of ICG injections in healthy and infarct mice, using
single wavelength illumination at 800 nm. (a-c) Temporal snapshots of (a) healthy,
(b) infarcted, and (c) infarcted with severe tissue scarring hearts at selected instances.
Anatomic features are labeled: left (LV) and right (RV) ventricles, thoracic vessels (TV1
and TV2) and heart vessel (HV). (d-f) The RV and LV temporal signal pro�les labeled as
blue dots in (a-c) respectively. The raw data (blue traces) are smoothed using a running
average method (red traces). The di�erence between t1 and t2, Δt, approximated the
pulmonary transit time.
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Figure 3.2: Comparisons of heart beat rate between healthy and infarct mice derived
from the optoacoustic images. (a-b) The sum frequency spectra for all image voxels
of (a) healthy and (b) infarcted mice. The peak component (f 1) is assumed to be the
heartbeat frequency, while f 2 and f 3 are the second and third harmonics. (c) Second and
(d) third harmonic components, presented as a ratio over the fundamental frequency.
No signi�cant correlation was exhibited in the second harmonic component (p=0.6243),
and the third harmonic was found to be lower in the infarcted versus healthy mice (0.15
[0.126-0.175] versus 0.3135 [0.292-0.335] a.u. , p=0.0842).
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Figure 3.3: Cardiac mask by frequency analysis. (a) MIPs of a raw OA reconstruction.
(b) The sum frequency spectra of all voxels. The peak component (fpulse = 6.46 Hz) is
identi�ed as the heartbeat frequency. (c) The frequency fraction map, thresholded in
(d) for the binary mask of cardiac muscle.

of the heart beat rate, cardiac muscle can be distinguished from nearby tissue without

requiring any manual input for ROI selection. For each voxel, the ratio of the heart rate

frequency (f 1) amplitude to the spectrum mean is calculated and presented in �gure

3.3(c) as the frequency fraction map. The higher values correspond to a strong pres-

ence of the heart beat rate, and thus more likely to represent cardiac tissue. A suitable

threshold is applied to obtain the binary segmentation mask in �gure 3.3(d). This au-

tomated method does not require any user input for manual segmentation and yields

reproducible results.

Pulmonary transit time and heart rate

The statistical results of ten infarcted mice and three healthy mice are summarized in

�gure 3.4, expressed as median and interquartile ranges. Comparisons of parameters be-

tween infarct and healthy models were performed using the one-sample t-test, assuming

normal distribution. Due to the small sample sizes, p < 0.10 was considered to be statis-

tically signi�cant. All calculation were done using Matlab (version R2013a, Mathworks

Inc., Natick, MA, USA).

The pulmonary transit times of infarcted hearts (2.35 [2.07-2.4] s) were signi�cantly

higher than that of healthy mice (1.25 [1.20-1.32] s, p = 0.0195) shown in Fig. 3.4(a). On
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Figure 3.4: . OA extracted physiological parameters of infarcted and healthy mice. (a)
Pulmonary transit time for infarct and healthy models are 2.35 [2.07-2.4] and 1.25 [1.20-
1.32] s respectively, p = 0.0195. (b) No statistically signi�cant di�erent was observed
for the heartbeat rate (362 [348-411] versus 351 [320-407] bpm, p = 0.5536).

the other hand, in Fig. 3.4(b), no statistically signi�cant di�erences were observed in the

heartbeat rate (362 [348-411] versus 351 [320-407] bpm, p = 0.5536). As infarctions are

induced in the heart, the cardiac performance is anticipated to be compromised. There-

fore, the increased requirements of heartbeat cycles per lung circulation is in accordance

with the current understanding of cardiac systems.

Validation of compromised heart function with MRI

For validation of the optoacoustic results, all animals were imaged with magnetic res-

onance imaging (MRI) either on the same day or the day before OA imaging. MRI

was performed on a horizontal bore 7T small animal scanner (Discovery MR901, GE

Healthcare, Chalfont St. Giles, United Kingdom) equipped with a 300 mTm-1 standard

high-�eld gradient system and a 72 mm inner diameter 1H/13C quadrature birdcage res-

onator (Rapid Biomedical, Rimpar, Germany). The birdcage resonator was only used

for transmission while signals were received by a 2-channel surface coil placed around

the heart. Image acquisition was performed under free-breathing conditions and with

prospective ECG triggering using a small animal monitoring and gating system (Rapid

Biomedical, Rimpar, Germany). Electrodes for gating of the ECG signal were placed at
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the front paws. During imaging the animal core temperature was maintained at 38°C

using an MR-compatible air-heating system. After acquisition of standard scout scans,

2-chamber, 4-chamber and short-axis CINE-views were obtained. Those were subse-

quently used for planning the slice orientations for LGE imaging. Gd-DTPA injected

at a dose of 0.2 mmol kg-1 body weight via the tail vein. After selecting the proper

imaging planes for LGE assessment, a segmented inversion-recovery fast gradient echo

sequence was performed using the following parameters: FOV 30 x 30 mm, matrix 192

x 192 (in-plane resolution 156 µm), slice thickness 1 mm, TR/TE 7.6 ms/3.1 ms, �ip

angle 60°, 4 lines/RR interval, 2 scans, and 8 short-axis slices. Delay after inversion was

set to 350 ms. Cardiac gating was set to give an e�ective TR of 1 s from one inversion

to the next. Analysis of heart function parameters and infarct size Osirix plugins were

used (Version 4.1.1.), as described before [24].

For validation of the optoacoustic results, all animals were imaged with magnetic

resonance imaging (MRI) for con�rmation of decreased heart function. Fig. 3.5(a) and

(b) show cine sequences of 2-chamber views at the (a) systole and (b) diastole states.

Late gadolinium enhancement in short axis views of an (c) infarct and (d) healthy hearts

were also analyzed. The percentage of infarcted myocardium compared to the entire

myocardium was utilized to determine the size of infarction. The positive correlation

shown in Fig. 3.5(e) suggests pulmonary transit time increases with infarction severity.

Furthermore, ejection fractions were also analyzed from MRI images and presented in

Fig. 3.5(f). An inverse relationship was found between the pulmonary transit time and

ejection fraction, validating suboptimal heart functions and its in�uence on increased

pulmonary transit time.

3.1.4 Validation by SPIM imaging

Using the system described in chapter 2.2, ex vivo SPIM imaging was performed on

cleared infarcted hearts for anatomical interrogation and validation of heart muscle

damage.

Method

Lectin 680 was injected intravenously to act as a vasculature binding �uorescent probe.

5 min after the injection the animal was perfused with PBC followed by PFA. The heart
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Figure 3.5: Validation of reduced heart function by cardiac magnetic resonance imaging.
Cine sequences in a 2-chamber view of an infarcted heart in (a) systole and (b) diastole
states. Late gadolinium enhancement in short axis views of an (c) infarct and (d)

healthy heart. The myocardial infarctions were identi�ed and marked with yellow arrows.
MSOT pulmonary transit time results are correlated to: (e) Infarct size, determined as
percentage of infarcted myocardium compared to the entire myocardium; (f) Ejection
fraction, indicating decrease in heart function with increasing infarction severity.
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was excised and chemically cleared by incubating in increasing concentrations of THF

(50 %, 80 %, 2×100 %; 12 hrs/step) and the clearing solution (BABB; 24 hrs).

The excitation source was the 671 nm laser with 40 mW, and expanded with the 5×
setting. Coupled with the 2.5× objective (EC Epiplan-Neo�uar 2.5X/0.06M27, Zeiss,

Germany), a FOV of 10 mm was covered. The emission light was �ltered at 690/10.

The sample was translated with 10 μm steps, recording approximately 500 frames each

scan, with 200 ms of exposure time per frame.

Imaging results

The SPIM images are shown in Fig. 3.6, where i-viii are single-plane full-view images of

the heart, separated by ∼600 μm. The last yellow-boxed panel, ix, is the close-up of the

ROI indicated in panel ii, demonstrating the resolving capability of small morphological

features. The muscle ridge indicated by white arrows was measured at 27 μm. With the

theoretical resolution of 4 μm/pixel, the �nest detectable feature was 13 μm/pixel.

The shadow cast against cardiac tissue from the knotted suture used for acute infarc-

tion surgery can be seen in i. The single plane images demonstrate high signal-to-noise

ratio (SNR) of <100 and clearly reveal cardiac tissue structures and the enclosed cham-

bers. By close investigation of chambers and chamber walls from the full imaging stack

�y-through, important anatomical features could be identi�ed. The main chambers and

chamber walls are labeled as such: left (1) and right (2) ventricles, left (3) and right

(4) atria, and left (6) and right (7) ventricle walls. The interventricular septum (5),

could be seen separating the two ventricles. Other visible features include heart valves.

The two atrioventricular (AV) valves between the upper chambers (atria) and the lower

chambers (ventricles). The mitral (bicuspid) valve and the tricuspid valve are labeled

in iv and viii respectively. The two semilunar valves leading to the arteries leaving the

heart were also identi�ed, seen in v (aortic valves) and viii (pulmonary valve). The red

arrows in panel iii indicate the areas where major thinning of the cardiac wall can be

observed, validating the heart muscle damage due to infarction.

The auto�uorescence of the cardiac tissue were also imaged, shown in Fig. 3.7.

Unlabeled infarcted hearts were excised, cleared and imaged using the laser at 473 nm,

combined with a �uorescent �lter with the bandwidth at 510/15 nm. The scanning

parameters of 10 μm sample translation steps and 200 ms camera exposure time were

again used to maintain consistency with the previous measurements of lectin labeled
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Figure 3.6: Panel i-viii were separated by approx. 600 μm. The yellow-boxed panel ix
is a close-up of the ROI indicated in panel ii, with the white arrows indicating a 27 μm
ridge feature. The chambers and cardiac walls are labeled as follows: (1) left ventricle,
(2) right ventricle, (3) left atrium, (4) right atrium, (5) interventricular septum, (6) right
ventricular wall, and (7) left ventricular wall. Red arrows indicate area of thinning left
ventricular wall.
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Figure 3.7: Panel i-vii increment in approx. 500 μm steps. Panel viii is the close-up of
the ROI indicated in vii. The right ventricle (RV) and left ventricle (LV) are indicated
in ii, and iii, and the white arrows in v and vi label the trabeculae carneae. Red arrows
from ii-iv indicate thinning of cardiac wall.

hearts.

As expected, the detected SPIM signal from auto�uorescence were lower than that of

lectin-labeled hearts, with the overall pixel intensity summation reduced by a factor of

10. However, the contrast is still su�ciently high SNR (10). The cambers and chamber

walls are again easily identi�ed. The right (RV) and left (LV) ventricles are labeled in

panel ii and iii respectively. The irregularity of the muscular columns forming trabeculae

carneae were clearly seen projecting from the inner surface of the right and left ventricles

of the heart, labeled by white arrows in panels v and vi.

3.1.5 Discussion and conclusion

The presented results indicate the suitability of high-frame-rate three-dimensional op-

toacoustic tomography to characterize the infarcted mouse heart. Mice models of my-

ocardial infarction play an important role for investigating the disease mechanisms as

well as for the assessment of potential therapeutic interventions. Hence, new methods

enabling extracting otherwise unmeasurable functional parameters can signi�cantly ad-

vance cardiovascular research. The high temporal resolution of the optoacoustic system
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employed enables imaging the perfusion of an agent with high contrast in the entire

heart, and hence the PTT can be accurately measured.

The PTT can serve as an indicator of right ventricular dysfunction or left ventricular

hypertrophy, and cannot be measured with MRI or other tomographic imaging methods

due to the need of gating-based approaches to render images of the heart. Signi�cant

changes in the PTT (60-100%) were detected in the optoacoustic image sequences. New

insights in cardiac function is provided with state-of-the-art optoacoustic imaging sys-

tems. Cardiac MRI further indicate that the PTT increases with size of infarction and

decreases with reduced ejection fraction. While no statistically signi�cant di�erence was

observed in the heart rate, nonlinear heartbeat dynamics was stronger in the healthy

hearts, as evinced by the third harmonic component in the heartbeat spectra. In addi-

tion, validation with SPIM reveals anatomical changes in the form of thinning cardiac

walls, con�rming permanent damage to the heart through infarction.

Parallel to technical developments, an infarct model suitable for optoacoustic imag-

ing was also presented. Black mice are commonly used for cardiac studies due to their

robustness nature, with many disease models established. However, the excess melanin

in the skin causes complications when imaged using optoacoustic methods. Strong su-

per�cial signals shield important information from deep tissue. Thus, using albino black

type ensured compatibility in cardiac surgery, whilst maintaining high image quality.

The use of light-colored suture and clear glue for closing of the rib cage and skin was

also intended to minimize highly absorbing sources.

From the results presented in this work, the compatibility of OA imaging for the

infarct model is demonstrated. In some cases, severe scaring causes strong undesirable

artifacts and obstruct the MIP views, as seen e.g. in Fig. 3.1(c). Yet, the overall

data analysis and extraction of physiological parameters were not a�ected. Therefore,

the infarct mouse model described in this work is concluded to be suitable for cardiac

optoacoustic imaging.

For the particular biological dynamics presented in this work, an imaging rate of 50

Hz was su�cient for cardiac analysis on a beat-by-beat basis, although a frame rate of

100 Hz is achievable with the acquisition technology. Optoacoustics can further pro-

vide other functional parameters with multispectral readings. For example, the blood

oxygen saturation can be characterized from optoacoustic images taken at multiple op-

tical wavelengths. Five dimensional imaging (multispectral real-time three-dimensional)
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has been enabled with fast tuning lasers [59], and the use of multiple laser sources fur-

ther enables multispectral imaging of fast-moving samples [64]. On the other hand,

image quality can also be enhanced with more advanced tomographic reconstruction

algorithms. Herein, image reconstruction was done using back projection due to its

high speed. A model-based algorithm can alternatively be used [65], which provides a

higher SNR by accurately accounting for the transducer e�ects in the signals. Another

important issue to consider in the reconstruction is the presence of acoustic re�ection

artifacts [66], which are associated to air-�lled cavities as the lungs. Improvements in

image SNR and reduction of artifacts may further reveal deep-tissue information.

In conclusion, these results presented in this section indicate that volumetric op-

toacoustic imaging has the potential to greatly outperform the conventional imaging

methodologies used in cardiovascular research. The technique is a�ordable and sim-

ple to operate, further providing a unique ability for real-time 3D visualization of the

beating murine heart. In combination with its proven ability to track targeted probes

within the injured myocardium, our optoacoustic method can depict cardiac anatomy,

function and molecular signatures, with both high spatial and temporal resolution. It is

thus expected to signi�cantly facilitate cardiovascular imaging studies and provide new

insights into the pathophysiological mechanisms of myocardial ischemia.

3.2 Oocyte viability assessment by multispectral optoacous-

tic imaging combined with brilliant cresyl blue (BCB)

staining

Content in this section is based (at parts verbatim) on the following journal papers:

� Lin, Hsiao-Chun Amy, Rahul Dutta, Subhamoy Mandal, Alexander Kind, An-

gelika Schnieke, and Daniel Razansky. �Advancing ovarian folliculometry with

selective plane illumination microscopy.� Scienti�c Reports 6 (2016).

� Subhamoy Mandal, Rahul Dutta, Lin, Hsiao-Chun Amy, Alexander Kind, An-

gelika Schnieke, and Daniel Razansky. �Noninvasive Multispectral optoacoustic

imaging of procine ovarian follicle with Brilliant Cresyl Blue contrast enhance-

ment� - In review
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3.2.1 Project motivation

Biological motivation

The incidence of ovarian ailments such as premature ovarian failure (POF) and poly-

cystic ovary syndrome (PCOS) has risen in recent years, constituting a major cause

of female subfertility in the modern world [67, 68]. Determination of ovarian status

and follicle monitoring are important �rst steps in evaluating infertile women, making

ovarian imaging the most common diagnostic approach for female infertility. The ovary

is imaged for morphology (normal or polycystic), abnormalities (e.g. cysts, dermoids,

endometriomas, tumors), follicular growth in ovulation monitoring, and for evidence of

ovulation and corpus luteum formation and function [69]. Advances in diagnostic imag-

ing technologies such as pelvic MRI and ultrasound have provided new insights into the

human reproductive system. Yet, the imaging contrast and spatial resolution of clinical

imaging methods are far inferior to those routinely obtained with optical microscopy.

The size of the ovarian follicle and the developing oocyte within, and the thickness of

the follicular wall are important parameters for clinical management of ovarian ailments.

A normal mammalian ovary harbors 25,000-106 primordial follicles at puberty. A sketch

illustrating the various stages is shown in �gure 3.8. The earliest stage of follicular growth

is the primordial follicle, where the oocyte is arrested in the last stage of prophase and is

surrounded by a single layer of granulosa cells. Hormonal stimulation causes the oocyte

to enlarge and follicular cells to divide, a follicle with two layers of follicular cells is called

a primary follicle. During the follicular phase, a small cohort of follicles (approximately

1014) begins to develop. In uniparous mammals one follicle is physiologically selected to

ovulate, exhibiting greatly increased hormonal activity and increased growth [70], while

the others undergo atresia. The primary follicle transitions through the secondary follicle

stage to develop into a Graa�an follicle, the oocyte completes the �rst meiotic division

and becomes a secondary oocyte. Upon ovulation the oocyte begins its second meiotic

division up to metaphase II, which continues only if it is fertilized. Follicles destined to

ovulate display di�erent morphological characteristics than those destined to atresia, and

these are observable days before physiologic selection becomes apparent. Measurement

of the follicle wall is useful because walls of follicles destined to ovulate are thinner [71].

However, evaluation by the commonly used ultrasonography reveals the growing follicles

only as black bubble-like features. Most folliculometric information, including follicular
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Figure 3.8: . The �gure was produced, in part, by using Servier Medical Art.

wall thickness, is determined by manual or semi-automated segmentation.

Multispectral optoacoustic tomography (MSOT)

In this section presents the novel protocol combining of MSOT in conjunction with a

supervital dye, Brilliant cresyl blue (BCB) is a binding to reticulocytes. This may allow

the non-destructive assessment of viability of oocytes. Glucose-6-phosphate dehydro-

genase (G6PD) participates in the metabolic pathway that supplies reducing energy to

cells, and it is in the presence of this cytosolic enzyme where BCB is broken down. Thus,

the presence of BCB implies oocyte competence, and the growth phase has completed.

Finally, validation of follicular anatomy was performed using SPIM. Pig was chosen

as the model organism for this study because of its similarity to humans in terms of

genetics, anatomy, and physiology.

3.2.2 Experimental method

Sample preparation

The imaging method is displayed in the form of a �ow diagram in Fig. 3.9. Ovaries from

prepubertal gilts were brought from a local slaughterhouse within one hour of collection

in a temperature-controlled box maintained at 39◦ C. Individual follicles of 5-8 mm

diameter and small groups of follicles were dissected out using ultra�ne surgical blades,

and the samples were stained with BCB [72], illustrated in (a). 50 μl of 13 mM BCB
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solutions were carefully injected into the follicles. Animal experiments were approved by

the Government of Upper Bavaria (permit number 55.2-1-54-2532-34-09) and performed

according to the German Animal Welfare Act and European Union Normative for Care

and Use of Experimental Animals.

MSOT imaging

Fig. 3.9(b) depicts MSOT imaging method. A commercial MSOT system (MSOT256-

TF, iThera Medical GmbH, Munich, Germany) was used for cross-sectional optoacoustic

acquisition. 256 detection elements of cylindrically-focused piezo transducers centered

at 5 MHz were arranged in an arc geometry with ∼270o of angular coverage. A 10 Hz

optical parametric oscillator (OPO) pulsed laser was used as the light source, and a

�ber bundle was used to deliver uniform illumination on the sample. The optoacoustic

spectral response of BCB in the near-infrared (NIR) window was characterized. Several

dilutions of the 1M stock solutions of BCB were tested, and the results. It was found that

at 13 mM concentration, enough signals were produced whilst being under the quenching

limit. With the known optoacoustic spectra, multispectral optoacoustic imaging were

performed in the NIR window (680-750 nm), and spectral unmixing was performed to

extract targeted molecular information.

Simultaneous data acquisition were sampled at 40 MSamples/s. The recorded signals

were averaged 10 times and �ltered between 0.1 and 7 MHz. A model-based algorithm

was used for image reconstruction, and the computation was speed up by the use of GPU-

based processing, resulting in 2D images covering a FOV of 25×25 mm2, reconstructed

with a grid of 200×200 pixels, shown in Fig. 3.9(c). Single wavelength imaging were

performed at 690 nm for excellent anatomical contrast. For analysis of multi-spectral

measurements, a vertex-component analysis (VCA) blind unmixing algorithm was used

for the extraction of BCB components. The method allows for identi�cation of viable

oocytes, and the corresponding follicles were extracted. Fig. 3.9(d) shows isolated

oocyte, and in vitro embryo culture were performed to assess for viability, shown in (e).

Figure 3.10(a) and (b) shows ovarian MSOT scans before and after BCB injection,

and the increase of signal in the follicle walls were observed. To quantify this change, the

experiment was repeated with twice with di�erent ovaries, where 15 ROI were segmented

and analyzed for their OA signal intensity. The numerical results are displayed in (c) as

boxplots, and the increase in signal after the injection of the viable probe is con�rmed.
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Figure 3.9: Flow diagram of ovarian imaging method. (a) Follicle clusters were excised
from porcine ovaries, and injected with contrast agent, BCB. (b) Imaging with MSOT
system. (c) Visualization of MSOT data by (left) single wavelength reconstruction at
690 nm for anatomical information, and (right) spectral unmixing for BCB using 10
wavelengths. (d) Isolation of viable oocytes (BCB+) by aspiration. (e) In vitro culture
for embryo formation.
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Figure 3.10: (a) Before and (b) after injection of contrast enhancing agent, BCB (13
mM). (c) Box plots of contrast values from two ovaries before and after the injections
are shown, where �fteen data-points in each ovary were evaluated.

3.2.3 Validation by SPIM imaging

The MSOT system resolution combined with the potential to spectrally resolve targeted

molecules allows di�erentiation of individual viable follicles within a cluster mass. How-

ever, the resolution of ∼150 µm is not capable of identifying cumulus oophorus complexes

(COCs). Histology remains to be a typical ex vivo validation method for reproductive

diagnoses and research. Yet, the traditional microscopy method su�ers from the inher-

ent depth limitation. SPIM allows the imaging of intact samples, and any reduction of

image quality due to physical destruction of the tissue is avoided. It is a time and labor

e�cient technique which preserves key morphological features. It was hypothesized that

the high resolution 3D images produced by SPIM may prove to be useful supplementary

to the conventional methods currently used for ovarian studies.

Method

Sample clearing Fig. 3.11(a) shows an excised and BCB-stained follicle cluster.

While ovarian follicles are naturally semi-transparent, the clearing procedure was still

necessary to produce high SNR SPIM images. Typically, perfusion would be performed

prior to organ extraction from the animal for optimal clearing. As this was not possible

as ovaries were collected from the slaughter house, the perfusion step was skipped, and

the follicle samples were placed in PFA for �xation. The Murray's clear protocol was
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Figure 3.11: (a) Excised ovarian follicle stained with Brilliant Cresyl Blue (BCB) (b)
Sample after clearing. (c) Illustration of single-plane imaging (spaced here by intervals
of 350 μm) as the sample is translated through the light sheet along the z direction. (d)
MIP of the 3D reconstruction obtained from the image stack. White arrows identify
outlines of four individual follicles. (e) Single plane images in each x (blue), y (yellow),
and z (red) dimension is shown. The reslicing in x and y dimensions was done using a
uniform grid, with the red slice indicating the imaging plane.

used to for chemical clearing of the samples. Follicles were dehydrated using 50%, 80%,

and 100% ethanol for 12 hours each, repeating the last step twice, then cleared in 2:1

benzyl alcohol/ benzyl benzoate (BABB) solution for 6 hours. Shown in Fig. 3.11(b),

this rendered the samples optically transparent and ready for SPIM imaging.

Imaging method SPIM imaging was performed utilizing the system described in

Chapter 2.2. The 670 nm DPSS laser was selected as the excitation source, with a beam

quality factor (M2) of 1.10. The laser beam diameter was expanded to 10 mm using

the 5× expansion telescope setting. A 690/10 nm emission �lter was connected to the
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detection camera.

As the sample is translated through the light sheet, a series of images are recorded.

In �gure 3.11(c) the sample is an ovarian follicle cluster, and the images are uniformly

spaced with intervals of 350 μm. A 3D reconstruction can be obtained from the imaging

stack, and Fig. 3.11(d) shows the MIP. The white arrows indicate the outlines of four

individual follicles. Containing full anatomical information, the volumetric data can

be further resliced in the x and y directions. From the full volumetric reconstruction,

reslicing in the x and y dimensions was possible. Figure 3.11(e) shows a single plane

image from each dimensions (x: blue, y: yellow, z: red), resliced using uniform grids

and displayed with isotropic scaling, with the red box indicating the imaging plane.

SPIM images

The SPIM imaging results from typical cleared ovarian follicles are shown in Fig. 3.12.

Despite the missing perfusion step in the sample preparation, it did not appear to a�ect

the image quality. Detected �uorescence signals of BCB labeled samples are consistently

higher than that of control samples by three fold, con�rming that substantial amount of

�uorophores are still present after the clearing procedure, and that despite utilizing the

peak excitation and emission wavelengths, the detected �uorescence is adequate. The

outer cortex of the ovary consists of ovarian follicles interspersed by stroma. Each follicle

is composed of cumulus oophorus, membrana granulosa, corona radiata, and a developing

oocyte surrounded by the zona pellucida. We imaged all samples in their entirety, as

their sizes matched the camera FOV. A wide range of individual follicles were extracted

from two di�erent sets of image stacks. Figure 3.12(a) shows single image slices taken

at two di�erent planes of the same sample. Follicular antrum and theca internal layers

are visible, allowing individual follicles to be readily identi�ed. Follicles of all sizes can

be seen and additional morphological details such as atretic follicles, blood vessels and

interstitial connective tissue between adjacent follicles could be identi�ed. In the single

plane images the primordial follicles may seem similar to blood vessels. They are however

easily distinguishable when examined in the entire image stack of the sample due to their

dramatically di�erent anatomy. The elongated geometry of blood vessels can be seen

extending throughout the sample stack, while follicles appear and disappear from the

images much faster. The high contrast and image resolution achieved by SPIM allow easy

discrimination of the di�erent anatomical features. SPIM images were analyzed for the
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most clinically or diagnostically relevant morphological features, specially: volume and

spherical asymmetry of follicles, diameter of the developing cumulus oophorus complexes

(COC), and follicle wall thickness.

Primordial follicles form the ovarian reserve and are extremely important for re-

productive health, hence the motivation to develop methods of counting follicle and so

ascertain reproductive age. In humans at 18-22 weeks post-conception, the cortex of

the ovary typically contains 4 to 5 million primordial follicles, this number decreases

throughout reproductive life and falls as low as 1000 at menopause [70]. However, non-

destructive imaging methods such as ultrasound cannot visualize primordial follicles due

to insu�cient resolution.

Individual follicles were identi�ed, and categorized by three main stages of folliculo-

genesis: primary, antral, and Graa�an. Fig. 3.12(b) shows an SPIM image of a primary

follicle, measured diameter 74 μm, with a primary oocyte. Antral follicle diameters typ-

ically measure between 100 μm (early antral) and 700 μm. Fig.3.12(c) shows two early

antral follicles: 590 μm (top) and 480 μm (bottom) in diameter. These follicles show

a clear antral cavity surrounded by a smooth theca interna layer clearly de�ning the

follicle boundaries. COCs can be seen in panels (ii) and (iii). Fig. 3.12(d) shows a 1.8

mm (diameter) Graa�an follicle, and on panel (ii) the COC can be clearly seen attached

to the inner follicle wall. COCs were estimated to be detectable in approximately 70%

of the follicles, and the COC diameters varied between 40 μm and 110 μm. Detection of

COCs as small as 40 μm in diameter approaches the averaged 25 μm obtained by his-

tological analysis [73]. It is worth noticing that putative COCs appearing as protrusion

into the �uid-�lled lumen can only be detected in less than 25% of the ovarian follicles

by ultrasound biomicroscopy. SPIM far outperforms the ultrasound techniques in terms

of the spatial resolution [74], and is thus more suitable for small follicle detection.

Quantitative folliculometry

Accurate estimation of the follicle diameter is complicated due to their irregular shape.

Typically, conventional analysis of histological images was carried out by taking two

orthogonal measurements intersecting at the midpoint of the �rst measurement, and the

averaged value taken as the follicle diameter [73]. An estimation of the follicle volume is

then made, and accordingly, the developmental stage of the follicle is calculated. How-

ever this method involves certain assumptions: the average of only two measurements is
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Figure 3.12: (a) Full FOV cross-sectional SPIM images taken at two di�erent planes
of a cleared follicle cluster. A few features are indicated: (i) early antral follicle and
primordial follicle forming egg nest; (ii) Graa�an and atretic follicles, theca layer, and
blood vessels. (b) Primary follicle diameter: 73 μm, COC: 29 μm. (c) Early antral
follicles diameter 586 μm (top) and 476 μm (bottom). Arrows indicate COCs, which
were measured to be 101 μm (top) and 98 μm (bottom). (d) Graa�an follicle diameter:
1788 μm, COC: 104 μm.

54



Figure 3.13: Results of quantitative analysis of follicle morphology. (a) Follicle volume
versus developmental stage: statistical analysis of follicle volume for primary (4.4 ×
10−4[3.0 × 10−4-5.0 × 10−4] mm3), antral (1.6 × 10−2[2.9 × 10−3-3.8 × 10−2] mm3),
and Graa�an (0.54 [0.15-2.63] mm3) follicles. (b) SPIM quanti�cation of the oocyte
diameter versus the follicle average diameter (blue plots) and validation by comparing
to histological values reported in literature (red circles) (R2=0.76). (c) Normalized
asymmetry of 21 follicles across a range of developmental stages, determined by the
major-minor axes ratio of the follicle equatorial cross-section. An inverse relationship
can be observed when presenting the volume on a logarithmic scale (R2= 0.65).

a su�cient estimation of the follicle diameter in the imaging plane; the follicle's shape

irregularities in other planes are negligible; the follicle has been sectioned perfectly in the

middle plane; and physical sectioning has not deformed the anatomy. By discounting

all of these factors, errors can incur.

On the other hand, follicle volume would be a more robust parameter for characteriz-

ing the size of these asymmetric objects. For this, complete stacks of individual follicles

were segmented, allowing for high precision measurement of each follicle volume. The

statistical analysis of the follicle volume for primary (4.4× 10−4[3.0× 10−4-5.0× 10−4]

mm3), antral (1.6 × 10−2[2.9 × 10−3-3.8 × 10−2] mm3), and Graa�an (0.54 [0.15-2.63]

mm3) follicles are presented in Fig. 3.13(a). As high-resolution information in all planes

was herein made full use of, all anatomical aberrations in every plane of the follicles are

considered.

To validate the quantitative method, SPIM results were compared to histological

statistics. Since follicle diameters were reported in the literature, we estimated the

average follicle diameters in our measurements from the follicle volumes by assuming

55



spherical symmetry, yielding values varying from 74 μm to 2.9 mm. Fig. 3.13(b) depicts

the oocyte size related to follicle diameter, with the red circles representing porcine

ovarian follicle diameters reported in literature [73]. A total of 30 data points were

taken from the SPIM data from two di�erent samples, as plotted in blue. The middle

planes of the COCs where used to perform the diameter estimations. The image stacks

were inspected carefully to ensure that the equatorial plane of the COCs was selected

to avoid any underestimation. The adjusted coe�cient of determination (R2) between

the literature values and the SPIM-�tted curve was 0.76, indicating good agreement.

We further analyzed the follicle shape asymmetry by approximating the follicle ge-

ometry by an ovoid, and selecting image plane having the maximum follicle area as

the equatorial plane. The ratios of the major and minor axes were then de�ned as the

asymmetry parameter. The results encompassing measurements from 21 follicles across

a range of developmental stages are plotted in Fig. 3.13(c). An inverse relationship can

be seen, indicating that follicles approach a spherical shape with advanced development

(R2 = 0.65).

Theca wall analysis

Another important feature of the SPIM images was the distinct visualization of the

follicular thecal walls. During the clearing phase there was delamination of the granulosa

layer from the thecal layer, delineated by a black area in the SPIM images. While this

may induce a minute discrepancy between the anatomy pre- and post-clearing, estimated

to be <4% in measured diameter, the overall methodology proved to be particularly

advantageous in clearly demarcating the thecal layer from the granulosa layer. A series

of H&E sections was also performed on the cleared follicles after SPIM imaging to

con�rm the thecal boundary, shown clearly in Fig. 3.14(a). The black arrow indicates the

granulosa cells, while the blue arrow indicates an area demonstrating the delamination of

the granulosa layer from the thecal layer. A close-up of a follicle is shown in Fig 3.14(b),

where the partial view of the boundary can be clearly sectioned into granulosa cell,

theca layer, and outer stroma. Here, the sample was not cleared, and no delamination

was present. Contraction of samples has been widely observed with the BABB clearing

protocol, which includes dehydration steps using ethanol. While this e�ect has been

negligible (∼4%) in this work, it is still more likely that the delamination is due to

shrinking of granulosa rather than expansion of the thecal layer.
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Figure 3.14: (a) H&E validation of a cleared follicle made after SPIM imaging. The
black arrow indicates the granulosa cells, and the blue arrow indicates an area con�rming
the delamination of the granulosa layer from the thecal layer. (b) H&E close-up of the
follicle boundary, clearly separating into the granulosa cell, the theca layer, and the
stroma. Here, the sample was not cleared, and no delamination was present. (c) Theca
wall thickness versus follicle volume measured from the SPIM data. 10 antral and
Graa�an follicles from two di�erent samples were analyzed. The averages are plotted
along with the standard deviations as error bars (R2 = 0.84).

The thecal wall contains the secretory cells responsible for the production of �uid

contained by the wall. Thecal wall thicknesses of 10 early antral and Graa�an follicles

from two samples were measured. Wall thickness is however not uniform, so a distri-

bution was measured for each follicle. To avoid over-estimating the theca thicknesses,

the 2D image with the maximum follicle cross-section area was selected to ensure the

analysis is conducted on the equatorial plane. For each pixel along the outer edge of

the theca layers, the shortest distance to the inner edge was found. The number of

measurements taken per image plane varied from ∼300 to ∼2,000 for di�erent antral

follicle sizes.

Fig. 3.14(c) plots the theca thickness means along with their respective standard

deviations as error bars for each follicle analyzed. A clear inverse correlation between

follicle diameter and thecal wall thickness is again observed (R2 = 0.64). For the largest

Graa�an follicle, wall thicknesses were around 90 μm, while the antral follicle walls were

around 120 μm, indicating that variations in the follicle wall thickness may additionally

serve for the characterization of follicle development [71].
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Discussion and Conclusion

While SPIM cannot fully replace the current imaging methods used for ovarian studies,

it has unique advantages and compatibility with this speci�c size and type of sample to

o�er supplementary information for biological studies. Ultrasonic biomicroscopy is con-

ventionally used for non-invasive monitoring of ovarian follicles, with the main advantage

that it can be used in vivo, but the images are lower contrast and poorer resolution than

the SPIM images shown here. Ultrasound fails to detect primordial or primary follicles

in the ovary and can seldom detect the growing COC in Graa�an follicles [75]. Although

SPIM cannot yet be used for in vivo biological studies, it o�ers a level of morphological

detail that will greatly aid developmental studies. Here, the smallest anatomical feature

we could image was ∼10 μm, which is well supported by the 6 μm in-plane resolution

o�ered by SPIM.

H&E staining is the current gold standard method for anatomical ovarian investi-

gation. While this imaging modality may o�er better spatial resolution, the required

sample destruction due to slicing leads to the inevitable decrease in useful morphological

information. On the other hand, SPIM does o�er key practical advantages over clas-

sical histology as no physical slicing is required. Not only does this preserve valuable

morphological information, imaging of intact samples is faster and requires less e�ort.

Multi-slice data acquisition by SPIM is a fast and automated procedure while the large

FOV enables full coverage of any follicle clusters up to 10 mm in their entirety. The full

diameter within the sample is then imaged in a single 2D image acquisition, and when

combined with a high-speed camera and a motorized sample translation stage, a short

imaging time of a few minutes can be achieved.

This section presents a novel combination of clearing and imaging porcine ovarian

follicles with SPIM. The follicular antrum and theca internal layers were distinctly vis-

ible, allowing individual follicles to be easily identi�ed. Follicles of all developmental

stages were identi�ed and their volume and asymmetry characterized, ranging from

small primordial follicles up to 2.5 mm Graa�an follicles. Clearly distinguishable COCs

protruding into the follicular antrum of several antral and Graa�an follicles were mea-

sured at 40-110 μm, and their correlation with the developmental stage of the follicles

agreed well with the literature, indicating good quantitative capacity of the method.

The �rst distribution measurements of theca thickness for follicles of di�erent develop-
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mental stages were conducted, yielding results ranging from 90 to 120 μm. We have also

found an inverse correlation between follicle asymmetry and their developmental stage

as well as follicle diameter and thecal wall thickness.

In comparison to ultrasound biomicroscopy, the superior spatial resolution and high

contrast o�ered by SPIM provide better quanti�cation of the di�erent anatomical fea-

tures. The unique capability to image 3D follicle anatomy while retaining morphological

integrity, coupled with ease and speed, further makes it superior to conventional H&E

histology. SPIM was further shown to be suitable for characterizing the developmental

stages of ovarian follicles, without the need to aspirate oocytes. Abnormalities in the

physical dimensions could indicate possible ovarian diseases, and precise folliculometric

measurements will be of immense importance in improving the understanding of ovarian

physiology and developing new applications to better manage ovarian diseases.

3.3 Other applications of SPIM validation

3.3.1 Beta cell detection in transgenic mice pancreas

Introduction

The pancreas is a glandular organ participating in both external digestive (exocrine) and

internal hormonal (endocrine) functions. The latter is performed by cell clusters known

as islets of Langerhans, making up around 2% of the whole organ. Approximately 150

μm in dimension, the islets contain beta cells (β cells), whose primary function is to store

and release insulin. This peptide hormone is important for maintaining blood glucose

level and controlling long-term food intake, and various diabetic diseases originate from

the imbalanced synthesis by damaged β cells.

In vivo monitoring and quanti�cation of β cells could be used for diagnosis of diabetic

diseases, aid research for understanding diabetes pathophysiology, as well as facilitate the

design and testing of therapeutic drugs. However, non-invasive imaging of the pancreas

remains an important yet unresolved challenge.

MSOT is a non-invasive technique which could be suitable for the discussed appli-

cation, o�ering su�cient spatial resolution (∼200 μm) and molecular speci�city. When

combined with an appropriate method of targeted labeling, the �nal goal of non-invasive

visualization of β cells within living animals should be possible. The following section
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Figure 3.15: Immunohistological validation of (a) iRFP and (b) insulin expression in β
cells.

present preliminary results of using MSOT as a diabetes diagnostic tool, including a

suitable mouse model, preliminary ex vivo MSOT results, and validation results using

SPIM imaging.

Method and Results

Mice from a newly established transgenic line, RIP2iRFP, were kindly provided by

U. Ahlgren, Umea, Sweden. The animals expressed a near-infrared �uorescent protein

(iRFP) solely in the β cells. Multispectral acquisition of optoacoustic signals com-

bined with the known signature absorption spectrum of iRFP enables extraction of the

molecular content by the use of linear spectral unmixing algorithms. Also, living tissue

exhibit minimum endogenous OA contrast in the NIR window, and is ideal in minimiz-

ing the background signal [76]. Fig. 3.15 show immunohistological validation of the

co-localization of iRFP expression (a) in β cells by insulin staining (b).

For MSOT imaging, a real-time small animal scanner has been described, charac-

terized and shown to be optimal for mice imaging [77]. Ex vivo pancreas were �rst

imaged as a proof of concept. Pancreata from RIP2iRFP mice were excised, �xed in

paraformaldehyde, and embedded into a scattering agar phantom.

Multispectral images were acquired between 680-900 nm, with 5 nm sample trans-

lation steps and 20 averages per wavelength. Visualization of iRFP was achieved using

spectral unmixing algorithms [77]. Figure 3.16 shows the unmixed MSOT image visual-

izing iRFP from an excised duodenal lobe. The dashed circles mark the outline of the
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Figure 3.16: MSOT unmixing of iRFP-labeled β cells in excised duodenal pancreatic
lobe.

agar phantom. Three pancreatic cross-section slices are shown. The high SNR produced

by the iRFP reporter protein resulted in strong MSOT signals. The spatial broadening

of the images is due to the system resolution being slightly larger than the average size

(∼200 μm) of the islet of Langerhans (∼150 μm).

For the validation of iRFP-protein stability and three-dimensional distribution of

pancreatic islets, the same samples were imaged with the SPIM system described in

chapter 2.2. For better preservation of the �uorescent proteins, the SeeDB method was

used for sample clearing [78]. The cleared duodenal pancreatic lobe is shown in �g.

3.17(a). The samples were excited using the 750 nm laser and �ltered at 800 nm, and

the 3D rendered MIP views rotated by 0o (b), 30o (c), 60o (d), and 90o (e). From the

photo in Fig. 3.17(a), the black line in the background cannot be seen behind the sample,

indicated limitted clearing in the visible spectrum. This is con�rmed by Fig. 3.17(b-e),

where the tissue auto�uorescence level was easily detectable despite being imaged in the

NIR optical window. The average tissue signal was measured to be nine times higher

than the background noise. Nevertheless, the detected �uorescent signals from iRFP

were higher still, by around seven fold. Overall, the Langerhans islets could be detected

with a SNR of ∼60, and localized individually. The quantity and distribution of β cells

in the pancreas could be validated ex vivo by SPIM analysis.

Conclusion

In conclusion, preliminary ex vivo imaging of excised pancreas show MSOT is a suitable

imaging modality for the visualization of iRFP. The high sensitivity of MSOT was able
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Figure 3.17: (a) Duodenal pancreatic lobe cleared using the SeeDB protocol [78]. (b-e)
SPIM images presented as MIPs, rotated by 0o, 30o, 60o, 90o respectively.

to easily detect the highly stable genetic reporter agent found in the RIP2iRFP mouse

model is well suited. The results strongly support the proposed methodology to be well

suited for in vivo and non-intrusive investigation of pathophysiological mechanisms of

β cell-loss associated diabetes. SPIM was used as a validation method, and the high

signal contrast and spatial resolution allows the ex vivo con�rmation of β cell quantity

and distribution, particularly useful when studying disease models or testing treatment

e�ectiveness.

3.3.2 Validation of iRFP expressing tumor in mice brain

A popular topic for optoacoustic tomography is tumor imaging in mice models [79, 80,

81]. U87 iRFP KY tumor cells were injected into mouse brains and allowed to develop

for four weeks. Multispectral OA imaging was conducted in vivo with the CUP system,

and the animals where sacri�ced and brain extracted for SPIM validation. For control,

non-�uorescent U87 tumor cells were also injected.

The imaging results are presented in Fig. 3.18(a) and (b) display single-plane SPIM

images of whole brains with iRFP-labeled and control tumors. The iRFP �uorescent
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detected in (a) is much higher than the level of tissue auto�uorescence, and the tumor can

be identi�ed easily in the ROI indicated. The tissue auto�uorescence can be detected

four times above the background signal, and the brain anatomy can be clearly seen.

Appearing brightly in (a) is the tumor cross-section, and the normalized MIP is shown

in (c). The high contrast (SNR≈30) from the iRFP indicate that the �uorescent protein

was well preserved by the clearing procedure, The MIP viewed at 90o rotation is shown

in (d), demonstrating the excellent axial resolution of the SPIM system. In contrast, no

�uorescence from the tumor is observed in the control brain in (b), yet an inspection of

the symmetry in the brain anatomy reveals the tumor. The close up of the ROI is shown

in (e). Fig. 3.18(f) and (g) are SPIM and MSOT results of the same iRFP brain. The

results are presented as MIPs viewed from the front and side. The MSOT images in (g)

are the unmixed iRFP component overlaid on top of the single wavelength anatomical

map.

3.3.3 Visualization of vasculature in whole organs

Introduction

Of the many existing imaging modalities currently available, microscopic and macro-

scopic regime could be categorized. As interest in biological studies push from under-

standing in the molecular level towards whole organ, the need of advancing technology

to bridge the gap becomes more and more important. One promising method is MSOT.

Speci�cally, by rotating a linear array rotating around a sample, high penetration over

a large FOV can be achieved, producing high spatial resolution. As the development of

any novel systems, there is a need for validation of imaged results. Typically, physically

slicing methods such as cryoslicing or histology is adopted. Here, SPIM has been used

to validate the MSOT results. The penetration depth and resolution possible with op-

toacoustic methods is ideal suitable for mesoscopic in vivo of small animals and their

internal organs. Blood vessel targeted �uorescent labels allows visualization of the vas-

culature network in organs.

Excised mouse kidneys

Kidneys were excised from healthy mice and were imaged using an MSOT system [82],

and an MIP of the whole organ result is shown in Fig. 3.19(a). For SPIM imaging, the
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Figure 3.18: SPIM and OA imaging of U87 iRFP KY tumors in mouse brain (a,b)Whole
brain single plane images imaged by SPIM from (a) iRFP tumor brain and (b) control
tumor. (c) Close-up MIP of the tumor indicated in (a). (d) Tumor MIP presented in
(c) rotated by 90º. (e) Close up of the control tumor in (b). (f,g) Front and side MIPs
of the same brain tumor imaged by (f) SPIM and (g) OA.
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samples were cleared. Photographs of the sample before (b) and after (c) the process

show that no signi�cant physical distortion was introduced in the clearing procedure.

The normalized image of a control kidney with no labeling is shown in (d). No vas-

culature structure could be seen, and instead, the auto�uorescence reveals the ray-like

stripes of the medullar. Single-plane images of kidneys labeled by Angiosense 750 are

presented in Fig. 3.19(e-g) at various depths. During SPIM imaging, the 750 nm laser

was used to illuminate the sample, and the images where �ltered at 780 nm. The vascu-

lar structures could be easily identi�ed, with important features labeled: the main renal

artery and vein (R), the interlobular vessels (I), and the arcuate vessels (A). The renal

cortex (C) also features prominently. Clear correlation with the OA MIP in (a) could

be observed, clearly validating the imaging result.

Subcutaneous tumor

Another sample imaged with the same MSOT system was subcutaneous tumors. 4T1

xenograft orthotopic cells where injected subcutaneously in the back of a mouse, and

the tumor was allowed to grow to a size of around 10 mm in a time period of a few

weeks. Lectin 680 was injected into the mouse intravenously. After a 5 min wait to

allow the accumulation of the probe in the endothelia cells, the animal was sacri�ced by

blood perfusion. The OA results are shown in Fig. 3.20(a) and (b), where two di�erent

views of the 3D reconstructed images are shown. The injected lectin 680 provided strong

contrast for the tumor, and some vasculature structures could be seen. The white arrows

indicate two large feeding vessels stemming from the mouse and providing nutrition to

the tumor. For SPIM imaging, sample excitation was done using the 671 nm laser, and

�ltered at the 690 nm. Fig. 3.20(c) and (d) are MIPs of the SPIM images, chosen at

similar angles to (a) and (b) respectively. The blue arrows in all four panels point to the

same 'λ'-shaped vasculature feature which could be distinctly identi�ed and correlated.

3.3.4 Stem cell injections

Nanoparticle detection has been demonstrated using quantitative optoacoustic imaging

[83]. Fluorescent labels detection for stem cells research: Stem cells have the potential

of regenerating and healing injured organs. Research in this �eld requires in vivo mon-

itoring of the organs during treatment. By using gold nanoparticles as a stable label,
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Figure 3.19: SPIM and OA imaging of vasculature in excised mice kidneys. (a) OA
results displayed as MIP. Photographs of the excised perfused kidney (b) before and
(c) after clearing. (d) Normalized image of a control kidney with no labeling. (e � g)
Single-plane SPIM images of a excised kidney injected with Angiosense 750. Labeled
features are as follows: R, the main renal artery and vein; I, the interlobular vessels;
and A, the arcuate vessels; C, the renal cortex.
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Figure 3.20: OA and SPIM visualization of the vasculature of subcutaneous tumors
labeled with lectin-680. (a,b) MIPs of MSOT images, viewed from two di�erent angles
(c,d) MIPs of SPIM images viewed from the same angles as (a) and (b) respectively.

injected stem cells in a live mouse brain could potentially be localized using optoacoustic

imaging. Gold nanoparticles conjugated with GFP were inject in mice brain. The laser

at 473 nm was used for sample illumination, paired with a 680/10 nm �uorescent �lter.

The results are shown in Figure 3.21. Figure 3.21(a) are single slice images at selected

planes of the sample. The auto�uorescence of the tissue acts as a natural anatomical

contrast of the brain, allowing orientation of labeled signals within the sample. The

location of the nanoparticle are encased by the white boxes, and the close-ups are shown

in Fig 3.21(b). Upon close inspections, structures such as �ne capillaries can be seen

via negative contrast. Some example instances are indicated by yellow arrows. Another

feature is the damage to the tissue left behind by the injection needle. Marked by the

blue arrows, this coincidental yet bene�cial feature �ags the site of injection and acts

as a reliable landmark for referencing. Close by, white arrows point to clusters of GFP

signals appearing above the background auto�uorescence. This can be seen in a few

consecutive slices, and Fig 3.21(c) is the MIP.
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Figure 3.21: Visualization of GFP-coupled gold nanoparticles injected into mice brains.
(a) Single slice images at selected planes of the brain. The white boxes encase the
location of the injected nanoparticle. (b) Close-up images of the white boxes from
a. Negative contrast reveals structures such as �ne capillaries (yellow arrows), as well
as damage to the tissue left behind by the injection needle (blue arrows). The latter
coincidentally acts as a reliable landmark as the site of injection, around which GFP
signals could be seen in several planes (white arrows). (c) The MIP of b. The cluster
of �uorescence signal appear above the background auto�uorescence.
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Chapter 4

Implementation of a hybrid

SPIM-OAT system

Content in this chapter is based on (at parts verbatim) the following journal paper:

� Lin, Hsiao-Chun Amy, Andrei Chekkoury, Murad Omar, Tobias Schmitt-Manderbach,

Benno Koberstein-Schwarz, Timo Mappes, Hernán López-Schier, Daniel Razansky,

and Vasilis Ntziachristos. "Selective plane illumination optical and optoacoustic

microscopy for postembryonic imaging." Laser & Photonics Reviews 9, no. 5

(2015): L29-L34.

4.1 Introduction

Zebra�sh as an animal model

Zebra�sh is an important animal model already widely used for biological research, espe-

cially in developmental and cancer research. Compared to other relevant animal models,

zebra�sh is extremely suited for investigation due to a few key factors: as vertebrates,

they are closely linked to the human species; zebra�sh larvae grow in transparent eggs

outside of their mother's bodies, allowing direct access for observations; and the mass

number of eggs produced and the fast rate at which they develope also make them ideal

for practically providing substantial statistics. All these characteristics make zebra�sh

suitable for many biological and medical applications, hence visualization of this species
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at all stages of development is important.

Imaging modalities

SPIM is becoming a key investigative tool for the �rst stages of zebra�sh development.

With a penetration depth (200 μm) surpassing other optical methods combined with

low-phototoxicity, SPIM is especially suited for long-term, high-resolution tracking of

translucent larvae. As they grow, they become opaque and the performance of SPIM

is dramatically decreased, and has been mostly been limited to zebra�sh under one

week old. Recently, SPIM has been combined with optical project tomography (OPT)

[84, 85]. In hybrid SPIM-OPT, OPT can o�er morphological backdrops as positional

references to the SPIM �uorescent images. This allows localization of the �uorophores,

and also o�ers understanding of their migration. However, the samples are still limited

to transparent specimen in vivo [84] or cleared samples [85]. Overall, high-resolution

imaging of larger, non-cleared specimen has been unattainable by optical methods [86].

One interesting and potentially useful modality for zebra�sh imaging is optoacoustic.

Since optoacoustic imaging is less susceptible to optical scattering, it can overcome the

inherent imaging limitations imposed by light di�usion [86]. The optoacoustic resolution

depends on the ultrasonic di�raction limit [87] and is determined by the operational fre-

quency and the geometrical characteristics of the ultrasound transducer. Multispectral

optoacoustic imaging has thus far been used on its own to reveal the anatomy [88] and

�uorescent proteins expressed in non-transparent adult zebra�sh [89].

Project objective

In this work we consider an alternative hybrid implementations that combines SPIM

with optoacoustic mesoscopy. SPIM and optoacoustic imaging of zebra�sh across their

maturation timeline is shown in Fig. 4.1, and there is a knowledge gap between lar-

vae and juvenile stage, and it the long-term goal of this project is to track zebra�sh

development past 1week onwards to their adulthood, in vivo. By taking advantage of

the scatter-insensitive optoacoustic performance, it was hypothesized that a combina-

tion with SPIM could generate a hybrid scalable system capable of imaging organisms

of varying size and opaqueness, e.g., studies of organism development from juvenile to

adult stages.
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Figure 4.1: Timeline of SPIM and OA imaging of zebra�sh from fertilization to matu-
ration.

Here, we improve on the single element detector of the earlier approach and im-

plemented a hybrid SPIM/OAT system by integrating a 128-element linear array of

ultrasound detector elements (transducers) into a custom-built SPIM system. The trans-

ducer element array had a central detection frequency of 24 MHz and a bandwidth of

approximately 20 MHz.

4.2 SPIM mode

4.2.1 System design and characterization

Experimental setup

A 7 ns, 50 Hz optical parametric oscillator (OPO) laser (Spitlight-DPSS 250 ZHG-OPO,

Innolas, Germany) with 15 mJ per pulse (at 473 nm) was used as the light source for

both SPIM and OA mode of the hybrid system. The repetition rate of the laser was

50 Hz, and the output wavelength was tunable in the 418-710 nm range. The laser was

linearly polarized (horizontal w.r.t. the optical table), and a polarizer was placed in the

beam path for power attenuation.

The free-beam was guided into the hybrid system, consisting of optical components

on a vertical breadboard held by sca�olding. The backside of the custom system is

shown in Fig. 4.2(a). A cylindrical lens (f = 40 mm) combined with an adjustable

slit were used to produce a light sheet with a beam waist of approximately 20 µm. A

polarizing beam splitter enabled double-sided illumination, and a half-wave plate was

used to control the power distribution between the two light sheets. A �lter wheel

connected suitable emission �lters to the detection camera, which was a 5-MP scienti�c

complementary metal oxide semiconductor sensor operating up to 50 frames/s (pco.edge,
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Figure 4.2: Back (a) and front (b) view of a custom hybrid SPIM-OA system providing
the illumination and facilitating SPIM mode imaging.

PCO, Germany). The connecting imaging objective, a custom version of a Zeiss Fluar

5×/0.25, could be seen from the front-side of the bread-board, shown in Fig. 4.2(b).

Correction for imaging through 10 mm of water was incorporated, producing a SPIM

FOV of 3×3 mm2.

Small mirrors guided double-sided light sheet illumination upon the samples, which

were embedded in agar and suspended vertically. The light sheets were oriented orthog-

onally to the imaging objective, and positioned at the focal plane of the camera. A

rotational and three linear control stages (PI Micro, Germany) connected to the sample

holder allowed for �ne control and placement of the sample, as well as automated trans-

lation during an experimental scan. During data collection, the sample was translated

through the light sheet in the z-axis by 5 µm steps while the light sheet and objective

lens stay stationary. The camera exposure time di�ered from sample to sample, adjusted

according to the detected �uorescence signal strength.
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Figure 4.3: SPIM mode characterization of the hybrid system. (a) MIP of 10-μm �uo-
rescent beads imaged using the SPIM mode. (b) Intensity prole of the bead highlighted
by the red box in (a) when scanned along the z-axis (axial); in-plane lateral (x and y
dimensions) resolution computed on 2.5-μm line-pair targets for the SPIM system. (c)
Resolution targets for characterization of lateral resolution. (d) Measurement of the
spatial overlap of the two light sheets at the position of the sample.

Resolution characterization

The axial resolution (z-axis) of the SPIM mode was de�ned by the thickness of the light

sheets. A phantom consisting of 10-μm �uorescent beads (FluoSpheres, Life technolo-

gies) were embedded in an in agar and translated in 5 μm steps and acquired with 400

ms/frame exposure time, and the MIP is shown in �gure 4.3(a). The pro�le of the single

bead in the red box is plotted in �gure 4.3(b) as the axial resolution. A Gaussian �t

was performed on the data, and the full width half maximum (FWHM) was estimated

to be the axial resolution, measured to be 36 μm. Also plotted are the SPIM resolution

in three dimensions, with the lateral resolution characterized by glass-printed resolution

targets (c) to be 2.5 μm. The alignment of the double light sheet illumination was also

measured by the use of a mirror tilted at 45◦, and translated along the FOV in the

y-axis. The overlapping pro�les are shown in �gure 4.3(d).

4.2.2 SPIM mode imaging of zebra�sh

To test the SPIM imaging mode of the hybrid system, two individual zebra�sh larvae

∼3 mm in length and ∼500 μm in width were selected as real-tissue samples. The

zebra�sh were from two di�erent transgenic lines, both expressing GFP. The excitation

wavelength was selected to be 473 nm, coupled with a 515/10 nm emission �lter. The
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Figure 4.4: Ex vivo imaging of a 3 dpf Fli1:GFP zebra�sh via SPIM mode of the hybrid
system. (a) and (c) are lateral MIPs of scans performed with the sample rotated by 90.
(b) and (d) are the respective axial (side-view) projections.

images were exposed for 500 ms per plane, and the samples were translated by 2 μm

steps.

The �rst biological sample was a 3 dpf casper transgenic from line Fli1:GFP, imaged

ex vivo. GFP was expressed in the vascular endothelium, which is the thin layer of cells

lining the interior surface of blood and lymphatic vessels. The sample was chosen for

the highly distributed �uorescent protein along the entire length of the sample. Fig.

4.4(a) is the lateral MIP of the sample, showing detailed vasculature system, as well

as strong expression in the branchial arches, the bony loops supporting gills and used

for respiration and feeding. The axial (side) projection of the image stack is shown in

(b). A second scan was performed with the sample rotated by 90 (c), and (d) is the

corresponding axial projection. A comparison between (a)(b) and (c)(d) reveal that

high axial resolution can be maintained over approximately half of the sample width

(∼200μm), at which point scattering starts to heavily a�ect the SPIM image quality.

A second sample was selected for in vivo imaging. A living 4 dpf larvae from the

HGn39D line [90], expressing GFP in the a�erent neurons of the lateral line systems, was
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Figure 4.5: (a) Ex vivo imaging of a 4 dpf HGn39D zebra�sh via SPIM mode of the
hybrid system. Close ups of (b) heart, (c,d) ganglions, resolving individual somatas,
and (e) neuromast are shown.

embedded in low-melting agar. The side-view MIP is shown in 4.5(a). The �uorescence

expression can be seen around the head and along the trunk. Also high expression could

be seen in the lens of the eyes and the heart, a close-up of the later is shown in (b).

The cardiac valves can be identi�ed, however details are blurred due to motion artifacts.

Detailed features such as ganglions (c,d) and neuromasts (e) were able to be resolved,

including individual somatas making up of the ganglions. The contrast for each panel

were adjusted to most optimally display the relevant features. Non-intrusive and low

phototoxicity imaging was demonstrated for in vivo imaging, producing excellent spatial

resolution for the small transparent sample.

4.3 Combination with optoacoustic imaging

4.3.1 Hybrid system and characterization

Experimental setup

The hybrid system was completed by the addition of a 128 element linear array trans-

ducer as the OA detector, as illustrated in �gure 4.6. The ultrasonic detector was

cylindrically focused at a focal distance of 7.5 mm, and it was placed underneath the

sample oriented upwards such that the focal plane was aligned with the illumination
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Figure 4.6: (a) Setup concept of the SPIM-OAT hybrid system. The linear array trans-
ducer is aligned to the plane of illumination underneath the sample, with the alignment
shown in (b). (c) Photograph of the experimental setup.

plane. As the sample is translated through the light sheeting during a scan, the ultra-

sound transducer is immobile, staying aligned with the illumination. The �uorescence

and optoacoustic signals are excited by the same light source, allowing for simultaneous

imaging of both modalities. The optoacoustic signals were acquired using a 128-element

data acquisition system (DAQ) operating at 125 MSamples/s at 25 Hz frame rate (iThera

Medical GmbH).

The samples were translated through the illumination plane in incremental steps of

10 µm, and the collected SPIM �uorescence stacks were analyzed in ImageJ. For acqui-

sition of 3D optoacoustic datasets, the signals were averaged over 20 consecutive laser

pulses at each sample position. For noise removal, the recorded signals were bandpass-

�ltered (Butterworth, third order) between 2 and 40 MHz and reconstructed using a

backprojection algorithm [91] operating on a graphical processing unit (GPU). The gen-

erated 2D cross-sections were stacked and 3D datasets were obtained, which, for better

visualization, were presented as MIPs.
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Resolution characterization

The optoacoustic resolution in all three dimensions were characterized by using a phan-

tom of 10-µm absorbing microspheres (carboxylated polystyrene microparticles, Poly-

sciences Inc., Warrington, PA, USA) diluted in agar. The MIP is shown in �gure 4.7(a),

and the intensity pro�les of the selected microsphere (blue box) in the lateral (x), axial

(y), and elevation (z) directions are presented in (b). The FWHM of the Gaussian �ts

were taken as the spatial resolutions [92], and the results were 120 µm, 24 µm, and

20 µm respectively. The worst performing dimension is the lateral resolution, and it is

dependent upon the size of the transducer elements. One interesting feature observed

was the elevation resolution, which typically depends upon the transducer cylindrical

focusing characteristics. When the same ultrasound array was coupled with broad uni-

form illumination, the elevation resolution was shown to be ∼300 µm [93]. This was

dramatically improved here by the use of a con�ned sheet illumination.

Figure 4.7(c) show MIPs of left, right, and dual light sheet illuminations of a phan-

tom consisting of two 20-µm sutures (Nylon, non-absorbable mono�lament, Vetsuture)

embedded in agar. A �×� geometry was constructed and placed perpendicular to the

light sheet. The attenuation e�ect can be observed, and uniform illumination is demon-

strated with dual-sided illumination. The sutures were accurately reconstructed over a

FOV of 10×10 mm2.

4.4 Results of zebra�sh hybrid imaging

To demonstrate the biological capabilities of this hybrid system, a one-month-old ze-

bra�sh from the HGn39D transgenic line [90] was imaged without performing chemical

clearing. The images were acquired using excitation at 473 nm in conjunction with

a 515/10 nm emission �uorescence �lter and an exposure time of 1.5 s/frame. Be-

cause of the larger FOV o�ered by optoacoustic mesoscopy, two SPIM measurements

were performed to match the FOV of optoacoustics. Figure 4.8(a) shows the overlay

of SPIM (green) and optoacoustic mesoscopy (red) MIPs along the z-axis. The latter

is a reconstruction from 450 images of 20 µm thick slices, covering a total thickness of

approximately 9 mm. The transgenic zebra�sh imaged expressed GFP at the a�erent

neurons of the lateral line systems around the head (SPIM section 1) and along the
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Figure 4.7: OA mode characterization of the hybrid system. (a) MIP in the xy-plane
of 10-μm absorbing microspheres. (b) Intensity proles along the three dimensions for
the microsphere highlighted by the blue box in (a). (c) MIP in the axial-lateral (xy)
plane of two crossed 20-μm absorbing surgical sutures, excited by left, right, and dual
illumination.
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trunk (SPIM section 2).

Among the features seen in SPIM section 1 are the intricate �ber extensions around

the head, and the lateral line ganglia located at the anterior, posterior, dorsal, and ven-

tral sides of the ear. Figure 4.8(b) and (c) depict close-ups of the ganglion and ventral

axon arbor structures, respectively. Although the ganglia are easily recognizable in SPIM

section 1, �gure 4.8(b) shows that the individual somata comprising the ganglia were

not well resolved because of scattering. The axon arbors seen in �gure 4.8(c) are GFP-

positive �bers extending to terminate at neuromasts, which are clearly distinguishable.

The rostral-to-caudal lateral line nerve is visible in SPIM section 2 and is easily discern-

able along the entire trunk of the animal. Following the tapering in diameter, the axons

extending to the ventral neuromasts become more visible. Optoacoustic mesoscopy im-

ages are shown to complement the SPIM images to o�er a complete anatomical view of

the sample. The optoacoustic contrast observed is due to melanocytes and anatomical

structures naturally absorbing light. Due to the scattering nature of the sample imaged

in �gure 4.8, the SPIM images appear at lower resolution than that for optoacoustic

imaging.

Figure 4.8(d) depicts a photograph of the zebra�sh. Typically, �sh studied using

SPIM do not exceed the age of 7 days. In this stage they are naturally transparent,

measure 2-3 mm in length, and are a few hundred microns in diameter. Older �sh are

generally inappropriate for SPIM imaging because they become too large and opaque.

The �sh studied herein were juvenile, measured 10 mm in length and 3 mm in diam-

eter and presented a highly scattered appearance. This size and opacity were chosen

intentionally to showcase the complementary nature of optoacoustic imaging to SPIM.

Due to the size of the �sh and its optical scattering properties, the SPIM images

appear to be of lower quality than the typical images seen when transparent specimen

are examined. Hence, post processing was done on the SPIM stacks in an attempt to

reduce the e�ects of light scattering on the image. The method applied was based on a

space-variant deconvolution algorithm [94]. To approximate the scattering in the tissue,

image information from adjacent z-planes was used. Figure 4.8(e) and (g) are areas of

the sample showing auto�uorescence of muscle �bers and ganglions respectively. Figure

4.8(f) and (h) are the corresponding processed results. The muscle �bers (white arrows)

appear to be better resolved in �gure 4.8(f) than (e). In �gure 4.8(h), the melanocytes

(yellow arrow) and neuronal structure (white arrow) also show a reduction of blurriness
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and generally higher localization of signals in the large ganglion (circled in yellow) when

compared with �gure 4.8(g). While the image quality can be apparently enhanced via

deconvolution or similar algorithms, the improvement typically only applies within the

�rst 120 μm of tissue. In �gure 4.8(g) and (h), the ganglion lying deeper in the scattering

tissue (circled in red) shows almost no improvement. It should be noted that the �sh

eye is not present in the optoacoustic image, despite its pigmentation. This may be

due to the limited view of the detection geometry, and a possible solution would be the

implementation of a full view tomographic scanning con�guration.

Figure 4.8(i,k) presents epi�uorescence imaging results. Figure (i) and (j) show FOV

regions corresponding to �gure (b) and (c), and �gure (k) illustrates the whole-body

image. While (b) depicts the outline of two distinct ganglions, only the lower and more

super�cial one can been seen in (i). In �gure 4.8(c), neuromasts which can be seen in (j)

do not appear. When compared to epi�uorescence imaging, SPIM produces images with

clearer and more de�ned �ne features. The bene�t of having a higher signal-to-noise

ratio due to the conned in-plane illumination becomes apparent. This demonstrates the

advantage of SPIM over other optical imaging modalities, and supports its selection to

be combined in the hybrid system.

4.5 Discussion and conclusion

SPIM/OAT measured optoacoustic signals using a linear ultrasound array with a center

frequency of 24 MHz. The resolution achieved in the optoacoustic mode was 120 µm

laterally, 24 µm axially, and 20 µm in the elevation direction. This resolution can improve

by using detector arrays of higher frequency, aperture and focusing characteristics.

On the SPIM side, the resolution achieved is optical di�raction limited for transpar-

ent specimen but depends on tissue optical properties at the presence of scattering. The

SPIM axial resolution (z-axis) could be improved by means of multiview SPIM in which

3D datasets of the same sample are acquired at a variety of di�erent angles [95]. The

SPIM acquisition time is currently determined by the camera's exposure time, which

can be considerably reduced by increasing the laser's repetition rate.

The dependence of the SPIM/MSOM imaging performance on specimen size and

scatter showcases a critical feature of the hybrid system: users could preferentially rely

on SPIM or OAT depending on the sample size, penetration depth or particular contrast
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Figure 4.8: Hybrid SPIM-OA image of a 1-month-old HGn39D zebra�sh (a) Overlay
of SPIM (green) and optoacoustic mesoscopy (red) images of the same zebra�sh. The
lateral line neurons are labeled with eGFP. Because of the limited FOV, imaging in
the SPIM mode was performed in two sections: section 1 for the head area and section
2 for the lower back body. The MSOM image shows a complete anatomical view of
the sample. Several features complementary to the SPIM images are highlighted in
yellow text. (b) Close-up of a ganglion from SPIM section 1. (c) Close-up of ventral
axon arbors extending to neuromasts from SPIM section 1. (d) Photograph of the
zebra�sh. (e), (f) Auto�uorescence of muscle �bers, indicated by white arrows. (g),
(h) Ganglions (circled). The yellow arrows indicate melanocytes, and the white arrows
point to a neuronal structure. (f) and (h) are deconvolution results of (e) and (g)
respectively. (i), (j) Epi�uorescence images of the regions corresponding to those in (b)
and (c). (k) Whole-body epi�uorescence image.
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targeted. Figure 4.8 further allows evidence on contrast combinations that can be of-

fered. SPIM is ideally suited for detection of �uorescence and can reveal morphological

and functional features. Optoacoustic imaging detects optical absorption and can reveal

morphological features as shown in Fig.4.8. In addition to imaging morphology, OA

could resolve speci�c optical labels, such as �uorochromes and nanoparticles, by using

multi-wavelength illumination and spectral unmixing techniques [86, 96]. The diverse

imaging scale and contrast visualized by the hybrid modality can lead to readings of

complementary features. For example, morphogenesis may be studied early in develop-

ment using SPIM and later in development using OAT and the same �uorescent label.

In another experimental design, functional SPIM images of �uorescence reporter genes

could be complemented by optoacoustic anatomical imaging, as shown in the example

of �gure 4.8. The use of optical reporters and fusing them with anatomical information

enables better registration of cellular and subcellular features within the anatomy of the

entire �sh.

In conclusion, it is anticipated that the registered information obtained from SPIM

and OAT will enable the study of organisms at more progressed stages of their devel-

opment compared to optical microscopy techniques such as stand-alone SPIM. The two

modalities may not only supplement each other in terms of the biological information

o�ered, but the hybrid data may further assist with improving reconstruction of each

individual modality; e.g., the optical absorption information obtained from the optoa-

coustic scans could potentially be used to improve the quality and accuracy of the SPIM

images.
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Chapter 5

Discussion and conclusion

Introduction

The focus of the research presented in this thesis centers around the application of SPIM

and optoacoustic imaging for biological studies, as well as the collaborative potential of

the two modalities. Due to its high potential for in vivo biological-related studies,

optoacoustics has been a focus of the research community in recent years. Yet, it is

still a relatively immature technology, and therefore thorough veri�cation of the results

is necessary to support its development. SPIM has been shown to be a suitable high-

resolution validation method in a range of optoacoustic applications.

SPIM system and biological imaging

A SPIM system designed for versatility was constructed in-house. Imaging of samples

up to 15 mm in diameter is facilitated. The current light sheet setup has a beam waist

of ∼ 15 μm, and expands to ∼ 200 μm at 3 mm from the center. The system FOV is

limited by the optical divergence of Gaussian beams, and can be increased by sacri�cing

the axial resolution. Lasers at a selection of wavelengths coupled with the corresponding

�lters enabled �uorescent imaging of a wide range of markers. The system was used to

perform high resolution imaging of intact 3D samples to conserve structural information

without physical damage.

An example of SPIM utilized in high-resolution whole-organ imaging was demon-

strated in the case of the visualization of pulmonary anatomy. This sample is especially
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challenging to image due to its large size while containing intricate anatomical details.

The large SPIM FOV captured macro anatomy as the auto�uorescence allowed visu-

alization of several generations of branching bronchi, terminating at the bronchiole.

Microscopic anatomy of alveoli sacks, ducks, and single walls were also visualized, tak-

ing advantage of the high SPIM spatial resolution. Alveoli bulbs could be labeled via

inhalation of Sky Blue nanoparticles, and a linear relationship was shown between the

detected �uorescence signals and the probe concentration. SPIM o�ers non-destructive

examination of the complex alveoli morphology, and future studies with pulmonary-

related disease models could theoretically allow the extraction of a tremendous amount

of information and ultimately be of great value to biological investigations.

Optoacoustics imaging

Optoacoustics shines as a non-invasive technique for high spatial and temporal resolution

specializing in deep-tissue imaging while simultaneously o�ering molecular speci�city.

Chapter 3 demonstrates various applications of di�erent optoacoustic systems, each

highlighting di�erent optoacoustic properties. In vivo imaging of BCB-labeled ovarian

follicle clusters allowed identi�cation of viable oocytes while preserving the cellular in-

tegrity of the living sample. While multispectral unmixing targeted the speci�c spectra

of the dye, reconstructions from single wavelength acquisitions showed the anatomy and

provided morphological context. Successful in vitro cultivation of the identi�ed viable

oocytes to maturity also highlighted the gentle nature of the optoacoustic approach.

The excellent temporal resolution of the optoacoustic methods is best demonstrated

by the mouse cardiac project focused on real-time imaging of heartbeat cycles. Ca-

pable of volumetric imaging covering a FOV of 10 Ö 10 Ö 10 mm3 conducted at an

imaging rate of 50 Hz, it is fast enough to visualize the heart on a beat-by-beat basis.

This method is a signi�cant improvement over MRI cardiac imaging in infarct models,

where the gating continuously fails due to the presence of arrhythmia. With the spatial

resolution of 200 μm, combined with the robust masking of cardiac masking based on

frequency analysis, the PTT could be reliably calculated. Non-invasive extraction of

key physiological parameters could lead to a method of distinguishing between healthy

animals from those su�ering from acute myocardial infarction. In the future, this could

potentially be a diagnostic tool for heart infarction, a procedure which has been di�cult

in the past.
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Also presented in Chapter 3 is a collection of optoacoustic projects utilizing a range

of targeted markers to emphasize speci�c features in biological specimens. Fluorescent

protein could be expressed in transgenic models, exempli�ed by the imaging results of

iRFP-labeled beta cells in the pancreas of mice. Genetically modi�ed cell-lines could also

be used for the generation of �uorescent protein, shown by iRFP KY cells injected and

allowed to develop in the brains of mice. A targeted contrast could also be injected, such

as an endothelium-targeting probe for vasculature visualization in the kidneys and sub-

cutaneously implanted tumors. Multispectral acquisition of optoacoustic data allowed

for the unmixing of speci�c molecules.

SPIM Validation

SPIM was shown to be an optimal method for morphological validation. In the instances

of heart and ovarian studies, the excised samples were within the FOV accommodated by

the SPIM system. Features such as thinning of the cardiac walls in hearts su�ering from

myocardial infarction could be easily con�rmed. The quanti�cation of the follicle and

oocyte dimensions, as well as developmental stage classi�cations proved to be equally

successful. Excellent image SNR and axial resolution allowed for important measure-

ments such as follicle diameter, oocyte diameter, and theca thickness, key parameters

for categorization of the follicle developmental stages. Agreement of these values with

previously published histological measurements assured the quantitative accuracy of the

SPIM method. Moreover, volumetric analysis of follicle volume and asymmetry pushed

beyond the current biological knowledge and insights. For the �rst time, SPIM imaging

and analysis were conducted on this particular biological sample, and showed promise as

a valuable method for folliculometry, supplementary to the current gold-standard tech-

niques. Finally, the visualization and veri�cation of a wide range of �uorescent markers

ranging from GFP, iRFP, lectin, etc. was demonstrated, further showing SPIM's suit-

ability to �t with OA's molecular speci�city.

Side e�ects of sample clearing

One drawback of SPIM is its limitation of sample transparency. There are many nat-

urally transparent samples which could be investigated in vivo, and which could even

take advantage of the low phototoxicity and irradiation, and could survive long-term
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monitoring. For naturally opaque samples this limitation is the cause of the biggest

disadvantage of the method, which is the constraint of ex vivo imaging due to the toxic

chemical clearing procedure. Worth noting, though, is that this characteristic is not

uncommon in the alternative validation methods.

Several variables in the clearing protocols were recognized as being important con-

tributors to the observed quenching of �uorescent signals. While long incubation periods

of the clearing solution lead to higher tissue transparency, the detected �uorescent signal

intensity was also more reduced. It was important to adapt the clearing time according

to the speci�c sample size and tissue type for the optimal balance between clearing suc-

cess and residual �uorescence strength. In certain cases, the di�erent solutions acting as

the clearing agent were the major factor in determining the amount of signal bleaching.

Overall, THF combined with DBE was much better at �uorophore preservation than

ethanol combined with BABB. The type of �uorescent marker was also a factor. Ani-

mal models in which the �uorescent protein were produced via genetic mutation were

much more robust. This observation was especially useful when SPIM was applied as

a validation method for optoacoustic imaging. Biological samples are often temporarily

bleached after optoacoustic imaging due to the necessarily high dosage of optical illu-

mination. It was found that when a waiting period of around 12 hrs was allowed before

SPIM imaging, the �uorescent proteins were able to be regenerated. Epi�uorescence

imaging was used as a fast method to monitor the �uorescence intensity and bleaching

detection.

Hybrid imaging

On the other hand, OA's powerful penetration capability could also be exploited re-

versely to aid SPIM imaging. The low phototoxicity is often utilized in in vivo imag-

ing of zebra�sh, which thus far has shown great bene�ts for cancer or developmental

research. The limitation due to optical scattering in tissue was challenged by the imple-

mentation of a novel hybrid SPIM/OAT system. A system using plane illumination in

both imaging modes was designed and constructed. The con�nement of the illumination

in the elevation dimension was an advantageous by-product of the design, improving the

spatial resolution of the established ultrasound probe. The di�erent modes were de-

signed, constructed, and characterized individually. The �rst hybrid image of a large

1-month old juvenile �sh was proof of the concept. The next step is to push towards in
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vivo imaging to fully utilize non-intrusive imaging using the two techniques. Employing

multispectral unmixing of optoacoustics, it is theoretically possible for visualization of

the same contrast in SPIM and OAT. Information contained in the OA image could be

used to improve the SPIM image. In vivo monitoring of a developing specimen could

be pushed past the 7dpf limit currently restricting the state-of-the-art SPIM zebra�sh

larvae imaging.

Final conclusion

This work demonstrated the complementary nature of SPIM and optoacoustics. SPIM

on its own was shown to be useful for the advancement of quantitative biology, on top of

which it also proved to be a suitable ex vivo validation method for in vivo optoacoustic

studies. Inversely, optoacoustics was combined with a custom built SPIM system for

a novel hybrid imaging technique to push the limitations of juvenile zebra�sh imaging.

The results of this thesis showcase not only a wide range of individual applications, but

also illustrate the superb synergy between the two imaging modalities, opening the doors

for more collaborative work in the future.
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Abbreviation Glossary

BABB benzyl alcohol and benzyl benzoate (Murray's clear).

BCB brilliant cresyl blue.

COC cumulus oophorus complexes.

CT computed tomography.

DBE dibenzyl ether.

FOV �eld of view.

FWHM full width half max.

GFP green �uorescent protein.

iRFP near-infrared �uorescent protein.

LV left ventricle.

MIP maximum intensity projection.

MRI magnetic resonance imaging.

MSOM multispectral optoacoustic microscopy.
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MSOT multispectral optoacoustic tomography.

NIR near infrared.

OA optoacoustic.

OAT optoacoustic tomography.

OCT optical coherent tomography.

OPT optical projection tomography.

PTT pulmonary transit time.

ROI region of interest.

RV right ventricle.

SNR signal-to-noise ratio.

SPIM selective plane illumination microscopy.

THF tetrahydrofuran.

US ultrasound.
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